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Summary. Three flint and three dent maize (Zea
mays L.) inbred lines, their possible F, crosses, F, and
backcross progenies, and all possible three-way crosses
were evaluated in a three-year experiment for yield,
ear moisture, and plant height. The purpose was to
estimate genetic parameters in European breeding
materials from (i) generation means analysis, (ii) di-
allel analysis of generation means, and (iii) analysis of
F, and three-way cross hybrids. Method (i) was based
on the F-metric model and methods (ii) and (iii) on
the Eberhart-Gardner (1966) genetic model; both
models extended for heterotic maternal effects.
Differences among generation means for yield and
plant height were mainly attributable to dominance
effects. Epistatic effects were significantly different
from zero in a few crosses and considerably reduced
heterosis in both traits. Additive x additive and domi-
nance x dominance effects for yield were consistently
positive and negative, respectively. Significant mater-
nal effects were established to the advantage of genera-
tions with a heterozygous seed parent. In the diallel
analysis, mean squares for dominance effects were
greater than for additive effects for yield and plant
height but smaller for ear moisture. Though significant
for yield and plant height, epistatic variation was small
compared to additive and dominance variation. Esti-
mates of additive x additive epistasis for yield were
significantly negative in 11 of 15 crosses, suggesting
that advantageous gene combinations in the lines had
been disrupted by recombination in the segregating
generations. The analysis of hybrids supported the
above findings regarding the analysis of variance.
However, the estimates of additive x additive epistasis
for yield were considerably smaller and only minimally
correlated with those from the diallel analysis. Use of
noninbred materials as opposed to materials with dif-

ferent levels of inbreeding is considered the main
reason for the discrepancies in the results.

Key words: Epistasis — Heterosis — Maternal effects —
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Introduction

Knowledge about the nature of gene action involved in
conditioning the expression of economically important
traits is fundamental to optimizing breeding programs.
Two approaches based on first-degree statistics have
been used to evaluate the importance of epistatic
effects in polygenically inherited characters: generation
means analysis and comparisons among different types
of hybrids.

Generation means analysis was introduced by Anderson
and Kempthorne (1954) and Hayman (1958) to provide infor-
mation on additive, dominance and digenic epistatic effects in
crosses between specific pairs of lines. Studies in maize (Zea
mays L.) employing this approach detected high frequencies
of significant estimates for each epistatic parameter for grain
yield and other agronomic characters (Hallauer and Miranda
1981). An extension of this approach is to perform a joint
analysis on the generation means derived from a diallel or
factorial mating design (Gardner and Eberhart 1966; Stuber
and Moll 1969).

Bauman (1959) and other researchers utilized compari-
sons among various types of hybrids for evaluating net
epistasis (for review, Melchinger 1984). These studies indicated
that significant epistatic effects exist for certain hybrid com-
binations. Regarding the average performance level, experi-
ments with unselected lines showed negligible differences
among different types of hybrids, whereas experiments with
elite inbred lines established epistatic effects to the advantage
of single crosses.

Experimental evidence from both approaches suggests
that additive and dominance effects are of major importance
in the inheritance of yield and other agronomic traits. How-
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ever, estimates of epistatic effects were generally greater and
more frequently significant in generation means studies than
in comparisons among different hybrid types. These inconsis-
tencies may occur firstly from the different experimental
approaches (i.e., investigating materials with different levels
of inbreeding as opposed to noninbred materials) and from
differences in the underlying genetic model.

The impetus for the present research was to investi-
gate epistasis in both types of materials established
from the same set of lines by (i) generation means
analysis, (ii) diallel analysis, and (iii) analysis of
different hybrid types. A similar study was conducted
by Moreno-Gonzales and Dudley (1981), who presented
results from the three methods. However, to permit a
more direct comparison, the same genetic model should
be applied to each approach. Such a synoptic analysis
is possible using the Eberhart and Gardner (1966)
genetic model.

Results from the comparison between single and
three-way crosses have been reported elsewhere (Mel-
chinger et al. 1986). The present investigation has four
primary objectives: 1) to estimatic genetic parameters
by generation means analysis in European materials
generated from a diallel cross; 2) to assess the bias in
the estimates arising from maternal effects; 3) to
measure the variation associated with maternal, addi-
tive, dominance, and additive x additive epistatic ef-
fects in the diallel by applying an extended version of
the Eberhart-Gardner model; and 4) to compare the
estimates of epistatic effects from the latter analysis
with those obtained from analyzing the single and
three-way cross data.

Materials and methods

Materials

The materials studied, the design of field experiments, and the
measurements taken have been previously described (Mel-
chinger et al. 1985, 1986). Briefly, six unrelated inbred lines,
three being of flint (DS8, DS10, DS13), and three of dent
(CO 125, DS503, DS513) origin, were used to establish the
experimental material of this study. All lines designated by
DS were developed by F. W. Schnell in West Germany from
European flint and North American dent materials, respec-
tively. CO125 is a Canadian line extensively used in the
production of commercial hybrids in West Germany and
France. The lines were known to combine earliness with good
general combining ability for grain yield.

The six lines were mated in a diallel series to develop the
15 possible F, crosses in both reciprocal forms, their selfed
progenies (F,), and their first backcrosses to both parents
(BC1 and BC2) each in both reciprocal forms F; P and PF,,
respectively. In addition, the 60 possible three-way crosses
(3 W) were produced employing the inbred line as seed parent.
To minimize seed quality differences, all tested materials were
produced in the same year (1979).

Yield trials

The study was conducted at Stuttgart-Hohenheim (FRG) in
1980, 1981, and 1982. The experimental design for the F|, F,,

BC1, and BC2 generations, respectively, was a split plot with
crosses comprising the whole plots and the two reciprocal
forms of a cross comprising the subplots. The whole plots (15
crosses and one check of the same degree of inbreeding) were
arranged as a quadruple 4x 4 lattice for each generation. The
60 3W crosses and four checks were evaluated in a 8X8
quadruple lattice. The six lines were tested in a randomized
complete block design (RCB) with 24 replicates.

The six experimental designs were not arranged separately
in the field but organized in six groups of adjacent blocks
within each replication to minimize the effects of soil
heterogeneity on generation means. Four groups each con-
sisted of four incomplete blocks: one biock for the F,, F,,
BC1, and BC2 generations, respectively, each group com-
prised progenies from the same four crosses. The two remain-
ing groups included the eight incomplete blocks from the
3 W and six complete blocks from the RCB design of the lines,
respectively. Apart from this restriction, ordering of complete
or incomplete blocks within each group and entries within
blocks was random. Each block was bordered by buffer rows
of appropriate vigor levels.

The experimental unit in all designs was a one-row plot
with 20 plants. Average plant density for all groups of
materials was 7.7 plants/m2 Measurements of four quantita-
tive traits were studied: silking date (days after sowing), plant
height (cm) measured from ground level to the lowest tassel
branch, ear moisture (%) at harvest, and grain yield (q/ha)
adjusted to 15.5% moisture. All experiments were harvested by
hand.

Statistical procedures

Ordinary lattice analyses of variance were performed with the
data gathered from the 3 W’s and the nonhomozygous genera-
tions in each year, reciprocals being analyzed separately.
Adjusted means and effective error mean squares from the
lattice analyses as well as means and error mean squares from
the RCB analyses were obtained for further use in the quanti-
tative genetic analyses.

Generation means analysis

The F_ -metric genetic model (Mather and Jinks 1982, p 83),
extended by a term for maternal effects, was fitted to the
generation means for each cross. Gamble’s notation (1962a),
originally referring to parameters in the F,-metric, was used
for convenience. The formulae for the genotypic means of the
various generations are:

P, =m +a +aa

P, =m —a +aa

F, =m +d +dd
F, =m+M +d/2 +dd/4

BCI(F,P)=m+M+a/2+d/2 +aa/d+ad/4+dd/4
BCI(PF)=m  +a/2+d/2+aa/4+ad/4+dd/4
BC2(F,P)=m+M—a/2+d/2+aa/d—ad/4+dd/4
BC2(PF))=m  —a/2+d/2+aa/4—ad/d+dd/4

where P, and P, are the inbred parents; m is the mean of all
inbred lines derived from the cross P, x P,; M is the maternal
effect attributed to a heterozygous seed parent; a, d, aa, ad,
and dd denote the pooled additive, dominance, additive x ad-
ditive, additive x dominance, and dominance x dominance ef-
fects, respectively.

Least squares regression techniques were employed to
obtain the parameter estimates and the corresponding stan-
dard errors as outlined by Mather and Jinks (1982, p 162).



Significance of the estimates was determined by the usual
t-test.

Diallel analysis

An alternative analysis of generation means derived from a
diallel series was suggested by Eberhart and Gardner (1966).
Their model, which accounts for additive x additive epistatic
effects, was extended by Carbonell etal. (1983) to include
“heterotic” maternal effects. The complete genetic model for
all generations of the diallel can be written as follows:

P; =y + (@ t+aaq)

Fi(ixj) =¢u +%(ai+aai)+%(aj+aaj)+ di+ aa;
Fo(ixj) =u+M; +l(a +aa)+'(a +aa)+1d;+ aa;
BCl(i jxi)= /z+M+ (g +aa)+ (a+aa)+2du+ aa;;

BCi(ixi-))=u += (a +aa)+ {a; +aa)+ d; + aa;

BC2(-ix)=p+ M+ (a +aa)+ (a; +aa)+2d”+ aa;

BC2(jxj-i)=pn + = (a +aa)+ (a; +aa) +id,+2 144
Zai=0, Zaai=0, where i=1,...

2 4ij
,n is the number of

1 1
inbreds, p is the mean of all inbred lines, and M;; are the
maternal effects. Detailed definitions of the parameters g; and
aa;, d;;, and aa;j, denoting the pooled additive, additive x ad-
ditive effects of line P;, and dominance and additive x addi-
tive effects of the cross P, x P;, are given by Eberhart and
Gardner (1966). A link between the parameters of the F_ -
metric and those in the Eberhart-Gardner model was pre-
sented by Cockerham (1980).

Unfortunately, ¢; and aqg; are completely confounded and
cannot be estimated separately. Instead, the parameter

* _
al=a,+aq
was estimated.

As the parameters of this model are not orthogonal, four
models were fitted sequentially:

Model Parameters

1 ,u,M

2 U, M,J,a

3 M,J,a d

4 M., at d ag;

ij» i %jo

Standard least squares procedures were used to obtain the
sums of squares due to regression. The combined analysis was
computed using lattice-adjusted means and entry means (in
the case of the parents) from each year. Additive x additive
epistatic effects were estimated and the means of the F,
crosses were predicted from the F|, F,, BC, and parent lines
data.

Analysis of single and three-way crosses

The model equation for the single crosses, being identical to
the F, crosses, was given in the foregoing section. The model
for the genotypic value of the three-way cross i x j - k given by
Eberhart and Gardner (1966) is

3W, i+ A 2+(a] + ag) /A +(d + dy)/2
+(aaj; +aay)/2 +aa;/4,

lxjk_

using the above notation. Proceeding similarly as in the diallel
analysis, this model was fitted to the F; and 3W data to
estimate the additive x additive epistatic effects and to predict
the performance of the F; crosses.

All necessary computations in the three methods were
accomplished using the REGRESS directive of Genstat
(Numerical Algorithm Group 1977).

ij
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Results
Generation means analysis

Generation means were averaged over crosses within
the FLINT x FLINT, FLINT x DENT, and DENT x
DENT groups. The averages of the FLINT crosses
were lower than of the DENT crosses for all traits
(Table 1). The FLINT x DENT crosses showed higher
generation means that the two other groups for grain
yield and intermediate values for the other traits with
only one exception. Heterosis was greatest for grain
yield, averaging 135% over all crosses. In comparison
with the inbred parents, the F; crosses silked earlier
and had a lower ear moisture.

The F, generation means were significantly (P < 0.05)
smaller than the BC (F, P) means in all groups for grain
yield. The comparison of BC(F,P) with BC(PF))
showed consistently higher yields when the F, was
used as the seed parent. Both the F, and BC(PF,)
yields were smaller than the mean of the F; and
midparent performances.

Estimates of m were significantly different from
zero for grain yield in all 15 crosses (Table 2) and
showed lower values than the midparent performances.
Maternal effects (M) were consistently positive and
significantly different from zero for eight crosses.
Additive (a) and additive x dominance effects (ad)
were small in most crosses compared with the other
gene effects. The sign of both parameters is meaning-
less because it depends upon which parent is designated
as P, and which as P,. Dominance effects (d) were
significant in all crosses. Estimates were slightly greater
in the FLINT x DENT crosses than in the other groups.
Additive x additive effects (aa) were consistently posi-
tive and dominance x dominance effects (dd) corre-
spondingly negative. The two categories of effects were
similar in magnitude being approximately one fifth of
the estimates of d. Estimates of aa varied little among
crosses whereas estimates of dd showed a greater
range. On the average, epistatic effects (aa, dd) re-
duced heterosis (h) by about 40%.

Maternal effects (M) were mostly negative for ear
moisture (Table 3). Significant additive effects (a)
were detected in nine crosses. Both dominance effects
(d) and epistatic effects (aa, dd) showed no consistent
sign, the former being significant in one cross.

Results for plant height (Table 4) were similar to
those for grain yield. Dominance effects (d) were the
most important gene effects, being significant in ten
crosses. Dominance x dominance epistasis (dd) gener-
ally prevailed over other types (aa, ad). Heterosis (h)
was considerably diminished by positive aa and nega-
tive dd effects in most crosses.
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Table 1. Generation means and heterosis values averaged over crosses within groups and over years for four agronomic traits

Generation FLINT FLINTXDENT DENT FLINT FLINTX DENT DENT
crosses crosses crosses crosses Ccrosses crosses
(n=3)* (n=9) (n=3) (n=3) (n=9) (n=3)
Grain yield (q/ha) Ear moisture (%)
F,* 75.5+2.1¢ 85911.2 80.6+2.1 41.07+031 41.61+0.18 42061031
F,® 52.3%16 57.9+09 56.8+1.6 42511033 42.38%0.19 42581033
BC (F,P)* 557£15 627109 62.3+15 4248+029 4251%0.17 42621029
BC (PF,)* 540+ 1.6 59.5+09 57516 4267+£027 43.05%0.16 43251027
Parents 326+24 353+17 38.0+24 44.33+0.70  44.50%0.50 44.681+0.70
Heterosis (%) 132 143 112 -7 -6 -6
Plant height (cm) Silking date (days)
F,® 179.6 2.6 187.61+ 1.5 190.8+2.6 83.22+0.26 84.56%0.15 86.161+0.26
F,* 148.6£2.5 1543+15 156.5+£2.5 83.82+030 85.35%0.17 87.10+0.30
BC (F,P) 150.0+2.3 155.9+1.3 160.5+2.3 84.03+0.34  854530.20 87.4010.34
BC (PF,) 1497124 1570+14 1614124 84301033  85.80+0.19 8§7.50+£0.33
Parents 1106£3.5 119.2+25 1277435 88.09+0.66 90.2240.38 92.35+0.66
Heterosis (%) 62 57 49 -6 -6 -7

* Number of crosses in the respective group; * Averaged over reciprocal crosses;  Averaged over backcrosses to both parents (BCI
and BC2); “ Heterosis is measured as 100 (F,-parents)/parents; © Standard error associated with each mean

Table 2. Gene effects estimated from generation means analyses for grain yield (q/ha)

Origin Cross Gene effects*
m M a d aa ad dd h®
FLINT DS8 x DS10 213 24 -03 66.2 12.3 -44 -141 39.7
DS8xDS13 19.8 0.2 1.3 78.7 12.2 104 -238 42.8
DS10xDsS13 15.6 24 1.6 65.7 16.7 172 -30 46.0
FLINTXDENT DS8x CO125 20.1 6.7 -5.0 84.0 18.2 1.8 -58 60.0
DS8 x DS503 20.2 0.1 -52 93.5 18.3 -02 -25.6 49.7
DS8xDS513 16.0 5.1 30 742 143 19.9 -76 52.3
DS10xCO125 21.3 54 -4.6 73.1 17.2 -08 -34 52.5
DS10x DS503 16.1 0.0 -4.8 112.5 227 83 —-44.6 453
DS10xDS513 122 4.6 34 76.8 18.4 59 -87 497
DS13xCO125 20.0 4.9 -6.3 74.4 17.1 -70 ~33 54.1
DS13x DS503 12.5 1.0 -6.5 854 24.6 -71 -138 46.9
DS13XDS513 10.1 1.1 -17 795 18.9 -24 -16.0 44.6
DENT CO125xDS503 144 5.3 -0.2 97.8 29.0 8.5 -26.9 41.9
CO125x DS513 15.0 4.9 8.0 718 202 18.3 -152 424
DS503x DS513 18.4 4.2 8.2 62.8 17.0 10.7 -24 434
Mean 16.9 32 - 80.2 18.5 —° -143 474
SD.¢ 36 2.3 - 13.2 44 ~° 11.8 5.5
SE.- 5.1 1.8 2.9 300 12.3 79 18.2 4.7
Nf 15 8 4 15 2 3 1 15

For definition of effects see “Materials and methods”

h refers to heterosis, h=d —aa+dd

Not calculated, since the sign of the estimate for a cross depends upon which parent is taken as P,

Standard deviation of estimates among crosses

Standard error associated with each estimate

Number of crosses out of 15 showing estimates significantly different from zero at the 0.05 level of probability

- o B 6 o »



Table 3. Gene effects estimated from generation means analyses for ear moisture (%)
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Origin Cross Gene effects®
m M a d aa ad dd h®

FLINT DS8xDSI0 432 0.5 1.2 -19 1.5 -47 03 -31
DS8 xDS13 46.5 -06 1.2 -75 - 17 -08 1.2 -46
DS10x DS13 439 -05 -0.1 -16 -0.1 1.5 -07 -2.1

FLINTX DENT DS8x CO125 43.8 -0.9 30 ~2.7 -0.9 -33 -07 -25
DS8x DS503 416 -05 20 3.8 23 20 -3.6 -21
DS8xDS513 49.0 -09 -32 ~79 0.1 0.7 34 -46
DS10x CO125 412 -10 1.8 0.5 0.5 33 -20 -21
DS10x DS503 437 -05 0.8 -23 - 11 1.1 -0.1 -13
DS10xDS513 43.2 -04 -44 32 47 52 -33 -49
DS13x CO125 40.1 -04 1.8 0.6 1.7 0.6 ~23 -34
DS13 x DS503 44.4 -03 0.9 -18 -1.6 1.2 -12 -13
DS13x DS513 49.0 0.1 -43 -103 -11 47 5.3 -39

DENT C0125 x DS503 385 -0.7 -10 4.5 24 -17 -39 -19
CO125x DS513 50.9 -14 -6.1 -133 -438 -08 5.3 -32
DS503 x DS513 4.2 0.2 -52 0.5 29 -03 -04 -28
Mean 442 -0.5 - -24 0.3 - -0.2 -29
SD.¢ 34 0.5 - 5.2 2.3 - 29 12
SE.c 2.8 0.5 0.8 6.0 2.6 20 3.6 1.0
Nf 15 2 9 1 0 3 0 11

* For definition of effects see “Materials and methods”

® hrefers to heterosis, h=d —aa+dd

¢ Not calculated, since the sign of the estimate for a cross depends upon which parent is taken as P,

¢4 Standard deviation of estimates among crosses

¢ Standard error associated with each estimate

* Number of crosses out of 15 showing estimates significantly different from zero at the 0.05 level of probability

Table 4. Gene effects estimated from generation means analyses for plant height (cm)

Origin Cross Gene effects®

m M a d aa ad dd h®

FLINT DS8x DSI10 120.6 -16 -6.5 570 -105 45 -08 66.7
DS8xDS13 91.7 1.8 -4.0 143.4 15.8 227 -61.1 66.4
DS10x DS13 102.5 0.6 2.6 959 11.6 215 -104 73.9

FLINTX DENT DS8x CO125 110.7 1.1 -20.1 1327 139 8.7 -42.7 76.1
DS8x DS503 108.7 0.4 —-15.1 959 9.0 5.0 -15.1 71.8
DS8xDS513 110.7 -34 -0.1 88.9 -70 18.0 -247 71.2
DS10x CO125 106.3 -4.0 -145 1293 24.8 6.0 40.8 63.7
DS10x DS503 139.6 -4.38 -8.6 66.0 -143 289 7.0 87.4
DS10x DS513 91.5 ~1.0 6.4 116.5 18.7 8.0 282 69.6
DS13x CO125 117.6 1.0 -170 95.0 10.9 -114 ~255 58.7
DS13x DS503 133.8 02 -112 30.0 - 111 -26 19.8 60.9
DS13xDS513 95.7 ~-0.1 39 106.5 12.0 -0.1 -379 56.6

DENT CO125xDS503 108.7 -40 5.8 146.5 31.0 7.8 -492 66.2
CO125xDS513 128.6 -10 20.9 489 -39 11.2 5.7 58.5
DS503 x DS513 97.3 25 15.0 1159 216 -43 -29.8 64.3
Mean 111.0 -08 - 98.7 82 - -238 66.7
S.D.¢ 14.8 23 - 35.0 142 - 23.0 8.0
SE.* 7.8 4.0 43 45.5 20.9 11.9 26.8 6.3
N 15 0 7 10 0 1 1 15

- o o 6 T »

For definition of effects see “Materials and methods”
h refers to heterosis, h=d —aa+dd

Not calculated, since the sign of the estimate for a cross depends upon which parent is taken as P,
Standard deviation of estimates among crosses
Standard error associated with each estimate
Number of crosses out of 15 showing estimates significantly different from zero at the 0.05 level of probability
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Table 5. Mean squares and coefficient of determination (R?)
from the diallel analysis of the generation means after the
Eberhart-Gardner (1966) model for grain yield, ear moisture,
and plant height

Source of variation d.f.  Mean squares
Grain Ear Plant
yield moisture height
(g/ha) (%) (cm)
Entries 125 1,056*%  29.3%x 2 408**
Maternal (M) effects 15 384%*  432%% ] 010%*
Additive (¢*) effects 5 2,042%*%  468.0%*  9.880**
Dominance (d) effects 15 7,527%%  353%% 15388**
Epistatic (aa) effects 15 66** 1.2 42%
Deviations 75 29 %% 1.6% 66*
Years X Entries 250 43 %% A 89 **
Years X M effects 30 48** 4,9%* 79 **
Years X a* effects 10 243 16.4%* 501 ==
Years X d effects 30 127%* 18.0%* 234 %%
Years X aa effects 30 24 0.9%* 19
Years X deviations 150 17 %% 1.1%% 48 **
Pooled error 1,137 7 0.3 18
R? (4, M, a*, d) 97.6 96.1 98.1
R? (4, M, a*, d, aa) 98.4 96.6 98.3

*#% Significant at the 0.05 and 0.01 levels of probability, re-
spectively

Diallel analysis

Analysis of generation means utilizing the Eberhart-
Gardner model showed significant variation due to
maternal (M;;), additive (a¥) and dominance effects
(d;;) for each trait (Table 5). Additive x additive effects
(aa;j) and deviations from the complete model were
significant except for ear moisture and plant height,
respectively. The coefficients of determination (R?) for
model 3 (u, M, a¥, d;;) exceeded 0.96 for all traits and
increased by less than 0.01, extending the model to
additive x additive effects (Model 4). Interactions of all
genetic effects with environments were significant ex-
cept for epistatic effects of plant height.

Observed and predicted F; performances showed
minimal differences (Y — Y") for grain yield and plant
height (Table 6). The estimates of the additive x addi-
tive effects (c??zij) were significantly negative in 11
crosses for grain yield and significantly positive in six
crosses for plant height.

Analysis of single and three-way crosses

Epistasis estimates determined according to Bauman’s
(1959) method were reported in an earlier paper
(Melchinger etal. 1986). The analyses of variance
indicated significant epistatic effects for all traits. The

Table 6. Observed means of F, crsses (Y), deviations between observed and predicted F, performance (Y), and additive X additive
epistatic estimates (4dij) for grain yield and plant height. The estimates were obtained from the combined analyses over years ap-
plying the Eberhart-Gardner (1966) model to material I I(dlfferent degrees of inbreedings: F,, F,, BC, P) and material II (non-

inbred: F,, 3W); the respective estimates are denoted by ¥ aal jVs. V& aa,JI
Origin Cross Grain yield (q/ha) Plant height (cm)
Y Y-¥! Y-yt @{j 55})1 Y Y-¥! y-yu 55&1- fz?z{ﬁ

FLINT DS8xDSI10 73.4 -04 -08 -55 1.1 176.8 0.2 0.1 7.8%x 28
DS8 xDSI13 74.8 -09 - 0.6 2.3 —-60* 1740 -23 0.1 208**  16.9**
DS10x DS13 78.3 -0.1 0.9 —15.1*%* 54 1879 -04 02 -60* -55%

FLINTXDENT DS8x CO125 98.2 -0.1 -0.6 —-164*% 1.8 2006 -1.5 33 99*x 124
DS8 X DS503 88.2 -09 0.6 -3.8 -2.3 1905 -05 1.2 -038 56%
DS8xDS513 82.6 -0.3 -02 —9.6%* 54 1749 -09 04 20.8%* 27 8%x*
DS10x CO125 91.0 00 -26 —17.0*% 16 1948 —-14 -06 -20 -0.7
DS10x DS503 84.1 -16 1.2 34 32 212.7 03 -19 9.1%% _—69%*
DS10xDS513 80.3 -0.3 1.4 —13.1** 26 1798 —-10 -04 -26 35
DS13xCO125 91.0 -0.1 -0.6 —~153** _-6.1* 1872 -10 -05 46 2.8
DS13xDS503 84.1 -05 0.6 — 15.9%* 0.9 183.6 0.7 1.8 0.3 14.5%%*
DS13xDS513 736 -0.7 1.1 —-7.5% —-94** 1643 -15 -15 12.3%*  12.8%*

DENT CO125x DS503 85.3 -1.0 -1.3 —137** —-19 2059 -19 08 -09 14.9%*
CO125xDS513 716 -06 0.1 —10.9%* 36 183.2 03 -10 -02 12.4 %%
DS503xDS513 78.9 -0.1 0.6 —151** —-160** 1834 -12 -09 -24 ~-1.3
Mean 82.8 -0.5 0.0 —-10.2%* -—26%* 1866 -0.8 0.1 4.7 %* 6.7 %*

*##* Significantly different from zero at the 0.05 and 0.01 levels of probability, respectively



inclusion of additive x additive effects (aa;;) in the
model increased R? from 0.92 to 0.95 for grain yield,
0.95 to 0.98 for ear moisture, and 0.87 to 0.93 for plant
height.

Deviations between the observed and predicted F,
performances (Y — Y") were negligible in both traits
(Table 6). Significant cfc\zij estimates were found in 4
and 9 of the 15 crosses for grain yield and plant height,
respetively.

Discussion
Generation means analysis

Since we employed an extended model that included
heterotic maternal effects (M), our estimates of gene
effects do not fully correspond to those from previous
studies. Ignoring maternal effects leads to the same
estimates for a, ad, dd and h. However, the other
parameters may be biased as follows:

*m=m+2M; *d=d-2M; *aa=aa-—-2M,

where *m, *d, and *aa denote the expectations of the
estimates for m, d, and aa, respectively. The estimates
of M for grain yield given in Table 2 indicate that this
bias may be severe. With more favourable climatic
conditions during the early vegetative development,
however, heterotic maternal effects tend to be smaller
(Melchinger et al. 1985).

Dominance effects (d) accounted for most of the
performance differences between generation means for
grain yield and plant height. This result concurs with
previous investigations conducted in the U.S.A. with
Corn Belt dent materials (Gamble 1962a, b; Darrah
and Hallauer 1972; McConnell and Gardner 1979;
Moreno-Gonzalez and Dudley 1981). Estimates of pa-
rameter d were usually several times larger than those
of parameter a. However, the importance of the various
types of gene action cannot be inferred from the
relative magnitude of the parameter estimates even
though such conclusions have sometimes erroneously
been drawn in literature. Since the method only per-
mits pooled gene effects to be estimated, cancelling
positive and negative effects may impair the param-
eters to a different degree.

Estimates of epistatic effects for grain yield re-
ported here were similar to those of Gamble (1962a)
and McConnell and Gardner (1979). In accordance with
our results, but less consistently so, these authors and
Darrah and Hallauer (1972) established mostly posi-
tive aa and negative dd effects. Moreno-Gonzalez and
Dudley (1981) found small aa effects and fairly hetero-
geneous estimates of dd. On account of larger standard
errors, the relative number of crosses showing signifi-
cant epistatic effects was lower in the present investi-
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gation than in previous reports for all traits. In conclu-
sion, reduction of heterosis by epistasis seems to be a
frequent phenomenon for grain yield. '

Diallel analysis

Evidence from the regression analyses (Table 5) sub-
stantiates the conclusion that variation due to domi-
nance effects was much greater than due to additive
effects for grain yield and plant height. In both traits,
additive x additive epistatic effects contributed a small
but significant amount to the genetic variation among
entries. Data reported by Eberhart and Gardner (1966);
McConnell and Gardner (1979); and Moreno-Gonzalez
and Dudley (1981) showed similar ratios among the
mean squares of the various genetic effects for grain
yield.

Caution must be observed when assessing the rela-
tive importance of additive, dominance, and epistatic
effects from the relative size of the corresponding mean
squares (Stuber and Moll 1971). Because of the non-
orthogonality of the parameters in the model, additive
x additive and deviation mean squares contain only a
portion of the epistatic effects. On the other hand,
mean squares attributable to maternal effects, which
were first fitted in the model, tend to be inflated by
genetic effects.

The negative estimates of the aa;; effects for grain
yield (Table 6) suggest that certain advantageous gene
combinations in the lines were disrupted by recombi-
nation in the F, and BC generations. Eberhart and
Gardner (1966) also obtained predominantly negative
aa;; estimates, averaging at —8% of the F, yields
compared with — 12% reported here.

Analysis of single and three-way crosses

The mean of the aa;; estimates obtained from the
analysis of the hybrids amounted to — 3.2% of the F,
performance for grain yield (Table 6). The model
equations show that this mean corresponds to four
times the performance difference between the three-
way and single crosses. As discussed by Melchinger
et al. (1986), most experiments in literature have estab-
lished a more distinct yield superiority of single crosses
over three-way crosses than found in our materials.

Comparisons among methods of analyses

The results from the generation means analyses are not
comparable with those of the other two methods
because of the different genetic models employed. The
F o,-metric model accounts for all types of digenic
epistasis but is restricted to pairs of parents. The
Eberhart-Gardner (1966) model is confined to addi-
tive x additive epistasis but includes the whole set of
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parents. Moreover, the effects are defined differently
thus explaining the opposing signs in the estimates of
additive x additive epistasis.

The diallel analysis of generation means (materiai I)
and the analysis of hybrids (material II) showed rea-
sonable agreement for the results of the analyses of
variance. In both approaches additive and dominance
effects were the major source of variation in all traits.
Material I, involving both inbred and noninbred gen-
erations, displayed increased genetic variation reducing
the relative portion of epistatic variation compared to
material I

Considerable disagreement between both approaches
occurred in the estimates of the additive x additive effects
(@a; ;) for grain yield (Table 6). Estimates obtained from
material I were much greater in size than those from
material II and had a low correlation (r =0.20). The
two methods yielded estimates of similar size for plant
height, being more highly correlated (r = 0.56*).

Different kinds of limitations in the two approaches
may explain the disparities in the results. In the
generation means approach, plant development was
delayed in the generations with a higher level of
inbreeding as indicated by the silking date (cf. Table 1).
Hence, the various generations may be subject to
different environmental conditions during pollination
and grain filling. Estimates of gene effects may, there-
fore, be biased with the response to different environ-
mental patterns.

With a given plant density, different inbred gener-
ations may display different levels of competition
within each level of vigor. Increased competition with
the more vigorous generations for soil moisture, avail-
able plant nutrients, and solar irradiance is expected to
result in a curvilinear convex heterozygosity-perfor-
mance relation. However, our findings in Table 1 show
a concave relationship suggesting that unequal compe-
tition was not a major disturbing factor among gener-
ations.

The various generations in the generation means
approach have different seed parents. Estimates of
nuclear-genetic effects may thus be confounded with
cytoplasmic and maternal effects and their interactions
with the genotype. By including reciprocals in the Fy,
F,, and BC generations and accounting for maternal
effects in the model, consideration was taken to reduce
this bias as much as possible.

In both the diallel analysis of generation means
and the analysis of different hybrid types, estimates of
additive x additive effects (ﬁzij) may be biased by
higher order epistatic effects and/or linkage. Presence
of these factors was indicated by the significant devia-
tion mean squares for grain yield. If there are alleles
interacting in the homozygous state with other loci,
inbreeding would enhance these kinds of epistatic

interactions by increasing their frequency. This might
explain the greater ﬁ?zij estimates for material 1. Sup-
port for this argument comes from the fact that the
aa;; estimates in the diallel analysis mainly depend on
the performance difference between the F, and
BC(PF,) generations, which is not disturbed by the
foregoing three factors.

In conclusion, our findings corroborate the conflict-
ing results between both approaches in the literature. It
must no be overlooked, however, that the two ap-
proaches provide answers to different aspects of
epistasis. The generation means approach deals prima-
rily with the mode of gene action in quantitative traits
particularly with the contributions of epistatic effects
to heterosis in single cross hybrids. On the other hand,
Bauman’s approach is concerned with performance
differences among different hybrid types and hence is
more closely related to practical aspects of hybrid
breeding.
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