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Summary. This experiment was designed to study the 
relationship between rate of inbreeding and observed in- 
breeding depression of larval viability, adult fecundity 
and cold shock mortality in Drosophila melanogaster. 
Rates of inbreeding used were full-sib mating and closed 
lines of N = 4 and N = 20. Eight generations of mating 
in the N = 20 lines, three generations in the N = 4 lines 
and one generation of full-sib mating were synchronised 
to simultaneously produce individuals with an expected 
level of inbreeding coefficient (F) of approximately 0.25. 
Inbreeding depression for the three traits was significant 
at F = 0.25. N = 20 lines showed significantly less in- 
breeding depression than full-sib mated lines for larval 
viability at approximately the same level of F. A similar 
trend was observed for fecundity. No effect of rate of 
inbreeding depression was found for cold shock mortal- 
ity, but this trait was measured with less precision than 
the other two. Natural selection acting on loci influencing 
larval viability and fecundity during the process of in- 
breeding could explain these results. Selection is expected 
to be more effective with slow rates of inbreeding because 
there are more generations and greater opportunity for 
selection to act before F = 0.25 is reached. Selection in- 
tensities seem to have been different in the three traits 
measured. Selection was most intense for larval viability, 
less intense for fecundity and, perhaps, negligible at loci 
influencing cold shock mortality. 
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Introduction 

The random changes of gene frequencies which cause 
inbreeding depression are opposed by natural selection. 
Consequently, slower rates of inbreeding should be less 
effective in causing inbreeding depression than more 
rapid rates of inbreeding. This is because, at a slow rate 
of inbreeding, there are many generations during which 
selection can act before a given inbreeding coefficient is 
reached. 

The magnitude of this effect will depend on the selec- 
tion coefficients. If inbreeding depression is caused by 
very many loci, each with small selection coefficients, 
then selection will be ineffective in opposing inbreeding, 
and equal depression is expected for different rates of 
inbreeding at the same level of inbreeding coefficient. 

Tantawy and Reeve (1956) found no consistent effect 
of rate of inbreeding on inbreeding depression in Droso- 
phila melanogaster, whereas Tantawy (1957 a, b) did find 
that sib-mating caused more depression than double- 
first-cousin mating when the same level of inbreeding 
co-efficient (F) was reached. However, Tantawy (1957 a, 
b) found no inbreeding depression with any mating sys- 
tem until F reached 0.50 or 0.75. 

This is relevant to livestock production. A major 
cause of heterosis when breeds are crossed is thought to 
be recovery of the inbreeding depression which has oc- 
cured in each breed since they diverged (Falconer 1981). 
Goddard and Ahmed (1982) suggested that this inbreed- 
ing, and hence heterosis, can be predicted from gene fre- 
quencies at marker loci. However, the rate of inbreeding 
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w i t h i n  b r e e d s  of  l ives tock  is genera l ly  slow, so the  he te ro -  

sis in  t he i r  c rosses  m a y  be  less t h a n  expected .  N a t u r a l  

p o p u l a t i o n s  a re  a lso of ten  large, so the  i n b r e e d i n g  de-  

p r e s s ion  f r o m  w h i c h  they  suffer, a n d  the  he te ros i s  ob-  

se rved  in crosses  b e t w e e n  p o p u l a t i o n s ,  m a y  be less t h a n  

w o u l d  be  p r ed i c t ed  f rom the  d i spe r s ion  of gene  f requen-  

cies for  n e u t r a l  alleles. 

T h e  e x p e r i m e n t  r e p o r t e d  here  was des igned  to s tudy  

the  r e l a t i o n s h i p  b e t w e e n  ra te  of  i n b r e e d i n g  a n d  o b s e r v e d  

i n b r e e d i n g  d e p r e s s i o n  in Drosophi la  me lanogas ter  at  a 

level of  i n b r e e d i n g  (F  = 0.25) t h a t  m i g h t  be  r eached  by  
b reeds  of  l ivestock.  Tra i t s  m e a s u r e d  were  adu l t  fecundi ty ,  

l a rva l  v iab i l i ty  a n d  co ld  s h o c k  mor t a l i t y .  

Materials and methods 

Flies and mating systems 

Flies from a cage population of about 5,000 flies established from 
64 wild inseminated females trapped one year earlier at a site in 
Townsville were used for the experiment. 

Rates of inbreeding used were full-sib mating and closed 
lines of N = 4 and N = 20. An inbred line C spa D, outcrosses 
and a closed line o f N  = 100 were used as controls. The C spa D 
line was obtained from R. Frankham's  laboratory of the School 
of Biological Sciences, Macquarie University, Australia. It was 
derived from a Canberra population and was marked with the 
fourth chromosome recessive sparkling p~ Eight generations 
of mating in the N = 20 lines, three generations in the N = 4 
lines and one generation of full-sib mating were synchronised to 
simultaneously produce individuals with an expected F of ap- 
proximately 0.25. 

Base flies of N = 4 and full-sib mated lines were allowed a 
probat ion period of 4 days after withdrawal from the cage to 
ensure that  already inseminated females had rid themselves of all 
eggs fertilised by previous matings. All flies were observed to 
mate within 6 h of withdrawal from the cage and, based on the 
work of Gromko and Pyle (1978), after 4 days all eggs laid 
should be from the mating after withdrawal from the cage. No 
probation period was allowed for the N = 20 or N = 100 lines. 
Consequently, the base generation of each replicate of these lines 
was assumed to be 1 V2 times the actual number  of flies with- 
drawn from the cage. The N = 100 line was established at the 
same time as the N = 20 lines but was maintained in five culture 
bottles, each containing 20 flies (ten of each sex), to ensure that 
equal selection pressure acted on them and the N = 20 lines 
throughout  the period of experimentation. After each genera- 
tion, 100 offspring of the N = 100 line (ten of each sex from each 
of the five culture bottles) were pooled and randomly reallocated 
to each of the five culture bottles for the next generation. In this 
way, randomness of mating was preserved. The number  of lines 
for each mating system and the number  of replicates measured 
for each trait are presented in Table I. The outcrosses used as 
controls in the cold stress experiment were produced by mating 
unrelated flies from the families being reared as parents for the 
full-sib matings. 

Calculation o f  inbreeding coeJficient 

It was assumed that the effective population size (Ne) was 70% 
of the actual number  (N) in each closed population (Kerr and 
Wright 1954 a0 b; Wright and Kerr 1954; Buri 1956). 

Table 1. Mean performance of the mating systems 

Trait Mating Lines Repli- 
system cates 

per line 

Mean performance 
+ SE 

Larval N = 100 1 t0 85.6 _+ 2.4 
viability N =  20 20 2 77.6_+2.1 
(%) N -  4 20 2 73.3+2.2 

Full-sib 30 2 66.7 _+ 3.6 
Inbred l 10 58.8_+2.7 
(C spa D) 

Fecundity N = 100 1 20 91.7 + 2.5 
(eggs/day) N -  20 20 4 75.7-+ 2.6 

N =  4 20 4 73.4_+2.2 
Full-sib 30 4 69.8 -+ 3.4 
Inbred 1 20 45.6 + 5.5 
(C spa D) 

male female 

Cold shock Outbred 15 4 74.3__+3.4 56.2_+4.8 
mortality N = 2 0  4 4 87.3+6.7 74.9_+9.5 
(% dead) Full-sib 20 4 82.4_+3.7 76.2_+5.2 

N = 20 and N = 100 lines. Inbreeding coefficient after eight gen- 
erations was estimated from the formula given by Falconer 
(1981) as 

F = l --(1 - -AF) '  (1) 

where AF = l /2 t  [1/N 1 + 1/N 2 + . . .  + 1/Nt] approximately; 

where 

AF increase in F per generation, 
t number  of generations and 
N, effective number of flies in the t 'h generation. 
N1 = l . 5 x 0 . 7 N  
Nj = 0.7 N for j > 1. 

From these equations, F equals 0.2432 and 0.0535 after eight 
generations for N = 20 and N = 100 closed lines, respectively. 

N = 4 lines. For the early generations of a dioecious population, 
equ. (1) is not sufficiently accurate so the co-ancestry method of 
calculating the inbreeding co-efficient was used (Crow and Ki- 
mura 1970). This gives 

F t - F  , , + ( I + F  t 2 - 2 F , _ l ) / 2 N e  

where Ft, F,_ 1 and F t_ 2 are the inbreeding coefficients at genera- 
t ions t ,  t - I  and t -  2; and F k = 0 f o r K _ < l .  

This gave an expected F value of 0.2934 (assuming an effec- 
tive population size of 2.8) after three generations. 

Full-sib mated lines. The expected F after one generation of 
full-sib mating is 0.25 (Falconer 1981). 

Electrophoresis 

An independent estimate of inbreeding coefficient in five of the 
20 N = 20 lines was obtained from gene frequencies at 
electrophoretically-defined loci. The i01oci used were Est-6, 
Acph, Adh, ~-gpdh, Mdh, Odh, 6-pgd, Xdh and Pgm. The details 
of electrophoresis are described in Ehiobu (1985). The gene fre- 



quencies were used to calculate Wright's Fsr by 

]E 5~i (1 - 01) 
i 

where 

plj frequency of gene i in population j 
Pl mean frequency for gene i in the 5 populations 

implies summation across alleles and loci. 

An estimate of the amount of inbreeding since the lines diverged 
(F) can be derived from Nei (1976) as 

VsT 
F -  

1 + 1/n FsT 

where 

n = number of populations. 

The standard error of F was calculated from the standard devia- 
tion of Fsr across loci. 

Experimentation 

Larval viability study. Larval viability was defined as survival 
from larva to adult stages. Each replicate consisted of 25 first- 
instar larvae (less than 12 h old), which were counted into vials 
with five to six ml well-yeasted media and allowed to stand 
undisturbed until the adults emerged. Emerged flies were count- 
ed and expressed as a proportion of the 25 larvae introduced into 
the vials. 

Fecundity study. Flies emerging from the larval viability study 
were used for the fecundity study because these flies had expe- 
rienced a standardized larval environment of low population 
density and, consequently, were fairly uniform in size. Males and 
virgin females were mated in single pairs for 48 h (in the analysis 
each mated pair formed a replicate). Subsequently, each pair was 
shaken into a new vial with blue feed every 24 h for 4 consecutive 
days. Eggs were counted using a low magnification ( x 15) binoc- 
ular microscope and average daily egg production was recorded 
for each pair of flies. 

Cold shock mortality. Four independent replicates of 20 flies (two 
replicates for each sex) per line were matured for 2 3 days. Flies 
were shaken into clean vials and exposed to a temperature of 
1~ for 48 h. Percent mortality was recorded at the end of the 
treatment after allowing a 3 h recovery time at 25 ~ 

Data analyis 

Analyses of variance were carried out by least squares fitting the 
model 

Yijkl 

where 

Yijkl 

g 
Mi 

eijkl 

[.t -[- M i -1- Li j  -1- eijkl 

individual replicate fecundity, viability or cold shock 
mortality. (Viability and mortality replicate frequencies 
were angularly transformed to stabilize variance before 
analysis of variance, since these traits were binomially 
distributed.) 
population mean 
effect of the i th mating system (i = 1, . . . ,  5) 
effect of the jtn line within the ph mating system 
residual random error term, assumed NID (0, ~2) 
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For fecundity, a term Tk(K = l, 2) was added to the model to 
represent the effect of the time of day when flies were transferred 
to new vials. For cold shock mortality, a term S~(K = 1,2) was 
included in the model for the effect of sex. 

The mating systems (full-sib, N = 4 and N = 20) compared 
in the analyses of variance did not reach exactly equal levels of 
inbreeding. To allow for this, the inbreeding depression per per- 
cent inbreeding was calculated for each mating systems by the 
formula 

u 
depression per % F = D i - 

V i - F o  

where 

Y~ - Yc mean performance of mating system i minus mean per- 
formance of controls 

F~ - F c inbreeding coefficient of mating system i minus inbreed- 
ing coefficient of controls. 

The standard error of D~ is 

(V i + Vc)~  Fc) 

where 

V~ sampling variance of Yi; calculated as the mean square for 
lines within mating systems divided by the number of obser- 
vations. 

D~ estimates for different mating systems are not independent 
because they all involve the control performance Yc. This was 
taken into account in calculating the standard error of the differ- 
ence between Di and Dj by the formula 

v~ v j  + _ _ 

(Fi-V~) 2-~ (Fj--F~) 2 F~ V~ Fj F~ V~ 

R e s u l t s  and  d i s c u s s i o n  

Inbreeding depression 

M e a n  fecundity,  larval  viabi l i ty  and  cold  shock mor ta l i -  

ties of flies p roduced  by the different ma t ing  systems at 
app rox ima te ly  F = 0.25 and  for cont ro ls  are presented  in 
Table  1. Analyses  of va r iance  (Table 2) ind ica ted  a signifi- 

cant  effect of  ma t ing  system on  m e a n  larval  viabili ty,  

adul t  fecundi ty  and  cold  shock  morta l i ty .  C o m p a r i s o n  of  
the inbred  lines and  the cont ro ls  shows tha t  inbreed ing  
depress ion occur red  for all the traits. This  agrees wi th  the 

findings of La t t e r  and R o b e r t s o n  (1962) w h o  r epor t ed  a 
decrease of  m o r e  than  50% in "compe t i t i ve  index"  for D. 
melanogaster over  an  ou tb red  con t ro l  after one  genera-  
t ion of  full-sib mat ing.  O n  the o ther  hand,  Tan tawy  (1952, 
1957 a, b) found no inbreed ing  depress ion  for b o d y  size 

and percent  emergence  unti l  F was greater  than  0.5. Tan-  
tawy used a popu la t i on  which  had  been  ma in t a ined  wi th  

20 pairs for m a n y  genera t ions  and  m a y  have  been purged  
of  m a n y  dele ter ious  recessives. Lines wi th in  ma t ing  sys- 
tems var ied  significantly (P < 0.01) in m e a n  inbreed ing  
depress ion  for the three traits. F e m a l e  flies surv ived  cold  
shock  bet ter  (P < 0.001) than  the males  (Table 2). 
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Table 2. Analyses of variance a 

Effects Larval viability Fecundity Cold shock mortality 

M S  b F MS b F MS b F 

Mating system 0.210 (4) 3.67** 5 825 (4) 7.39** 

Lines within mating sytem 0.0573 (63) 3.54** 788 (63) 1.84"* 

Time 830 (1) 1.95 

Sex 

Error 0.0162 (84) 425 (227) 

0.925 (2) 

0.211 (34) 

0.696 (1) 

0.0377 (110) 

4.38* 

5.59** 

18.44 * * 

a Frequencies of viability and mortality were angularly transformed to radians for analysis 
b Degrees of freedom in parentheses 
* P < 0.05 
** P< 0.01 

Table 3. Effect of rate of inbreeding on inbreeding depression for larval viability and adult fecundity 

Mating system Expected Increase in Depression for Depression for 
inbreeding inbreeding larval viability adult fecundity 
coefficient coefficient per % F • SE per % F • SE 
(%) from control (%) (%) 1 eggs/day) 2 

N = 100 (control) 5.4 
N= 20 24.3 19.0 
N = 4 29.3 24.0 
Full-sib 25.0 19.7 

0.42__+0.17" 
0.55__+0.14 
0.96+0.22" 

0.84+0.19 
0.76• b 
1.11 + 0.21 b 

1 Values which share the superscript a are significantly different (P< 0.05) 
2 Values which share the superscript b are significantly different (P < 0.1) 

Effect of rate of inbreeding on inbreeding depression 

Table 3 presents the depression of larval viability and 
adult fecundity per % F for the different rates of inbreed- 
ing. The N = 20 lines exhibited a significantly (P < 0.05) 
smaller depression than full-sib mated lines for larval 
viability. For  fecundity, the trend was in the same direc- 
tion and the difference between the N = 4 and full-sib 
lines approached significance (P < 0.1). Rate of inbreed- 
ing appeared to have no effect on inbreeding depression 
for cold shock mortality. The inbreeding depression per 
% F was 0.56% ___ 0.23% for full-sibs and 0.65% _+ 0.30% 
for N = 20 lines. However, depression of cold shock mor- 
tality of the N = 20 closed lines was not estimated as 
accurately as adult fecundity or larval viability, because 
only four of the lines were available for testing at the time 
of the experiment. 

There are two possible explanations for the smaller 
depression of larval viability with the N = 20 than with 
full-sib mated lines. First, the random changes in gene 
frequency and increase in homozygosity caused by in- 
breeding will be opposed by natural  selection. Milder 
rates of inbreeding allow more generations of selection to 
operate before the same expected level of F is reached. 

Secondly, the assumption that N e = 0.7 N for the 
N = 4 and N = 20 lines may be incorrect. If N e was, in 
fact, greater than 0.7 N, then we would have overesti- 
mated F and underestimated the inbreeding depression 
per % F for these lines. The inbreeding coefficient calcu- 
lated from gene frequencies at electrophoretically-defined 
loci was 0.278 _+ 0.062 for the N = 20 lines. This is in good 
agreement with the expected value of F = 0.243 and so 
argues against this second explanation. 

The effectiveness of selection in opposing inbreeding 
depression depends on both the rate of inbreeding and 
the selection coefficients operating at the loci under con- 
sideration. The higher the selection coefficients, the more 
effective selection will be. In this study we found that rate 
of inbreeding had the greatest effect on larval viability, a 
lesser effect on fecundity and no significant effect on cold 
shock mortality. This would be the expected result if the 
selection coefficients at loci controlling larval viability 
were the highest, and if little selection operated at loci 
controlling cold shock mortality. This is a plausible hy- 
pothesis. There are a number  or lethal genes which affect 
larval viability. Also, natural  selection for viability and 
fecundity cannot be prevented but, during the experi- 
ment, the flies were maintained at 25 ~ which should 
minimize selection for survival of cold shock. 
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