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Estimation of additive and epistatic genetic
variances for agronomic traits in a population

of doubled-haploid lines of wheat

I. GOLDRINGER*, P. BRABANT & A. GALLAIS4
tStation de Génétique Vegetale, Ferme du Moulon, 91190 Gil sur Yvette and lNA-PG, 16 rue Claude Bernard, 75005

Paris, France

In order to determine a selection strategy for a population of winter wheat subjected to
recurrent selection, we assessed the relative extent of both additive and epistatic effects for
agronomic traits involved in yield performance. The partitioning (between and within mother
plant) of the genetic variance in doubled-haploid lines derived from the intercrossed popula-
tion provided estimates of additive and epistatic additive x additive variances at the pure line
level. Two similar experiments with 56 lines in 1992 and with 73 in 1993 were conducted at Gif
sur Yvette in France. Results showed that 1993 was less favourable for yield performance than
1992. Even when genotype-by-year interactions were found significant, both genetic effects
(between plants, between lines within plants) were consistent from one year to the other, and
the ratios of variances appeared rather homogeneous over years. Earliness and powdery
mildew resistance showed a large epistatic variance. Plant height seemed to be quite additive;
this certainly could be related to the presence of two major dwarfing genes polymorphic in the
population. Morphological traits of the spike showed larger additive than epistatic variance.
Yield components measured on the spike either were predominantly additive or displayed both
additive and epistatic effects. For grain yield, which is the most integrative trait, we found
larger epistatic than additive variance. The genetic control of a given trait cannot be de-
finitively characterized because it depends on the genetic material, the test system and the
environmental conditions. However, our results show the importance of epistasis especially in
the genetic control of complex traits.

Keywords: agronomic traits, bread wheat, doubled-haploid, epistasis, quantitative genetics,
Triticum aestivuin (L).

Introduction

In breeding programmes, inbred families are often
produced and evaluated as possible varieties or as
parents of hybrids. For quantitative traits, the struc-
ture of genetic variability among inbred families at
different generations of selfing depends on the way
genes act and varies according to the trait selected.
Given that in most crops, many economically
important traits such as yield, earliness and quality
are quantitatively inherited, selection strategies must
be optimized according to the relative importance of
the variance components, the reproductive system of
the species and the type of variety which is selected
for. Particularly, the knowledge of the relative
proportion of nonadditive variance with respect to
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additivity of a selected trait is necessary for choosing
a recurrent selection scheme. Progenies derived
from simple mating designs (hierarchical, factorial
or diallel) have been widely used to estimate addi-
tive and dominance variances. In the absence of
epistasis, these estimates may allow the prediction of
expected genetic advance for per se or combining
ability values in cross-pollinated crops as shown by
Gallais (1993).

Likewise, it is important to consider the propor-
tion of between-locus interactions (epistasis) with
regard to additive variation. In fact, epistasis could
be expected to be quite important in self-pollinated
crops because of selection history on a fixed genome
with only few recombination events. Griffing (1960)
and later Cockerham (1984) have shown that the
additive-by-additive epistatic variance, which contri-
butes to the initial response to selection in an
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outbred population, declines with continued random
mating if the recombinant fraction is greater than
zero. Designs specific to the study of epistatic
components often involve complex procedures.
Hayman (1958) has proposed a generation means
model, with six generations derived from a cross
between two inbred lines, to estimate the six genetic
parameters (mean, additivity, dominance and the
three types of epistasis). Another widely used way to
detect epistatic variation is the triple test-cross as
defined by Kearsey & Jinks (1968) as well as the
derived simplified test for inbred lines (Jinks et at.,
1969). The latter is better suited to self-pollinated
crops but might lead to ambiguous tests if the two
testers are not adequate (Virk & Jinks, 1977).
Chahal & Jinks (1978) further proposed a single-
tester design with a test for epistasis based on the
standard BC scaling tests (Mather & Jinks, 1971)
which avoids the consequences of using inadequate
testers. All these tests are based on the comparison
of means and assume a biallelic genetic model. The
derivation of doubled-haploid lines from a diallel
cross (Choo et al., 1979) or from a random mating
design (Gallais, 1990) provides a well adapted and
simple design to detect epistasis at the variances
level.

In an inbred population, additional variance
components related to the interaction effects
between identical alleles (homozygous dominance)
are needed to describe all the variation involved at
the homozygous level (Gillois, 1964; Harris, 1964;
Gallais, 1970, 1974; Cornelius, 1975). Choo et a!.
(1979) and Snape & Simpson (1981) have presented
a model for genetic values and variances of pure-line
populations in the biallelic case. Gallais (1979) has
shown, in a more general case, that the concept of
line value and genetic effects for line value simplifies
the model (only two parameters of variance) and
generalizes the approach for line populations.
Gallais (1990) has given the expression of the line
value of a genotype for many loci with epistasis.
According to this approach, we used a simple nested
design with ( lines derived from p plants taken from
an intercrossed wheat population in order to esti-
mate the genetic parameters of the population with
special attention to additive and epistatic additive-
by-additive variance components at the pure line
level. The aim of the study was: (i) to assess the
relative extent of both additive and epistatic effects
for agronomic traits involved in yield elaboration in
a population of winter wheat; (ii) to draw some
general conclusions (if any) from bibliographic data
concerning the determinism of these traits in self-
pollinated cereal crops (especially for wheat); and
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(iii) to discuss briefly the choice of a selection
strategy for the traits studied.

Materials and methods

Two similar experiments were conducted at the
'Station de Génétique Vegétale', Le Moulon,
France, in 1992 and 1993. In 1992, the material
(sample 1) included 56 doubled-haploid lines
derived by in vitro androgenesis from 21 S0 plants
with at least two lines per plant (average of 2.7 lines
per S0 plant). In 1993, the material (sample 2)
consisted of 73 doubled-haploid lines derived from
24 S0 plants (average of three lines per S0 plant), 49
of which were already in sample 1. The S0 plants had
been taken at random from a population obtained
after two successive generations of random crossing
between the families selected at the third cycle of a
recurrent selection scheme (Thomas et at., 1991).
This S0 population was considered as the reference
panmictic population. Each line sample was grown
in a randomized complete block design with two
replications. For each line, the plot was a six-row
plot of 4 m long x 1.5 m wide. Seeds were sown to
obtain a density of 250 plants/square metre after the
winter. Both trials were conducted under the inten-
sive cultural conditions of the area but without
growth regulator application. Five French varieties
(Arminda, Camp Remy, Festival, Fidel, Pernel)
were used as controls. The traits measured were of
two kinds: (i) observations recorded on the whole
plot: grain yield at 15 per cent of moisture (qxlha)
(GY), powdery mildew attack (scale from 1, resist-
ant to 9 according to the severity of the symptoms)
(PM), heading date (days from the first of May)
(HD) and plant height (cm) (PH); and (ii) observa-
tions recorded on 10 sound ears cut in each plot
before harvest: ear length (cm) (EL), number of
kernels per spike (NK/S), number of spikelets per
spike (NSplt/S), number of kernels per spikelet
(NK/Splt), grain weight per spike (GWIS) and
weight of 1000 kernels (KW).

From both experiments, the between S0 plants
genetic variance (TLB) as well as the between line
within S0 plant variance (aLw) were assessed by
analysis of variance with a classical mixed nested
model. The analysis of variance was also performed
on the sample of lines grown for the two years, 49
lines and 18 S0 plants (intersection sample), with the
following complete model:

YJkl = /1 +ye1 +bl/ye, +Bk+ Wk, +(B*ye),k
+ ( W*ye),1 +Ek/
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where ye is the fixed year effect, b//ye the fixed block
effect, B and W the random genetic effects (between
plants and between lines within plants), and (B*ye)
and (W*ye) the two year-by-genotype random inter-
actions. Estimates of genetic variances for each set
of data (samples 1, 2 and intersection), as well as
variances of interaction for the intersection sample,
were obtained with a restricted maximum likelihood
procedure (VARCOMP option REML of SAS software).
The maximum likelihood procedure provided an
estimated asymptotic covariance matrix of variance
components; standard errors for the estimated
variances as well as for the additive and epistatic
variance components could then be inferred
straightforwardly.

According to the theory of Gallais (1990),
GL8 = aAL+o4AL and 5GLW OAL+aAAL, where cIAL
and a-AAL are the additive and the epistatic additive-
by-additive variances at the pure line level, respect-
ively. The total genetic variance between all the lines
derived from the S0 population is then:

GL = GLB+aGLW— 2 aAL+4 aAAL.

According to the model, QL and AL are not equal
to cr and QA, additive and epistatic additive-by-
additive variances in the panmictic population,
respectively, because they include components
related to residual homozygous dominance effects
(Gallais, 1990). Development of the variances at the
pure line level and equivalents in other models were
given in Goidringer et al. (1996). Estimates of a.
and AL were computed as follows:
'2 _I '2 '2ALI 5GLBGLW,

rJAAL = (Lw—LB).
Broad sense heritabilities on a mean basis
(h5 = 7GL/(aGL+crR), where cr is the residual vari-
ance associated with the experimental design and b
the number of replications (in our case b = 2)), vari-
ation coefficients and genetic correlations were
inferred from the simple two-factor (line and block)
ANOVA model instead of the nested model. Neglect-
ing the nested structure led to the following biased
estimation of

((—1)
GL —aGL—, (—1)

cJGLJ3.

In our case, with I = 2.7 or 3 and p = 21 or 24, the
bias was negligible. Confidence intervals on herit-
abilities were obtained according to the formulation
of Knapp et al. (1985). Computing the multivariate
analysis of variance with the same two-factor model,

we estimated the genetic correlation coefficient 1GL
between traits. Approximate standard errors (SE) on
r( were derived using the formula given by Schein-
berg (1966) and Becker (1984). As the distribution
of rGL is not known, we arbitrarily considered GL as
significant when its absolute value was greater than
twice its standard error.

To test the difference between environmental
conditions of the years 1992 and 1993, we computed
the adjusted means (ffz(92) and rn(93)) on the inter-
section file for all the traits. The relative difference
of means (A) was inferred as follows:
A = (ffi(93) —rn(92))/rn(92).

The genetic and environmental coefficients of
variation (CV2 and Cl') as well as the relative differ-
ence of means were not calculated for heading date
and powdery mildew because the values of these
traits were expressed on an arbitrary scale.

In the following, between-plant effect or variance
and between-line within-plant effect or variance are
referred to as B and W respectively.

Results and discussion

The analysis of variance with the complete model on
the intersection sample showed a significant year
effect for every trait (Table 1). Grain yield (GY),
ear length (ER), number of spikelets per spike
(NSpIt/S), number of kernels per spike (NK/S),
number of kernels per spikelet (NKJSp1t), grain
weight per spike (GW/S) and kernel weight (KW)
were lower in 1993 compared to 1992. Plant height
(PH) was higher, heading date (HD) was earlier and
powdery mildew attack (PM) was lower. The year
effect indicated that 1993 had been less favourable
than 1992 for yield expression. All the yield compo-
nents were affected. Ear fertility measured by
NK/Splt and NK/S was more affected than mean
grain weight. This led to the conclusion that the
main limiting factors occurred at meiosis and/or
pollination. Genotype-by-year interactions were
always significant for at least one of the two genetic
effects (Table 2). This will be discussed later in this
section. However, there was always at least one
significant genetic effect so that the genetic analysis
remained meaningful.

For all traits, estimates of heritabilities were very
high and they were not significantly different
between both years except for plant height and
number of spikelets per spike (Table 3). For the
latter, heritability was slightly lower in 1993 than in
1992. Generally speaking, environmental variation
was larger in 1993. This may be related to the bad
meteorological conditions during early summer
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Table 1 Adjusted means of genotypes for the years 1992
and 1993, relative differences and probability for t-test, on
the intersection file, for traits measured on two trials of
doubled-haploid lines of wheat

Traits

Adjuste

th (92)

d means

th(93) A % P (t)

HD 24.73 20.64 — 0.0001
PH 89.91 94.66 +5.28 0.0012
PM 6.99 4.49 — 0.0001

EL 97.98 84.19 —14.07 0.0001

NSpItIS 19.23 18.75 —2.50 0.0347

NK/S 58.44 47.33 —19.01 0.0001

NKJSpIt 3.03 2.51 —17.16 0.0001
GW!S 2.54 1.91 —24.80 0.0001
KW 44.10 40.49 —8.19 0.0001

GY 61.63 53.46 —13.26 0.0001

HD, heading date; PH, plant height; PM, powdery
mildew; EL, ear length; NSplt/S, number of spikelets per
spike; NK/S, number of kernels per spike; NKISplt,
number of kernels per spikelet; GW/S, grain weight per
spike; KW, 1000 kernel weight; GY, grain yield.

A
th(93)—th(92)

rn(92)

— stands for A% not calculated (see text).

in 1993. Anyway, the control of the experimental
conditions was quite good in 1992, and hardly less
satisfactory in 1993. The genetic variation coeffi-
cients were homogeneous between the two years
except for plant height. Their relatively high values(15 per cent) for yield and yield components
proved that the population under selection was
highly polymorphic for these traits. The high herit-
abilities observed are the consequence of the great
genetic variability but also of the large experimental
plots used. In early selection, lines are often tested
with small plots reduced to a single row or a hill-
plot. This leads to poorer experimental variation
control and lower heritabilities. In previous experi-
ments with single-row plots, we estimated a value of
0.51 for yield heritability on the basis of the mean
over three replicates (Goldringer et al., 1994) and
values ranging from 0.56 to 0.64 (Brabant et al.,
1989) on means over two replicates.

Genetic correlations between traits were rather
similar between both years (Table 4) indicating that
the genotype-by-environment interaction was not
strong enough to disturb significantly the relation-
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ships between traits. The main discrepancy was for
kernel weight (KW) which was genetically correlated
with grain weight per spike (GWIS) and grain yield
(GY) (+0.51 and + 0.42, respectively) in 1993 but
not in 1992. At each cycle of recurrent selection the
correlation between KW and GY was always found
either low or null (Brabant et aL, 1989and unpub-
lished data). The general feature under North Euro-
pean oceanic conditions seems to be the absence of
genetic correlation between those two traits (Ledent,
1982). The moderate relationship found in 1993
could indicate that some genotypes partially
compensated for the general loss of fertility resulting
from the year conditions by higher KW when others
did not. These variable abilities to compensate could
be related to differences between genotypes in their
maximum kernel weight. Unfortunately, this trait
can not be easily estimated on a large collection of
genotypes. Given the fact that KW was affected by
the year effect, we may also suppose that the geno-
types had a differential sensitivity to the limiting
factor affecting the grain filling period. It should be
noted that NKJSpIt and GWIS, which correspond to
the notion of ear fertility often used by breeders, are
the yield components showing the highest (though
moderate: r0.5) genetic correlation with yield.
This led us to the conclusion that an early selection
on ear fertility should induce a moderate positive
correlative response on yield. Correlations between
PH and NKJS, NKISplt, KW, GY could be related to
pleiotropic effects of the dwarfing genes Rhti and
Rht2 as observed by McClung et a!. (1986). How-
ever, as underlined by McClung et at. (1986), the
literature reports conflicting results on the existence
and the direction of these effects.

Estimations of between-plant (B) and between-
line within-plant (W) genetic variances are given in
Table 2 with standard errors. The W effect was
always significant for all traits. The B effect was not
significant in at least one of the three samples for
heading date (HD), powdery mildew (PM), number
of kernels per spike (NK/S), grain weight per spike
(GW/S) and grain yield (GY). In these cases, it
follows from the model that, if JGLB is not signifi-
cantly different from zero, both L and AL have
to be equal to zero as well. Thus, when the B effect
was not significant at least at the 10 per cent level,
we dropped calculations of the additive and epistatic
genetic variances. In any case, these were leading to
a negative estimation of the additive variance and to
a high value for the epistatic variance. It should be
noted that the nested structure involves higher
power for the detection of the between lines within
plants effect than for between mother plants effects,
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Table 3 Broad sense heritabilities and 95 per cent confidence intervals, genetic
and environmental coefficients of variation for the two trials of double-haploid
lines of wheat

CVg(%)'

1992 1993

CVe(%)2

1992 1993Trait 1992 1993

HD
PH
PM

0.98

0.97

0.84

[0.97; 0.99]

[0.95; 0.98]
[0.73; 0.911

0.99

0.84

0.85

[0.98; 0.99]

[0.74; 0.90]

[0.76; 0.901

—
14.2—

—
8.7
—

—
3.2
—

—
5.3
—

EL
NSplt/S

0.93
0.95

[0.88; 0.96]
[0.92; 0.97]

0.90
0,86

[0.84; 0.94]
[0.77; 0.91]

13,7
8.2

11.1
8.6

5.1
2.5

5.3
4.9

NK/S
NK/Splt
GW/S
KW

0.85
0.85
0.79
0.92

[0.73; 0.911
[0.73; 0.91]
[0.65; 0.88]
[0.87; 0.96]

0.82
0.82
0.73
0.85

[0.71; 0.89]
[0.72; 0.89]
(0.57; 0.83]
[0.76; 0.91]

16.9
14.5
14.9
13.2

16.7
12.8
18.6
14.4

10.0
8.6

10.5
5.2

11.1
8.4

15.9
8.5

GY 0.91 [0.84; 0.94] 0.88 [0.80; 0.92] 14.9 17.1 6.6 9.1

aGL dR
1CVg = —; 2CV. =—, with Y.. the general mean for each trial.

Y

and that additionally if dAL is different from zero,
dJGLW is expected to be larger and hence easier to
detect than 0'GLB

Significance of both B and W genetic effects were
rather consistent from one year to the other. The
complete model on the intersection file gave levels
of significance either intermediate between those of
the two years or lower. The loss of significance for
one genetic effect in the intersection file is often
related to a significant interaction of this effect with
year (EL, NSplt/S, NKJS, NKJSpIt, KW). Genotype-
by-year interactions seemed to disturb more the
between-plant part of the genetic variance than the
within-plant part. Estimates of epistatic variances
seemed to be more stable over the years than addi-
tive variances. Absolute values of variance estima-
tions may vary but the ratios d2GLB/(a2GLB + dGLW)
appeared more homogeneous over the years (calcu-
lations not shown). Some traits (PH, EL, NSplt!S,
NK!Splt) showed very stable ratios of genetic vari-
ances even if some of them display significant geno-
type-by-year interaction effects. Kernel weight lost a
large part of the between-line within-plant variation
in the intersection analysis. However, results on the
additive and epistatic components of variance were
still strengthened. On the other hand, number of
kernels per spike (NKIS) showed a significant
between-plant effect each year, and no effect in the
intersection.

Traits may be classified into four types: morpho-
logical and pathological traits related to whole plant

The Genetical Society of Great Britain, Heredity, 79, 60—71.

behaviour (HD, PH, PM), morphological features of
the spike (EL, NSplt/S) and yield components at the
spike level (NK/S, NK/Sp!t, GW/S, KW) measured
on sound spikes and hence nearer to the potential of
the genotype, and productivity measured at the plot
level (GY). Heading date showed a large epistatic
variance. Some of the mechanisms involved in ear
emergence (vernalization requirement, sensitivity to
photoperiod and temperature (Masle et a!., 1989))
could work with threshold effects and hence display
epistasis. The hexaploid nature of wheat could also
be invoked to generate epistasis with for example
the case of the three genes controlling vernalization
requirements (Vrnl, J7rn4 and Vrn3), located on
chromosome 5A, 5B and 5D, respectively (Xin et al.,
1988). Epistasis is quite often detected for heading
date in the literature concerned with cereal crops:
we counted up to 10 cases among 13 experiments
(or Crosses) on wheat and five cases out of eight on
barley and oats (Table 5). Large epistatic variance
was also found for powdery mildew resistance. This
could be explained by the genetic mechanisms of
resistance in wheat. A specific resistance controlled
by more than 20 genes is involved at the juvenile
stage and a more quantitative resistance is
developed at the adult stage when specific resistance
is defeated. Under natural conditions, plants are
contaminated with mixtures of pathogen races. Thus
a specific combination of resistance genes may give a
total immunity when the lack of one gene allows the
disease to develop. Experiments on the behaviour of



66 I. GOLDRINGER ETAL.

Table 4 Genetic correlation coefficients estimated for trial 1 (1992) and for trial
2 (1993) (the first and the second line in each trait entry, respectively)

Trait HD PH PM EL NSpIt/S NK!S NK/Splt GWIS KW GY

PH NS
NS

PM NS
NS

NS
NS

EL NS
NS

+ 0.28 NS
NS NS

NSplt/S + 0.45
NS

NS NS
NS NS

NS
+ 0.26

NK/S NS
NS

—0.30 NS
—0.42 NS

+0.35
+ 0.35

+0.56
+ 0.64

NK/Splt NS
NS

—0.38 NS
—0.43 NS

+ 0.27
+0.26

NS
NS

+ 0.87
+0.85

GW/S NS
—0.30

NS NS
NS NS

+0.33
+0.29

NS
NS

+0.64
+0.60

+0.63
+0.58

KW —0.45
—0.34

+0.47 NS
+0.34 NS

NS
NS

—0.43
—0.33

—0.57
—0.37

—0.43
—0.25

NS
+0.51

GY NS
—0.38

—0.38 NS
—0.33 NS

NS
NS

NS
—0.22

+0.51
NS

+0.57
+0.43

+0.53
+0.54

NS
+0.42

NS, nonsignificant value (see text).

wheat plants against pathogens showed epistasis for
the adult stage resistance to leaf blight (Sinha et al.,
1991) and interactions between specific resistance
genes as well as nucleocytoplasmic interactions for
stripe rust (Chen & Line, 1992) (Table 5). In the
transfer of alien chromosome segments in wheat,
Hanuová et at. (1996) provided evidence for the
inhibition of the resistant gene to powdery mildew
Pm8 by a dominant suppressor.

The genetic control of plant height seemed to be
quite additive. This was probably related to the
presence of two major polymorphic dwarfing genes
(Rhtl and Rht2) in the population. Results from the
literature about this trait are rather varied (nine
cases of epistasis Out of 13 experiments) but the
authors do not give information about the presence
of any segregating dwarfing genes in the tested
populations.

The two morphological features of the spike (EL,
NSplt/S) showed a larger additive than epistatic vari-
ance. In the literature, three experiments out of five
on wheat detected epistasis for ear length, and the
authors almost never found epistasis for number of
spikelets per spike. In our experiment, the yield
components measured on spikes were intermediate
(NK/S, NK/Splt) or additive (KW). This was consist-

ent with other results for kernel weight in wheat
experiments: only seven experiments among 17 led
to the detection of epistasis. For grain yield we
found a larger epistatic than additive variance. This
result was supported by data from the literature
(epistasis detected in 15 experiments out of 18).

Conclusion

Estimating the genetic variance components or
detecting the associated effects strongly depends on
the genetic material which is evaluated. Variance
estimations can also depend on the test system used
in the experiment. Nanda et at. (1989) have for
example simultaneously carried out a triple test-
cross and a generation means study with the same
initial parental lines for the crosses. They found
slightly different results from one test system to
another. New methods are now available to study
the genetic basis of quantitative traits. Recent
development of DNA markers has made it possible
to locate some of the loci (QTL) controlling quanti-
tative variation. In specific designs for QTL identi-
fication, epistasis between pairs of markers may also
be searched for. Significant associations may be
found between two markers, whether they are linked

The Genetical Society of Great Britain, Heredity, 79, 60—71.
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to a QTL or not. Further results from an F2 popula-
tion of maize showed that more interactions
between markers not associated with QTL were
found than between markers associated with QTL
(Maurice, 1994). This is in agreement with the
hypothesis developed by Gallais & Rives (1993): for
statistical as well as for biological reasons, the QTL
detected with the strongest effects are likely to be
those that show little epistasis. Other types of epista-
sis concerning interactions between QTL and the
genetic background have been observed in the
recombinant inbred lines of a triple connected cross
in maize (Charcosset et al., 1994).

Even if it were possible to assess accurately the
variance components or genetic effects in a specific
experiment, the genetic control of the traits could
not be characterized for all possible environmental
conditions. Indeed, the mechanisms involved in the
elaboration of complex traits must be different
according to the environment. In fact, if the value of
a complex trait is determined by genes acting for
general adaptation which interact with genes
controlling adaptation to specific environments
(Dillmann, 1992), epistasis should vary with the
environment. The results obtained by Hayman
(1958) for plant height in Nicotiana rustica confirm
this statement. Theoretical studies in which a
complex trait is modelled by a sigmoid transforma-
tion function, predict that complementary epistasis
should arise in environments with low levels of
resources (Dillmann, 1992). In our case, several of
the traits (PH, NK/S, KW) showed less additivity
and more epistasis in 1993 which provided stressed
conditions during the reproductive period of the
development cycle. Despite significant genotype-
by-year interactions, our findings about additivity
and epistasis were rather consistent from one year to
the other. The literature does not provide simple
and unique conclusions concerning epistasis for a
given trait. The differences between the genetic
backgrounds of the populations studied and between
the experimental conditions must explain these
ambiguous conclusions. It seems, nevertheless, that
for most of the traits, except for the number of
spikelets per spike and mean kernel weight, which
are mainly additive, epistasis is often detected (in
about three-quarters of the listed experiments).

The information on the relative amount of addi-
tivity and additive-by-additive epistasis combined
with heritability can now be used to optimize recur-
rent selection strategies. The more epistatic a trait
and the lower the heritability, the more efficient
selection on highly inbred families is (S2 families or
doubled-haploid lines). Given that grain yield, which

The Genetical Society of Great Britain, Heredity, 79, 60—71.

is the most epistatic trait, has an epistatic variance
almost twice as large as the additive variance, it
should be selected using the doubled-haploid line
method if possible or using the S2 families method
rather than the S1 families method. On the other
hand, kernel weight and plant height, which are
predominantly additive, would be more effectively
selected in an early generation after intercrossing.
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