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Summary. The relationship between heterozygosity and 
the expression of heterosis at two different nutrition levels 
was investigated using Drosophila melanogaster. Average 
daily egg production and egg hatchability were measured 
in two parental strains and in F1, F2 and reciprocal back- 
cross generations. Heterosis was more pronounced in the 
poor nutritional conditions. Two electrophoretic markers 
used to estimate the level of heterozygosity in Fz and 
backcrosses revealed an excess of heterozygous geno- 
types. Quantitative genetic effects (an additive line effect 
and individual and maternal heterosis) were estimated for 
both traits in the two environments. Although this model 
gave a reasonable fit in most cases, some epistatic interac- 
tion would have to be invoked in order to explain fully 
the results. 
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Introduction 

Despite the existence of various explanations for interac- 
tions between genotype and environment, the problem of 
variable expression of heterosis in different environments 
remains unresolved (Barlow 1981; Cunningham 1985; 
Hohenboken 1985). Experiments often involve undefined 
genetic materials and ill-defined, compound environ- 
mental variables. Also, there are practical difficulties in 
sustaining experiments, particularly in large animals, on 
the scale and with the control and precision necessary to 

* To whom reprint requests should be addressed. Present ad- 
dress: Department of Animal Science, Virginia Polytechnic In- 
stitute and State University, Blacksburg, VA 24061, USA 

produce reliable data. Finally, a good theoretical model, 
to provide some framework of expectations against 
which the experimental results can be tested, is often 
lacking. 

The main objective of this study was to investigate 
heterosisxenvironment interaction, using the domi- 
nance model (the "Greek-Temple" model) proposed by 
Cunningham (1987). This model describes the perfor- 
mance of individuals in terms of additive genetic (A) and 
dominance or maximum heterosis (H) effects in different 
environmental conditions. The model can also be used to 
analyse crossbreeding studies involving two breeds. The 
experimental animal used was Drosophila melanogaster. 
Two traits, egg production and egg hatchability, were 
measured in populations on two levels of nutrition. Two 
inbred strains and their F1, F z and reciprocal backcross 
generations were investigated. 

Reliable interpretation of heterosis depends upon 
knowing the relative heterozygosity of the individuals 
involved. While mean expected heterozygosity values can 
be derived easily in crossbred populations, some variabil- 
ity in these values will arise in F z and backcross individu- 
als, due to linkage and chance. Weir et al. (1980) have 
pointed out that, even in pedigreed populations, varia- 
tion among individuals in the proportion of their genes 
that are identical by descent arises due to linkage causing 
blocks of genes to be identical or nonidentical. Since 
fitness traits generally suffer inbreeding depression (Fal- 
coner 1981), then it is possible that natural selection 
against more homozygous individuals at a pre-adult 
stage could increase the average heterozygosity of the 
individuals scored. Indeed, this seemed to have occurred 
in a previous experiment with D. melanogaster (Sharp 
1984). The second objective was, therefore, to compare 
observed and expected heterozygosity in F 2 and back- 
cross generations using electrophoretic techniques. 



137 

T a b l e  1. Structure of the experiment a 

Genotype Subgroup b Egg production 

G O O D  P O O R  

Egg hatchability 

G O O D  P O O R  

Parents 1 Px W.W 88 
2 P2 C.C 95 

FI  3 F 1 C,W 122 
W.C 148 

Backcrosses 4 B 1 WC.W 62 
W.WC 60 

5 B 2 WC.C 46 
C.WC 57 

F z 6 F2 WC.WC 131 
CW.CW 114 
CW.WC 58 
WC.CW 88 

F 3 7 F 3 (WC.WC) (WC.WC) - 
(cw.cw) (cw.cw) 
(cw.wc) (cw.wc) 
(wc.fw) (wc.cw) 

Inter se backcrosses 8 (WC.W) (WC.W) - 
(cw.w) (cw.w) 

9 (CW.C) (CW.C) - 
(wc.c) (wc.c) 

Grand total 1,069 

110 51 63 
109 53 47 

164 42 62 
118 37 47 

61 32 34 
58 55 58 
48 46 48 
64 33 35 

128 28 58 
101 29 49 

69 26 - 
134 21 - 

- 131 128 
- 1 1 4  1 0 1  

- 5 8  6 9  

- 8 8  1 3 4  

- 6 2  6 1  

- 6 0  5 8  

- 4 6  4 8  

- 57 64 

1,164 1,069 1,164 

a Values are numbers of observations for each group in each environment 
b Female parent in cross is listed first in all cases 

M a t e r i a l s  a n d  m e t h o d s  

Breeding structure 

Two inbred strains of D. melanogaster, here denoted "C" and 
"W' ,  were chosen because (1) they did not give rise to hybrid 
dysgenesis when crossed, according to the procedure described 
by Kidwell (1979), (2) they exhibited heterosis in test crosses, and 
(3) they are homozygous for different alleles at each of three loci 
examined. Genotypes at the three marker  loci - Alcohol dehy- 
drogenase (Adh, II-50.1), ctGlycerophosphate dehydrogenase 
(~Gpdh, II-20.5) and Aldehyde oxidase (Aldox, III-50.6) were 
determined using a cellulose acetate electrophoresis system (Bird 
and Semeonoff 1982). The C strain is homozygous for Adh F, 
ctGpdh s and Aldox F, while the W strain is homozygous for Adh s, 
~Gpdh F and Aldox s. During the course of this work the alleles 
at the Adh and ctGpdh loci were in complete disequilibrium, 
probably indicating the presence of an inversion, as observed in 
a Spanish population of D. melanogaster by Briscoe et al. (1975). 
Thus, there were in effect only two independent genetic markers, 
one on each of the major autosomes. The two strains were each 
cultured for 9 - 1 0  generations in two environments before com- 
mencement of the experiment. The two environments, represent- 
ing ' G O O D '  (optimal) and 'POOR'  (stress) nutrit ional levels, 
were based on standard and potato flour media, respectively. 
The experiment was carried out at 24~ 

Both parental strains, as well as FI ,  F 2 and reciprocal back- 
cross generations, were produced in both  environments. The F x 
and backcross genotypic classes were produced by using equal 
proportions of reciprocal crosses. Since eggs produced by fe- 
males of generation 't '  belong to the next generation (t + 1), egg 
hatchability was scored in three additional genotypes: an F 3 

generation and two types of inter se backcrosses. Numbers  of 
observations for each genotype, trait and environmental  group 
are in Table 1. 

Egg production (EP) and egg hatchability (EH) 

A random sample of approximately 100 virgin males and females 
was collected from each group. Single pairs of 3-day-old flies 
were mated for two days. On the sixth, seventh and eighth days, 
females were transferred to fresh medium. Daily egg production 
per female was scored during this 3 day period (days 6-8).  
Twenty five eggs were collected each day from each single pair 
mating for each strain or cross and transferred to 2% agar 
medium lightly seeded with live yeast. Egg hatchabilities were 
scored after 30 h. A total of 2,233 observations were made for the 
two traits in the two environments. After the 3 day egg-laying 
period, each female was homogenized for the determination of 
genotypes at electrophoretic marker  loci. 

Statistical methods 

All individual flies and eggs were coded for proport ion of their 
inheritance from strain W (the additive genetic effect, A) and for 
expected proportions of individual heterosis (H ~) and maternal  
heterosis (H u) contributing to their phenotypie value for each 
trait. The expected values for these A, H I and H M coefficients for 
the nine genotypic groups are given in Table 2. EP and EH were 
analysed separately for each environment, by fitting the follow- 
ing models: 

Yij = U + G  i + eij (1) 

Y = u + b l A  + b2H l + b3 HM + e (2) 
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Table 2. Coefficients of additive genetic effects 
heterosis (H ~) and maternal heterosis (H M) for 
groups in Table 1 

(A), individual 
the genotypic 

Genotype A H ~ H M 

1 P I = W  1 0 0 

2 P 2 = C  0 0 0 
3 F I = W x C  1/2 1 0 
4 B t=(WC•  3/4 1/2 1/2" 
5 B2 =(WC x C +C x WC)/2 1/4 1/2 l/2" 
6 F2=WC x WC 1/2 1/2 1 
7 F 3 = (WC.WC) x ( W f . W C )  1/2 I/2 1/2 
8 B 3 = (WE.W) x ( W f . W )  3/4 3/8 1/2 
9 B 4 =(WC.C) x (WC.C) 1/4 3/8 1/2 

a Coefficient of H u is the average value of zero and 1, on the 
assumption of equal numbers of reciprocal crosses 

Table 3. Mean egg production and egg hatchability in parental 
strains 

Environ- Egg production Egg hatchability (%) 
ment 

GOOD POOR GOOD POOR 

W strain 32.5+_1.0 24.7+2.6 71.1+__2.3 53.0+_3.9 
C strain 49.9_+1.2 32.3_+3.9 58.6• 48.6+__6.9 

Table 4. Heterosis a for egg production and egg hatchability 
(model 1) 

Genotype Egg production Egg hatchability 

GOOD POOR GOOD POOR 

F l 93 155 l l  32 
F 2 65 42 4 2 
B 1 55 94 8 9 
B 2 79 130 12 15 
F 3 - - --7 - 4  
B a - - - 1  12 
B 4 - - 6 24 

Heterosis expressed as percentage of parental mean 

where Y~j (or Y) is the observation of the jth individual in the i 'h 
genotypic group; u is the overall mean; Gi is the effect of the i 'h 
genotypic group (i = 1 to 6 for EP, and 1 to 9 for EH); b~, b 2 and 
b 3 are regression coefficients of the observed phenotype on the 
genetic components A, H l and Hr~; and eij (or e) is the residual. 

Observed heterosis was calculated from least squares means 
of the genotypes (Gi) represented in model 1. In these estimates, 
maternal heterosis is ignored. These heterosis estimates (in units 
of measurement of the traits as recorded) were then used to 
construct estimates of percentage heterosis for the two traits in 
the two environments for each of the seven crossbred genera- 
tions. Thus, for example, the estimates from the F1 are simply the 
differences between the F~ and parental means, as a percentage 
of the parental mean. For the B~, Bz, F2 and F3 genotypes, the 
estimate is twice the mean value for that genotype, minus the 
weighted parental mean, as a percentage of the weighted pa- 
rental mean. For B 3 and B 4 genotypes, computed heterosis must 

be multiplied by 8/3, since individuals in those genotypic classes 
were expected to have only 3/8 of the maximum potential het- 
erozygosity found in the F 1 genotypic group. 

Preliminary analysis indicated that there were no significant 
differences between subgroups (listed in Table 1) within the 
genotypic groups. Estimates of A, H ~ and H ~ from fitting the 
'dominance model' (model 2) were used to compute the expected 
performance of the inbreds, and their F~, F 2, F 3 and backcross 
generations for both traits in each environment, The significance 
of interactions between the genetic components and environ- 
ment was also calculated, based on model 2. 

R e s u l t s  

The overall unweighted means for egg production and 
egg hatchability of the two parental inbred lines 'C' and 
'W'  in each environment are shown in Table 3. As ex- 
pected, progeny reared in the good environment  per- 
formed better than those reared in the poor environment. 
EP for strain C was greater than that of strain W in both 
environments, EH was greater for strain W in both envi- 
ronments. The differences between two parental strains 
were significant only in the good environment. Total 
larval production (EP x EH/100) for the C strain was 29.2 
and 15.7, and for the W strain 23.1 and 13.1, in the good 
and poor environments, respectively. 

For  strain C, the difference in EH between the two 
environments was not significant. Strain x environment  
interaction was not significant for either trait in the pa- 
rental strains. However, for each trait, the strain with 
higher performance in the good environment had a pro- 
portionately greater reduction in score in the poor envi- 

ronment. 

Observed heterosis 

The simplest estimates of heterosis can be obtained from 
differences between each of the crossbred genotypic 
means and the appropriate parental mean. Least squares 
estimates of the genotypic group means were obtained 
using model 1. The estimates of heterosis percentage for 
the two traits in the two environments for each of the 
seven genotypic groups are presented in Table 4. 

EP exhibited much higher levels of heterosis than EH. 
For example, heterosis in EP for the F1 populations was 
93% and 155% in the good and poor environments, 
respectively, compared to 11% and 32% for EH. Within 
the F 1 and backcross generations, both traits exhibited 
greater heterosis in the poor environment. The F2 and 
backcross generations are expected to have equivalent 
levels of heterozygosity. However, there was a substantial 
difference for EH between the backcrosses and the F 2 in 
both environments, and for EP between the same two 
types of crosses in the poor environment. In each case, the 
F z showed unexpectedly low levels of heterosis in the 
poor environment,  when compared to the F1 generation. 
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Genetic effect Egg production Egg hatchability 

GOOD POOR GOOD POOR 

A -13.3+_2.8"* -5.0+_2.9 3.4___3,8 -1.7+4.0 
H t 37.2+-2.1 *** 39.3+2.1 *** 6.9+-3.9 12.1 _+3.8** 
H ~ 7.0+-1.5"** -9.0+1.6"** -3.0+_3.2 -8.3+3.3* 

* p < 0 . 0 5 ,  * * p < 0 . 0 1 ,  * * * p < 0 . 0 0 1  

Table 6. Parental means and individual and maternal heterosis ~ 
(model 2) 

Egg production Egg hatchability 

GOOD POOR GOOD POOR 

Parental mean 42.4 29.0 62.3 52.4 
(u+A/2) 

H ~ 87.6 135.4 11.I 23.1 
H ~ 16.6 -30.9 -4.8 -15.8 

a Expressed as percentage of parental means 

Table 7. Significance of interactions between the genetic compo- 
nents and environment (model 2)" 

Trait Genetic components 

A H j H u 

absolute b (%) absolute b (%) 

EP 2.09* 0.69 18.23"* 6.49** 68.36** 
EH 1.18 1.14 7.89** 1.16 2.68* 

Figures in the table are 't' values, with 2232 degrees of freedom 
b Expressed in those units in which the trait was measured 
* p < 0.05 
** p< 0.001 

For  EH, considerable heterosis was observed in the inter 
se backcross generations in both environments, with the 
exception of the B 3 generation in the good environment. 
The F 3 generation, on the other hand, did not exhibit 
heterosis in either environment. 

Heterosis • environment interaction 

Estimates of both additive and heterotic effects on EP 
and EH were obtained by fitting model 2. The estimates, 
in units of measurement in which the traits were record- 
ed, are shown in Table 5. In only one of the four cases (EP 
in the good environment) was the difference between the 
additive effects of the two strains significant. For  individ- 
ual heterosis, highly significant effects of similar magni- 
tude were found for EP  in both environments. For  EH, 

the heterosis effect was significant only in the poor  envi- 
ronment. The estimate was nearly twice as large as that 
obtained in the good environment. In all cases, individual 
heterosis effects were positive. 

Significant maternal heterosis effects were also found 
for EP in both environments. However, the effect was 
positive in the good environment and negative in the 
poor  environment. For  EH, negative maternal heterosis 
effects were observed in both environments, with that in 
the poor  environment again being twice as large as that 
in the good. In the poor  environment, maternal heterosis 
for EH was marginally significant, while it was non- 
significant in the good environment. Individual and ma- 
ternal heterosis effects are shown as percentages of the 
parental mean in Table 6. Because parental means were 
smaller in the poor  environment for both traits, the per- 
centage individual heterosis was substantially larger in 
the poor  environment than in the good environment. For  
maternal heterosis, the percentage values are much lower, 
and they are rather difficult to interpret since they vary in 
sign. 

Results of significance tests of  the interaction between 
genetic components and the environment based on mod- 
el 2 are presented in Table 7. As was the case with the 
parental means, the additive effect did not interact signif- 
icantly with environment for EH. The interaction was 
marginally significant for EP. Values for individual het- 
erosis (in actual units of measurement) did not  interact 
with environment for either trait, but the interaction of 
percentage individual heterosis with environment was 
highly significant in both cases. For  maternal heterosis, 
the interaction with environment was highly significant 
for EP in absolute and percentage terms. For  EH, the 
interaction was not significant in absolute terms, but 
marginally significant as a percentage. 

Frequencies of  electrophoretie genotypes 

The frequencies of the three electrophoretic genotypes for 
F z and backcross generations in the two environments 
are presented in Table 8. Deviations from expected segre- 
gation ratios were tested by Chi-square. In the case of 
Adh, the frequency of genotypes in the F z generation in 
the good environment did not deviate significantly from 
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Table 8. Frequencies of marker genotypes in F 2 and backcross generations" 

Genotype environment Adh Aldox 

FF FS SS H b FF FS SS H b 

Average 
H b 

F 2 GOOD 98 201 92 0.51 
POOR 26 390 16 ** 0.90 

B 1 GOOD 45 74** - 0.62 
POOR 30 92** - 0.75 

B e GOOD - 66 40 * 0.62 
POOR 82 27 ** 0.75 

97 
129 

52 
59 

217 
248 

75 
61 
54 
50 

77* 
55** 
44** 
61 

0.56 
0.57 
0.63 
0.50 
0.51 
0.54 

0.54 
0.74 
0.63 
0.63 
0.57 
0.65 

" Deviations from expected ratios tested by )C2: * p<0.05; ** p<0.001 
b Heterozygosity 

the expected 1 : 2 : I ratio. However,  the ratio for Aldox 
was significantly different from expectation. There was a 
highly significant excess of Adh heterozygotes in both 
backcrosses in both environments.  However,  for Aldox, 
only the B 1 backcross differed from the expected 1:1 
ratio, and only in the good environment.  

Discussion 

In the present experiment both egg product ion and 
(though to a lesser extent) egg hatchabil i ty,  exhibited 
heterosis on two different nutr i t ional  regimes. There was 
a heterosis x environment  interaction, in that  traits gen- 
erally exhibited a greater degree of heterosis in the poor  
environment.  Interactions between environment and 
both individual  and maternal  heterotic effects were signif- 
icant for both traits. The degree of heterosis for EP in the 
poor  environment  (155%) was similar to values of 154% 
and 130% previously repor ted for D. melanogaster by 
Gowen  (1952) and Rober tson and Reeve (1955), respec- 
tively. However,  those values were observed under stan- 
dard  ( 'GOOD' )  nutr i t ional  conditions.  The lower level of 
percentage heterosis in the good environment  in the pres- 
ent experiment p robab ly  reflects differences between the 

popula t ions  used. 

Heterosis z nutrition interaction 

The main purpose  of the present experiment was to detect 
and measure any genotype x environment  interaction. 
The differences between the two pure strains used were of 
the order  of 40% for EP and 15% for EH. F o r  both traits, 
the difference between strains was larger in absolute 
terms in the good environment  than in the poor. How- 
ever, there was no evidence of significant interaction of 
these differences with environment.  

F o r  EP, there was a clear and  significant interaction 
between percentage individual  heterosis and environ- 
mental  level. Fo r  both traits, percentage heterosis was 
significantly higher in the poor  environment.  Sang (1964) 

found similar heterosis for egg product ion in Drosophila 
on normal  and modified diets. Our  results are somewhat  
similar to those of Rich and Bell (1980) who reported 
higher heterosis for larval weight in flour beetles under 
poor  nutr i t ional  condit ions than under normal  nutri- 
t ional levels. Similarly, Festing (1976) found higher het- 
erosis for fertility in mice on an impoverished diet than on 
a normal  diet. Klosterman et al. (1968) found no interac- 
tion of heterosis with nutr i t ional  level in beef cattle, 
though when heterosis was expressed in percentage terms 
there was a difference. In plants, Pederson (1968) and 
McWil l iam and Griffing (1965) found no interaction of 
level of heterosis with environment in Arabidopsis or 
maize, respectively. In his 1981 review, Barlow concluded 
that  while heterosis • environment interaction was more 
often found than not, the cases where interaction was 
absent were more often those involving nutr i t ional  differ- 
ences in the environment. Our  results appear  to support  
the generalization made in that  review that  heterosis by 
environment interaction can be expected, with higher lev- 
els of heterosis found in the more stressful environment.  

Significant maternal  heterosis effects were detected in 
three of the four cases in the present experiment. In par-  
ticular, there was a substantial  negative H M effect for EP 
and EH under the poor  nutr i t ional  regime. Fo r  EP, the 
maternal  heterosis effect was positive in the good envi- 
ronment  and negative in the poor. F o r  EH, maternal  
heterosis was small and non-significant in the good envi- 
ronment,  and almost as large as the individual  heterosis 
effect in the poor  environment,  though in the opposi te  
direction. Interpretat ion of the H M effect in an oviparous 
animal  like Drosophila is rather difficult, a l though cyto- 
plasmically inherited effects on both viabili ty and fertility 
have been observed (McDaniel  and Gr imwood  1971; 
Reily and Thomas 1980). Fo r  EH, it is possible to inter- 
pret the negative maternal  heterosis as a consequence of 
the higher number  of eggs produced by more hetero- 
zygous females. Fo r  EP, there was significant positive 
heterosis in the good environment,  and equally signifi- 
cant negative heterosis in the poor  environment.  The 
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negative effect in the poor environment could be due to 
environmental reinforcement of a negative effect at the 
egg stage. That is, selection for total reproduction may be 
more effective in the poor environment, and could cause 
a decrease in number of eggs produced, in order to in- 
crease hatchability and total number of offspring pro- 
duced. While this interpretation is admittedly tenuous, 
somewhat similar situations have been reported in mice 
(Falconer 1955, 1960) and pigs (Van der Steen and Groot  
1984). 

The model which was used in the analysis of these 
data included only additive, individual heterosis and ma- 
ternal heterosis effects. The heterosis effect was estimated 
on the basis of the dominance model, i.e., on the assump- 
tion that heterosis effects were due solely to the aggregate 
effects of dominance at single loci. While significant het- 
erosis was estimated using this model, significant devia- 
tions from linear dependence on heterozygosity were also 
observed. This could be due to several causes: incorrect 
levels of heterozygosity could be assumed; maternal ef- 
fects could be confounded with the estimates; or epistatic 
effects could be influencing performance in some genoty- 
pic groups but not in others. The first of these possibilities 
was explored by measuring heterozygosity at two marker 
loci. 

Heterozygosity at marker loci 

In F2 and backcross generations, individuals are expected 
to be identical by descent for regions of the chromosomes 
comprising, on average, 50% of the genome. Linkage 
could give rise to considerable between-individual vari- 
ability in this value, particularly in D. melanogaster where 
there are only three major chromosomes, and there is no 
recombination in males. Homozygosity of either of the 
major autosomes leads to a great decrease in viability in 
this species (e.g., Sved 1971, 1975), presumably due to the 
presence of deleterious recessive alleles. Natural selection 
in the F 2 and backcross generations could result in the 
individuals tested being on average more heterozygous 
than expected. This effect was indeed observed for marker 
loci on chromosomes II and IlL That the excess of het- 
erozygosity observed was due to selection is suggested by 
two considerations. First, the excess of heterozygotes was 
generally more marked for Adh than for Aldox. Due to 
the presence of an inversion linked to Adh, that marker 
locus was probably indicative of homo- or heterozygosity 
of a larger chromosomal region than was the case for 
Aldox. Second, the excess heterozygosity was more pro- 
nounced in the poor environment, where selection would 
be expected to be stronger. 

Hybrid breakdown 

Hybrid breakdown can be defined as a reduction in fit- 
ness and/or metric traits in post-F~ segregating genera- 

tions, such as the F 2 o r  backcrosses. In theory, hybrid 
breakdown can be expected if recombination causes a 
disruption of favourable epistatic gene combinations 
which had become established in the parental popula- 
tions during adaptation to specific environments (Fal- 
coner 1981). The degree of heterosis in the F 2 and subse- 
quent generations was generally lower than would be 
predicted from the F 1 . Surprisingly, the one generation 
which did not show excess heterozygosity (the F 2 for EP 
in the good environment) had the highest mean perfor- 
mance. Hybrid breakdown in the F 2 in general could be 
the explanation for the poorer performance in that gener- 
ation. The exhibition of abundant heterosis in the F 1 
could still occur as long as the interacting alleles were not 
recessive. Vetukhiv (1956), working with D. pseudoobscu- 
ra, reported that the F1 hybrids were mostly superior to 
both parental lines. The F 2 hybrids, on the other hand, 
did not show heterosis, and in some cases their fecundity 
was even lower than that of the parental lines. This might 
have been due to polymorphic inversions in that species. 
Similar unexpectedly low levels of heterosis in the F2 have 
been observed for traits in several other species, for exam- 
ple, longevity, reproductive rate, fleece production, birth 
weight and weaning weight in sheep (Boylan 1982; 
Oltenacu and Boylan 1982), and lactation yield, lactation 
length and first calving interval in cattle (Syrstad 1985). 
In our result, the loss of heterosis was greatest for the F 2 

in the poor environment, and the F a in both environ- 
ments. It was also found that heterosis was retained to 
some extent for EH in the inter se backcrosses but not in 
the F 3.  This could be due to a greater extent of loss of 
favourable epistatic gene combinations in the F 3 genera- 
tion, compared to the inter se backcrosses. A similar 
observation has been made in the F 3 generation of 
Angus x Hereford cattle for survival rate, pregnancy rate 
and degree of intramuscular fat deposition (Koch et al. 
1985). However, those authors did find heterosis for post- 
weaning gain, carcass weight and rib-eye area in the same 
generation. Sheridan (1981) has reviewed hybrid break- 
down or epistatic effect (also called "parental epistasis") 
in cattle, pigs and poultry and concluded that generally 
the level of heterosis in crossbred generations other than 
the F1 was less than would be predicted by the dominance 
model. 

The results of hybrid breakdown affect the expression 
of heterosis. The breakdown of heterosis in the F2 and 
subsequent generations suggests that the gene pool of 
each population was a coherent adaptive system evolved 
under the control of natural selection. Even considering 
the two nutritional regimes separately, the relationship 
between heterozygosity and performance was generally 
nonlinear. This lack of fit would be accentuated if the 
heterozygosity estimated from marker loci were taken 
into account. A dominance model including maternal 
heterosis effects gave a reasonable fit in some cases. How- 
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ever, the comparatively poor performance of generations 
subsequent to the F 1 is perhaps best explained in terms of 
loss of positive epistasis in those generations. Thus, the 
level of heterosis in various secondary crossbred popula- 
tions should not be deduced from the performance of 
purebred and F1 populations (Sheridan 1980). 
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