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Summary. The influence of purebred selection on the
combining abilities of five lines of mice was examined.
Two replicated testcross diallels were made after 10 and
20 generations of purebred selection for litter size, wean-
ing weight, weight gain, and feed efficiency. Average di-
rect genetic effects were of major importance, followed by
average maternal genetic effects. In all of the replications,
between two and four out of ten crosses showed signifi-
cant heterosis. Heterosis ranged from 0 to 38% in litter
size, from 0 to 20% in weaning weight, from —11to 11%
in weight gain, and from —8 to 17% in feed efficiency.
For litter size and weaning weight, heterosis estimates
increased between 80 and 100% from generation 10 to 20.
Weight gain and feed efficiency showed decreasing het-
erosis with partly negative estimates in the second diallel.
Combinations exhibiting significant heterosis varied be-
tween replicates and between the two diallels.

Key words: Diallel cross — Heterosis — Maternal effects —
Mice

Introduction

Crossbreeding has proven to be an effective way of im-
proving the performance of production in poultry, pigs,
and other species with high reproductive rates. Because
the degree of heterosis varies between different crosses
due to previous selection and inbreeding in the lines,
diallel crosses are needed for a final determination of
optimal line combinations. Despite this need, methods
for the systematic improvement of combining abilities of
lines, such as reciprocal recurrent selection (RRS), have
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not been used in commercial breeding programs except
for poultry. The major argument against applying these
methods is that selection for purebred performances in
different lines will also lead to an improvement of non-
additive genetic effects, since different selection criteria
will lead to larger genetic distances between lines, so that
the costs of RRS schemes are not justified. In commercial
crossbreeding programs, most lines are elimininated after
the best crossbred combination is chosen from a diallel
cross. Therefore, a repeat of the diallel after several gener-
ations of purebred selection in the lines cannot be made
to check whether the combining ability of the lines has
improved or decreased.

The aim of the present experiment was to obtain esti-
mates of the change in crossbreeding parameters after
several generations of purebred selection in closed popu-
lations. To obtain these estimates, two testcross diallels
with mice were made after 10 and 20 generations of selec-
tion for purebred performance.

Materials and methods

Design

The experiment was carried out from 1976 to 1981 at the Insti-
tute of Laboratory Animals, Hannover. From a HAN:NMRI
outbred line, six lines were formed by random sampling. Five of
these lines were selected for different traits in closed populations
for 20 generations. The sixth line was an unselected control. The
population size was 50 pairs per line and generation. The selec-
tion criteria of the six lines were as follows:

LS:  large litter size at birth (number born alive, first parity);

WW: high average weaning weight of young at the age of
4 weeks;

WG: high average weight gain from 4 to 6 weeks;

FE: low average feed efficiency from 4 to 6 weeks (g feed/g

gain);
FT: low body fat percentage;
C: unselected control.
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Fig. 1. Design of the experiment (no. of pairs)

Animals in the lines were selected according to an among-family
selection scheme. Whenever feasible, complete litters were select-
ed as parents of the next generation. Depending on the fertility
rates in the different lines, from 20 to 30% of the litters was
selected for replacement. A generation interval of 13 weeks was
strictly maintained to avoid seasonal effects. Under this regimen,
infertile matings could not be repeated, resulting in different
selection intensities for the five lines. The whole experiment was
repeated simultaneously in a second room.

After ten generations of purebred selection, a complete 6 x 6
diallel of testcrosses with 20 matings/subcell was done. The par-
ents in the dialle] were taken at random from all litters of the
tenth generation. The five lines were then selected for another ten
generations. In generation 20, a second testcross diallel was
made in the same way as the first one. One of the lines could not
be included for lack of capacity. It was decided to drop the FE
line because it was similar to line FT. Figure 1 shows the design
of the experiment.

One male was caged with one female for 2 weeks, after which
females were housed singly and checked daily for litters begin-
ning on day 19. In the first diallel cross, litters were standardized
to ten pups on the day of parturition, whereas there was no
standardization of litters in the second diallel cross. Mice were
weaned at 4 weeks of age and the two sexes were housed in
different cages. Weight and feed intake were recorded at 6 weeks
of age. Mice were fed ad libitum with “Herilan HAN MRS5.” The
laboratory was maintained at 224+ 1°C and 55+ 5% Rel. Hum.

Statistical analysis

Data were analyzed according to the model proposed by Eisen
et al. (1983). Komender (1987, 1988) showed that this model is
equivalent to those of Henderson (1948, 1977) and Griffing
(1956); i.e., that transformation matrices exist for the conversion
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of the parameters among these models. The model of Eisen et al.
(1983) was chosen because it allows for genetic interpretation of
its parameters in terms of gene frequencies, additive and domi-
nance effects.

Because line FE had to be omitted in the second diallel, this
line was also omitted in the analysis of the first diallel to ensure
the comparability of parameter estimates. Due to an error in the
design of the experiment, no data of body fat content were
available for the first diallel. Therefore, resulis are presented only
for the traits LS, WW, WG, and FE. The statistical model was
as follows:

Yipe = 4+ 172(L4+1) +m+ 6 (b byt s +ri) +e

where
Y.

i

1 = average performance of the k™ litter of sire line i and dam
line j (i, j=1...5);

4 =mean of all purebred animals;

I, = average direct genetic effect of line i;

m; = average maternal genetic effect of line j;

6 =0 for purebred and 1 for crossbred litters;

I = average direct heterosis;

h, = direct heterosis of line i as a deviation from overall direct
heterosis;

s;; = specific combining ability of the i/ cross

(specific heterosis);
r§ = specific reciprocal difference between lines i and j;
e, = random error.

For the analysis of the second diallel cross, the covariate litter
size was added to the model for traits WW, WG, and FE. The
trait LS was analyzed as “number of pups born alive per mat-
ing”, to include the different levels of female fertility in the lines.
Preliminary studies showed no significant interactions between
sex of the progeny and crossbreeding parameters. Therefore,
females were linearly adjusted to the level of males and both
sexes were analyzed together. However, the two replications
(rooms) of each diallel were analyzed separately, because the
analyses showed highly significant interactions between rooms
and group means in both diallels.

Parameter estimation was carried out using weighted least
squares in a one-step procedure, as described in Komender
(1987) and Komender and Fewson (1987). Weighting factors
were the reciprocals of the variances of full-sib means. Using this
method, the components of heterosis (&, k;, and s;;) as defined by
Gardner and Eberhart (1966) can be estimated directly.

Additionally, the parameters Z and z; were calculated using
the formulae given by Eisen et al. (1983):

1
“=3 (p—1) FF+ 75— F)—(p~2) Fu—7.]

where 7} (7%) is the mean of sire (dam) line i averaged over
crosses with all other lines, excluding parental lines, j, is the
mean of all crosses, y, the mean of all purebreds, and p is the
number of lines in the diallel.

Results and discussion

Table 1 shows the significance (F-test) of the different
crossbreeding parameters in the analysis of variance. Sig-
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Table 1. Significance (F-test) of the parameters of the model of Eisen et al. (1983) by traits and replications (rooms)

Trait Room Line Direct Average Line Specific Reciprocal Direct n
direct maternal h_eterosis heterosis heterosis effects heterosis
) (m;) ()] () (Sij) (73 (hij)

First diallel

LS 1 * NS NS NS NS NS NS 499
2 NS wEE NS o NS NS o) 500

WWwW 1 NS HEE o) NS NS NS NS 424
2 NS Ak NS NS Hkk * ok 439

WG 1 okok Hokk NS Hokok NS NS ** 418
2 wk NS NS NS NS NS NS 432

FE 1 wokk ek NS * NS o) NS 418
2 ** o NS o) NS NS NS 428

Second diallel

LS 1 wx o) NS NS NS NS NS 527
2 *x wE * NS NS NS NS 548
2 o Hokk o o NS o NS 374
2 HHk NS NS * NS NS o 373

FE 1 wokok wokE NS NS NS NS NS 381
2 ok NS NS * NS NS NS 369

NS = Not significant

o =P<01

*  =P<0.05

¥ = P<0.01

*** = P<0.001

nificance levels of average direct genetic effects for litter
size and weaning weight increased from the first to the
second diallel. However, weaning weight did not meet the
5% level of significance, even in the second diallel. Weight
gain and feed efficiency showed highly significant direct
genetic effects in both diallels. Maternal genetic effects
were significant for weaning weight and litter size. For
weight gain and feed efficiency, statistical significance
occurred only in the first room.

Significance levels for the components of heterosis
showed an erratic fluctuation between rooms, as well as
between the two diallels. Line direct heterosis (k;) was
significant mainly for the traits WG and FE, whereas
specific heterosis (s;;) and specific reciprocal effects (r})
were only occasionally significant.

Estimates of the crossbreeding parameters will be dis-
cussed according to the order of the effects in the model,
since the main objective of this paper is to compare the
development of the crossbreeding parameters in the dif-
ferent stages of the experiment. Two additional parame-
ters are introduced to facilitate comparison between dif-
ferent replications for the same trait, as well as between
different traits: (i) the correlation (r) of parameter esti-
mates within diallels and within replicates, respectively;
(ii) the coefficient of variation of estimates (CV). Because

of the usual restrictions, the estimates have mean zero so
that the least-squares mean was used to compute the CV.

Average direct genetic and average maternal
genetic effects

Direct and maternal genetic effects for litter size showed
the highest variation of all traits (Table 2). Coefficients of
variation ranged from 4.5 to 38%. For both effects the
variation increased between the two diallels. However,
the direction of responses in line LS for the two effects
was different. In both rooms there was a decrease in
direct genetic effects for line LS compared with the con-
trol line between the two diallels, while maternal genetic
effects increased.

In weaning weight there was only a slight influence of
direct genetic effects (Table 3). In the second diallel, di-
rect genetic effects reached the 10% significance level.
Maternal genetic effects were significant in both diallels,
mainly because of their lower standard errors. For both
effects, line WW showed the highest estimates if the effect
was significant. In both rooms the magnitude of mater-
nal effects increased between diallels. The correlation of
the estimates between diallels was high, with those for the
second room tending to be higher than for the first room.
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Table 2. Average direct and maternal genetic effects, standard errors, coefficients of variation (CV), and correlations between rooms

and between diallels (r) in litter size

Line Average direct Maternal
Diallel 1 Diallel 2 Diallel 1 Diallel 2
Room 1 Room 2 Room 1 Room 2 Room 1 Room 2 Room 1 Room 2
LS 3.11 —0.18 2.74 0.62 0.36 1.75 2.04 1.27
WW —-1.93 —1.45 -1.93 1.39 0.40 0.52 —0.49 0.00
WG —1.01 —0.13 ~2.86 —3.69 ~0.42 0.70 —0.65 1.92
FT 0.30 0.17 0.29 —-202 022 -1.90 —0.05 —0.68
C —-047 1.59 1.76 3.70 —0.56 —1.07 —0.85 —2.51
SE 1.04 1.00 1.12 1.23 0.56 0.54 0.69 0.75
Ccv 19.3 10.9 29.9 38.7 4.5 14.8 14.8 23.3
L] L
r 0.20 0.56 01.27 043 |
L]
0.31 0.74
. _
0.79 0.60

Table 3. Average direct and maternal genetic effects, standard errors, coefficients of variation (CV), and correlations between rooms

and between diallels () in weaning weight (g)

Line Average direct Maternal
Diallel 1 Diallel 2 Diallel 1 Diallel 2
Room 1 Room 2 Room 1 Room 2 Room 1 Room 2 Room 1 Room 2
LS 0.55 0.58 0.44 0.80 1.07 0.43 0.58 —0.32
WW 0.22 0.64 2.24 1.77 1.01 1.72 2.13 2.86
wG —1.50 —0.91 —1.77 —1.09 —1.59 —1.11 —1.67 —1.64
FT 0.18 —0.69 —0.38 —0.53 —0.43 —-1.12 —2.65 —1.13
C 0.55 0.39 -0.53 —-0.96 —0.06 0.08 1.61 0.23
SE 0.46-0.61 0.52-0.65 0.67-0.89 0.70-0.89 0.25-0.31 0.26-0.29 0.42-0.50 0.41-045
(A% 3.7 33 7.0 5.7 4.8 5.3 9.9 8.1
L | L] 1 L
¥ 0.60 0.70 0.85 0.82
| | L _
0.95 0.95
L _ _
0.75 0.71

For weight gain and feed efficiency, line WG showed
the highest direct response (Tables 4 and 5). Correlated
responses for weight gain in line FT were negative, as was
expected from the results of Horstgen (1978). CV for this
trait ranged from 16 to 26%. Correlations for the esti-
mates were between 0.63 and 0.99, with those between
diallels tending to be somewhat higher than those be-
tween rooms within diallels. Maternal effects were of a
much lower magnitude. Their influence decreased be-
tween the two diallels.

The responses in average direct genetic effects reflect
the direction of the selection applied. Correlated respons-

es often showed inconsistencies. For example, in weight
gain the deviations of the estimates for lines LS, WW, and
FT from the control were negative in room 2 and positive
in room 1. However, many of the estimates were not
significantly different from zero, so that the differences
between rooms may be due to different levels of the
control line.

In comparison to the direct genetic effects, the varia-
tion in maternal genetic effects was lower. Only in wean-
ing weight was the impact of maternal effects higher than
that of average direct genetic effects. The highest varia-
tion of estimates was observed in litter size, followed by
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Table 4. Average direct and maternal genetic effects, standard errors, coefficients of variation (CV), and correlations between rooms

and between diallels () in weight gain (g)

Line Average direct Maternal
Diallei 1 Dialle] 2 Diallel 1 Diallel 2
Room 1 Room 2 Room 1 Room 2 Room 1 Room 2 Room 1 Room 2
LS —0.86 —1.47 —0.68 —2.29 —097 —0.10 —0.01 0.25
WwW -0.69 —-0.92 0.30 —-1.09 -0.77 0.14 —0.66 -0.20
WG 4.52 3.36 483 5.50 1.17 0.14 0.81 —0.02
FT —0.93 —0.81 —2.35 —1.97 —0.16 —0.04 0.26 —0.38
C ~2.04 —0.17 —2.10 —0.14 0.72 —~0.14 —-0.40 0.36
SE 0.38-046  0.32-042 0.33-0.45 0.36-0.51 0.22-0.25 0.22-0.25 0.21-0.26 0.23-0.26
CvV 229 16.1 231 26.5 8.3 1.1 4.5 2.6
L | L | (| L |
¥ 0.91 0.88 0.11 —-0.19
L ] . - |
0.99 —0.54
. - | J
0.95 0.53

Table 5. Average direct and maternal genetic effects, standard errors, coefficients of variation (CV), and correlations between rooms

and between diallels (r) in feed efficiency

Line Average direct Maternal
Diallel 1 Diallel 2 Diallel 1 Diallel 2
Room 1 Room 2 Room 1 Room 2 Room 1 Room 2 Room 1 Room 2
LS —0.17 0.62 0.19 0.97 0.72 0.05 0.18 —0.01
WW 0.85 0.37 0.40 0.63 0.41 0.18 0.58 0.35
WG —1.85 —0.90 —1.89 —1.77 —0.65 —0.38 —045 —0.31
FT 0.14 0.10 0.66 045 —-0.12 0.14 —0.74 —0.03
C 1.03 —-0.19 0.64 —0.28 —0.35 0.01 0.43 —0.06
SE 0.24-0.35 0.25-0.31 0.25-0.36 0.27-0.39 0.15-0.18 0.14-0.16 0.17-0.20  0.17-0.22
CvV 14.5 8.1 16.2 15.6 6.8 31 8.6 34
L | L | L | L
r 0.63 0.83 0.68 0.54
! | !
0.99 O.6|2
|
092 0.47

weaning weight and feed efficiency. Correlations of the
estimates between rooms and between diallels were lower
than for direct genetic effects. The relatively low correla-
tions between direct genetic and maternal genetic effects
(with the exception of weaning weight) confirm that
selection affects primarily the direct genetic effects
(Table 6). Horstgen-Schwark et al. (1984a) and Eisen
et al. (1984) also found only negligible or negative corre-
lations between direct and maternal genetic effects. While
in the present investigation the variation of maternal
genetic effects was between 20 and 50% of that of the
direct genetic effects, Horstgen-Schwark et al. (1984 a, b)

and Eisen et al. (1984) found a substantially greater dif-
ference in line variation for these two effects. From this
result, it may be concluded that there is little agreement
with the results in the literature, But the present results
are consistent insofar as directional changes were found
only for the lines that were selected for the respective
trait.

Average direct heterosis and line direct heterosis

Average direct heterosis is a measure of the variation of
gene frequencies between a// lines in the diallel and of the



Table 6. Correlations between average direct and average ma-
ternal genetic effects within rooms or diallels for traits litter size
(LS), weaning weight (WW), weight gain (WG), and feed efficien-

725

Table 8. Estimates for z; and Z for traits litter size (LS), weaning
weight (WW), weight gain (WG), and feed efficiency (FE)

cy (FE) Trait Line  Diallel 1 Diailel 2
Trait Dialiel 1 Diallel 2 Room 1 Room 2 Room 1 Room 2
Room 1  Room 2 Room 1 Room 2 LS LS —-0.43 098**  —0.05 1.26%*
WW 0.49 0.56 0.50 0.53
LS 0.32 —0.50 0.61 —0.70 wG —0.02 —0.48 0.26 0.26
WwW 0.82 0.90 0.66 0.80 FT —0.29 0.30 0.46 0.25
WG 0.56 0.53 0.59 0.06 C 0.79* 0.15 —-0.12 0.34
FE 0.41 0.86 0.37 0.77 7 0.11 0.30 0.21 0.53
WW (g) LS —0.08 0.02 027 —0.18
I . w 0.16 0.22 0.34 0.05
Table 7. Average direct heterosis for traits litter size (LS), wean- \\ZG 0.54% 0.27 126%% (.99 %+
ing weight (WW), weight gain (WG), and feed efficiency (FE) FT 012 —0.08 0.52 0.08
(standard error in brackets) C 0.20 036 0.18 0.39
. z .19 0.15 .51 027
Trait Diallel 1 Diallel 2 z 0 0 2
: WG (g) LS 033* 001 0.26 0.24
Room 1 Room 2 Room 1 Room 2 WwW 0.38* 0.02 0.12 0.23
WG —-0.34 —-0.13 —0.10 —-032
LS 0.276 0.757 0.523 1.323 FT —0.32% 0.08 —0.51%% —~042%*
(0.491) 0.475) (0.527) (0.569) C 0.14 —0.27 0.16 —0.12
NS NS NS * z 004  —006 —001  —0.08
WW (g) 0.472 0.393 1.285 0.668 FE LS —048 001 005  —019
(0.264) (%2373) 0374y (0.383) WW  —031% 012 008 000
© © WG 006 —0.14 0.7 027*
WG (g) 0.096 —-0.145 —0.034 —0.196 FT 0.19 —0.18 0.23* 0.23
(0.212) 0.208) 0.177) (0.194) C —0.08 0.19 —0.01 0.08
NS NS NS NS z ~006 000 008 008
FE —0.159 0.0 0.214 0.199
(0.146) (0.140) (0.142) (0.152) * = P<005
NS NS NS NS ** = P<0.01
NS = Not significant
o =P<01 more often observed in the second diallel. While litter size
* = P<0.05 . . ..
%% _ p 20001 and weaning weight showed significant average and

importance of dominance effects for the trait. Line direct
heterosis is useful for computing the relative contribution
of dominance effects to general combining ability. But
this parameter depends on the squared difference of the
gene frequencies of the examined line, as well as on the
variance of gene frequency between all lines (Eisen et al.
1983). Therefore, significant line direct heterosis will be
found if the variance of gene frequencies is low, but one
line deviates in gene frequency from the others. With
increasing differentiation in gene frequencies, line direct
heterosis will be “absorbed” into average direct heterosis
and specific heterosis. However, the parameter z; pro-
posed by Casas and Wellhausen (1968) depends only on
the sum of squared deviations of the gene frequencies
of line / from average gene frequency, and therefore has
the most meaningful genetic interpretation (Eisen et al.
1984).

Table 1 shows that levels of significance for the com-
ponents of heterosis (average, line direct, specific) were

specific heterosis, for weight gain and feed efficiency, only
line direct heterosis was significant. Table 7 presents the
estimates of average direct heterosis for litter size and
weaning weight. In the first diallel, average heterosis was
not significant. In the second diallel, significant average
heterosis for weaning weight could be observed in room 1
and for litter size in room 2.

Results for line direct heterosis are presented as esti-
mates for z; and Z (Table 8). In most of the room-diallel-
subcells, only one of the lines showed a significant esti-
mate for z;. In room 2, line LS showed the highest
estimate of z; for litter size in both diallels. However, in
room 1, neither value for line LS was significantly differ-
ent from zero. The weighted variance of the gene fre-
quencies at loci with dominance (Z) is twice as great in
room 2 than in room 1. This factor increases the number
of significant estimates for total heterosis, as will be seen
later. In weaning weight, only line WG showed significant
estimates of z;.

In weight gain, line FT deviated most in its gene fre-
quencies, but LS and WW were of importance for room 1
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Table 9 Specific heterosis (s;;), standard errors, and coefficients
of variation (CV) between rooms and diallels (r) for traits wean-
ing weight and weight gain (s;;=s;,)

Com- Diallel 1 Diallel 2
bination

Room1 Room 2 Room 1  Room 2

Weaning weight (g)
LSxWW 0.18 —0.50 0.95 —0.16
LSx WG —-0.23 0.51 —0.26 0.42
LSxFT 0.16 0.28 —-0.35 —0.12
LSxC —-0.11 —0.28 —-0.34 -0.13
WWx WG 0.19 —0.81 —0.60 0.20
WW x FT —048 0.51 —-0.87 0.05
WWxC 0.11 0.81 0.52 —0.08
WG xFT 0.18 0.02 1.14 -0.38
WG xC —0.14 0.28 -0.27 —0.24
FTxC 0.14 —0.81 0.09 045
SE 0.23-031 0.22-0.30  0.38-0.55 0.36-0.44
Cv 1.0 2.5 31 1.3

Weight gain (g)
LS x WW —0.28 0.05 —0.58 0.14
LSx WG 0.29 0.27 0.23 —0.33
LSxFT 0.23 —0.32 0.24 0.11
LSxC —0.25 0.00 0.11 0.08
WW x WG 0.07 0.01 0.24 0.18
WW xFT —0.05 —0.05 0.54 0.18
WWxC 0.26 —0.02 —-0.19 —0.50
WG x FT —0.26 0.03 —0.66 —0.28
WG xC —0.10 —-0.31 0.20 0.44
FTxC 0.08 0.33 —0.11 —0.02
SE 0.19-024 0.19-026  0.19-0.27 0.20-0.25
Cv 20 1.7 30 2.4

in the first diallel. For this trait and for feed efficiency, no
increase in Z between the two diallels could be observed.
In feed efficiency there was no definite trend, but the
agreement of the estimates for lines WG and FT should
be noted.

It is obvious that for the second room in the first dial-
lel, the differentiation of gene frequencies as measured by
z, was developed only for litter size. However, in the
second diallel this was no longer true, and estimates of z;
agreed well for weight gain and feed efficiency.

Specific heterosis

Specific heterosis was significant only in a few cases for
weaning weight and weight gain (Table 1). Table 9 gives
the results for these traits. For weaning weight, the CVs of
the two significant cases (columns 2 and 3) were 2.5 and
3.1%, respectively, about 1/3 of the variation of average
direct and maternal genetic effects. An increase of the
variation could only be observed in the first room.

For weight gain, significant estimates were reached
for room 1 in the second diallel. For this subcell combi-

nation, WW x FT showed the highest (+0.54 g) and
combination WG x FT the lowest estimate (—0.66 g) for
specific heterosis. The variation of the parameters is of
the same magnitude as for weaning weight (3%).

Direct heterosis of a cross

The magnitude of the different components of heterosis
(h, h;, and s;;) depends on the difference in gene frequen-
cies at loci exhibiting dominance effects, as well as on the
variance of gene frequencies at these loci as already men-
tioned. Therefore, a discussion of the single components
is not fruitful unless the estimates for direct heterosis (%;;)
are known. The significant estimates for direct heterosis
are summarized in Table 10. In all of the room-diallel-
subcells, between one and four crosses gave significant
estimates for direct heterosis. These results agree well
with the findings for z; in Table 8. In the first room,
combinations WW x K and WW x FT showed signifi-
cant heterosis for fitter size in diallels 1 and 2. In the
second room, only combinations with line LS gave signif-
icant estimates. This line also showed the highest esti-
mates for z;. There was a tendency for higher heterosis
estimates in the second diallel, but the differences were
statistically not significant.

Heterosis for weaning weight ranged from 1.13 to
3.68 g. Certain crosses (e.g., WG x FT and WG x C) gave
significant estimates in both diallels. As for litter size,
heterosis was higher in the second diallel, but at different
levels in the two rooms. For weight gain and feed efficien-
¢y, the results differed from those in litter size and
weaning weight. While all significant estimates of direct
heterosis for the latter were in the desired direction,
weight gain and feed efficiency partly showed undesired
heterosis effects, especially in the second diallel; WG x FT
showed undesirable heterosis in six out of seven cases
(Table 7). It might be assumed that there is a connection
between the positive heterosis of combination WG x FT
in weaning weight and the negative estimates for weight
gain and feed efficiency.

An increase in the amount of heterosis can only be
stated for litter size and weaning weight. This corre-
sponds with the findings for average direct heterosis. The
frequency of significant heterosis estimates varied for the
different combinations. Most frequently, significant esti-
mates were found for WG x FT followed by LS x WW,
LS x WG, and WG x C. Line WG was involved in 17 out
of 33 combinations showing significant estimates. On
average, WG showed a higher change in z; values than
the other lines. Selection for weight gain resulted in a
different growth curve for this line. The superiority of
line WG for weight gain is achieved by a low weaning
weight in conjunction with a slightly superior 6-week
body weight. Presumably, genes causing a slow prewean-
ing growth had higher frequencies in WG than in the
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Table 10. Significant estimates for direct heterosis (h;;) absolute values and percent of parental line means (in brackets)

Trait Diallel 1 Diallel 2
Room 1 Room 2 Room 1 Room 2
LS WWx C 2.25 LSxFT 242 WW xFT 273 LS x WG 2.89
(26.0) (14.7) (39.7) (38.3)
LS x WW 1.80 LS xWW 2.43
(17.6) (26.6)
WW (g) WG x FT 1.19 WW x C 1.64 WG xFT 3.68 WG xC 1.84
(5.3) (6.8) (20.6) 9.2)
WW x WG 1.43 WG xC 1.20 LS x WG 1.86 LS x WG 1.55
5.2) (5.5 (9.4) (7.5)
WG xC 1.69 WW x WG 1.71
(8.5) (7.5)
LS x WW 1.54
(6.4)
WG (g) WWxC 1.41 WG xC —0.93 LSxC 0.82 LSxWW 0.99
(11.2) (—6.8) (7.4) 9.5)
LS x WW 0.88 WG xFT —1.66 FTxC —0.86
(CA)] (—11.5) (—17.8)
WG xFT  —141 WGxFT  —145
(—10.4) (—10.7)
FE LSxWW  —073 WGxFT  —0.56 WG xFT 0.96 WG xFT 1.05
(—8.2) (—8.4) (17.6) (16.9)
WWx C —0.64 WW x C 0.60
(=172 (8.2)

WG x FT 0.61
©.1)

Table 11. Correlations of heterosis estimates (;;) between rooms
and diallels for traits litter size (LS), weaning weight (WW),
weight gain (WG), and feed efficiency (FE)

Trait Between rooms Between diallels
Diallel 1  Diallel 2 Room 1 Room 2
LS 0.15 —-0.22 —0.27 0.60
WW 0.06 0.53 0.75 0.24
WG 0.02 0.72 0.73 —0.04
FE —0.74 0.79 0.59 —0.51

other lines. With these loci showing dominance, the fre-
quent occurrence of heterosis in crosses with WG could
be explained.

Direct heterosis in litter size was higher than previ-
ously reported. Van den Nieuwenhuizen etal. (1982)
found 3.1% heterosis and Eisen et al. (1983) found a
maximum of 14%, with an average heterosis of 5.4%.
For weaning weight, the magnitude of heterosis is similar
to that reported by Hérstgen-Schwark et al. (1984 a) and
Aumann (1986). The present findings for weight gain and
feed efficiency agree with Horstgen-Schwark et al.
(1984a), who found estimates in the range of —8 to

+10% and —11 to +7%, respectively. However,
Bakker et al. (1976) reported only 3.4% direct heterosis
for weight gain.

Litter size and weaning weight showed the expected
increase in the amount of average heterosis through long-
term selection. Particularly in weaning weight, more
crosses gave significant heterosis estimates in the second
diallel. However, the comparison of rooms and diallels
points out that the occurrence of heterosis showed erratic
fluctuations in the different subcells. The results for the
two rooms were not in agreement, especially as regards
litter size (Table 11). In room 2 the direct response to
selection for line LS was negative, but the estimates of
heterosis were in agreement for the two diallels ( of the
estimates=0.6). On the other hand, room 1 showed a
consistent development in purebred performance, with a
negative correlation of the heterosis estimates for the two
diallels (r=—0.27). Heterosis estimates for the other
traits were in agreement for the second diallel. The same
was true for the correlation between diallels in room 1.
Taking into account the values of z; in Table 8, these
results lead to the conclusion that the differentiation of
gene frequencies at loci with dominance effects was insuf-
ficient for room 2 in the first diallel. This insufficiency
may be due to different selection intensities in the two
rooms.
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Conclusions

Selection for purebred performance led to an increase of
average direct genetic effects for the selected lines (WW
and WQ) in weaning weight, weight gain, and feed effi-
ciency between the two diallels. In litter size, the estimates
for line LS decreased as compared with C. Heritability of
litter size is low, and selection was for the performance of
the mother of the litter. These factors may explain the low
response in direct effects, whereas in maternal effects an
increase could be expected. In weaning weight, maternal
effects for line WG also increased between the diallels.

In litter size, the increase in maternal effects compen-
sated for the decrease in direct genetic effects of line LS.
Thus, maternal effects were more important in the second
than in the first diallel. In weaning weight, the increase in
average direct genetic effects of line WW was higher than
in maternal effects. In weight gain and feed efficiency,
direct effects clearly dominated maternal genetic effects,
even in the second diallel.

Nonadditive effects became more important in the
second diallel. Average heterosis in litter size and weaning
weight increased. However, levels of significance occurred
only for weaning weight in room 1 and for litter size in
room 2. The estimates of z; for lines WG and FT often
changed between diallels. This result caused frequent het-
erosis in combinations of these lines, especially in dial-
lel 2. In the second diallel, heterosis estimates partly
showed an undesired direction.

The combinations exhibiting significant heterosis es-
timates varied between replications. It is concluded that
selection for purebred performance does not naturally
improve combining abilities. There were several exam-
ples where heterosis of certain combinations disappeared
in the second diallel. This disappearance agrees with the
findings of Bell et al. (1955), where two or three of the
nine inbred lines of Drosophila in the experiment showed
very different combining abilities between replicated test-
Crosses.

Finally, in no case were nonadditive effects crucial for
the absolute performance of the best combination. In
litter size and weaning weight, crosses had the best abso-
lute performance in each of the four groups. However,
these crosses gave only intermediate heterosis estimates.
The importance of maternal effects for these two traits
can be seen from the fact that in each case lines LS and
WW, respectively, were the dam of the best cross. How-
ever, in weight gain and feed efficiency, a purebred line
(WG) was superior to all crosses.
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