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This study was carried out to determine the relative importance of additive, dominance and epistatic 
effects of six agronomic traits evaluated in two crosses under irrigated and rainfed conditions. Separate 
generations mean analyses revealed that gene effects were dependent upon water regime. Under 
irrigated regime, only additive and dominance effects were implicated in inheritance of all traits, except 
plant height in the two crosses and grains per spike in the cross Razzek × Chili. However, under rainfed 
condition, additive, dominance and epistasis effects were induced in the genetic control of these traits. 
Thus, epistasis effect was water regime depended and seems to play a significant role in the genetic 
adaptability of populations. The variation of inheritance and the presence of genetic interactions 
complicate the procedure of breeding. Under irrigated regime, selection would be simpler because only 
additive and dominance effects were implicated in the genetic control of all traits. Consequently, the 
genetic mechanism would not be stable when plants are grown in environment with lower water 
availability. However, for the stability of suitable cultivars, selection under rainfed condition (lower 
water availability) was suggested. The moderate to high narrow-sense heritability estimates for the 
majority of traits indicate that selection would be efficient. 
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INTRODUCTION 
 
Durum wheat (Triticum durum Desf) is one of the leading 
cereal crops, in many countries in the world (Maniee et 
al., 2009; Kahrizi et al., 2010a, b; Mohammadi et al., 
2010). In the Mediterranean basin, durum wheat is grown 
mostly in rainfall areas with different environmental 
conditions (Edmeades et al., 1989; Loss and Siddique, 
1994; Dunkeloh and Jacobeit, 2003). Water deficit is one 
of the main abiotic stresses that affect production and 
quality of wheat cultivated in arid and semi-arid regions 
(Ehdaie and Shakiba, 1996; Plaut et al., 2004; Passioura, 
2007; Talebi et al., 2009). In Tunisia, durum covers more 
than half of the cereal areas (Bnejdi and El Gazzah, 2008), 
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where many regions were not exploited due to the wide 
fluctuation of precipitations and absence of tolerant 
varieties. To improve crop productivity, it is necessary to 
understand the mechanism of plant responses to drought 
stress with the ultimate goal of improving crop 
performance in the vast areas of the world where rainfall 
is limiting or unreliable (Huang et al., 2008). Therefore, 
selection and breeding for drought tolerance has been 
the main challenge of wheat breeders throughout the last 
50 years (Lopez et al., 2003). The choice of an efficient 
breeding procedure depends to a large extent on 
knowledge of the genetic system controlling the character 
to be selected. Generations mean analyses provide 
information on the relative importance of average effects 
of the genes (additive effects, dominance deviations and 
effects due to non allelic genetic interactions) in 
determining  genotypic  values  of   the   individuals   and,  
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Table 1. Means of six morphologic traits (± SE) and narrow-sense heritability of parents and offspring populations from two 
crosses under rainfed condition. 
 

Population PH NHP SL SPS GPS 100-GW 

Karim 80 × Inrat 69 

P2(20)y 96.8±1.4
e
 5.4±0.6

a
 6.0±0.1

a
 19.8±0.6

ab
 49.8±2.3

a
 7.62±0.7

a
 

BC1P2(50) 105.5±2.4
c
 5.2±0.8

a
 3.9±0.1

b
 18.17±0.4

b
 42.0±2.4

b
 7.05±2.5

a
 

F1(20) 101.0±2.5
d
 3.3±0.2

c
 6.5±0.1

a
 17.4±1.0

b
 29.1±1.4

c
 4.93±1.4

bc
 

F2(100) 89.2±1.7
f
 5.3±0.2

a
 5.3±0.1

ab
 18.1±0.2

b
 48.5±1.3

a
 5.86±2.3

b
 

 BC1P1(50) 117.8±2.6
a
 5.7±0.4

a
 2.4±0.1

c
 21.31±0.5

a
 51.5±1.5

a
 5.4±1.2

b
 

P1(20) 111.1±0.9
b
 4.8±0.4

b
 5.2±0.2

b
 21.5±0.4

a
 49.7±2.2

a
 4.02±0.6

c
 

h
2

n 0.36 0.40 0.57 0.41 0.35 0.60 

       

Razzek × Chili 

P2(20) 93.8±1.0
a
 9.4±0.7

a
 7.2±0.1

a
 17.8±0.7

b
 37.2±2.6

b
 5.34±0.8

a
 

BC1P2(50) 90.2±0.9
a
 5.6±0.4

b
 6.97±0.10

a
 15.2±0.3

c
 38.3±1.6

b
 4.75±0.2

a
 

F1(20) 100.0±1.9
a
 8.0±0.9

a
 5.7±0.1

b
 16.4±1.2 37.1±1.6

b
 3.88±0.9

bc
 

F2(100) 79.2±0.9
c
 5.1±0.3

b
 5.57±0.1

b
 14.1±0.3

c
 37.1±1.1

b
 4.01±1.8

b
 

BC1P1(50) 84.2±0.9
b
 5.3±0.4

b
 5.96±0.1

b
 20.2±0.7

a
 41.4±1.3

a
 4.09±0.9

b
 

P1(20) 80.7±0.9
bc

 7.7±0.9
a
 5.81±0.1

b
 19.4±0.3

a
 41.3±2.4

a
 4.99±0.8

a
 

h
2

n 0.44 0.46 0.45 0.41 0.71 0.37 
 

For each cross, means within a column bearing different letters differ (P<0.05).
 Y

Number of plants evaluated in each generation. PH, 
Plant height; NHP, number of heads per plant; SL, spike length; SPS, spikelets per spike; GW, grain weight. 

 
 
 
consequently, mean genotypic values of families and 
generations (Viana, 2000).  

This study was carried out to determine the relative 
importance of additive, dominance and epistatic effects of 
six agronomic traits on durum wheat in two crosses under 
irrigated and rainfed conditions. 

 
 
MATERIALS AND METHODS 

 
The study was carried out at Sidi Thabet site under irrigated and 
rainfed condition (400 ml/year), during the growing season 2009-
2010. The experiment was laid out in randomized complete block 
design with two replications. Irrigated plots were watered at 
different growing stages (sowing, tillering, flowering and grain filing). 
Non-irrigated plots were grown under rainfed condition. Sowing was 
done in the middle of November in all experiments. Four Tunisian 
durum wheat genotypes were selected on the basis of their 
differential yield. Karim 80 and Razzek were known by their 
excellent productivity (P1). Inrat 69 and Chili were known by their 
excellent grain protein content (P2). Two crosses were made as 
follows: Karim 80 ×  Chili and Razzek ×  Inrat 69. F1 were self-
pollinated to produce F2. Backcrosses of F1 to each parent were 
noted as BC1P1 and BC1P2, respectively. 

Experiments with 12 populations including parental lines (P1 and 
P2), F1, F2 and backcrosses (BC1P1 and BC1P2) were grown under 
irrigated and rainfed conditions in a randomised complete block 
design with two replications. From each plant, the following data 
were recorded: plant height (PH) in cm, number of heads per plant 
(NHP), spike length (SL) in cm, spikelets per spike (SS), number of 
grains per spike (NGS) and 100-grain weight (100-GW) in g. The 
number of evaluated plants, equal for each replication was 
significantly higher in segregating populations (Tables 1 and 2). 
Prior to analysis, transforming the data by log, square root, arc-sine 

and arc-sine of square root had no effect on data distribution or in 
removing epistatic effects. Analyses of variance by population and 
water regime using SAS software version 6 (SAS Institute, 1990) 
indicated that the replication and generation × replication effects 
were not significant. Therefore, the generations mean analyses 
were made without adjusting the data for replication. 
 
 
Gene effects 
 
Weighted least squares regression analyses were used to solve for 
mid-parent (m), pooled additive (d), pooled dominance (h) and 
pooled digenic epistatic (i, l and j) genetic effects, following the 
models and assumptions described in Mather and Jinks (1982). A 
simple additive-dominance genetic model containing only the m, d 
and h effects was tested first, using the joint scaling test described 
in Rowe and Alexander (1980). Adequacy of the genetic model was 
assessed using a chi-square goodness-of-fit statistic derived from 
deviations from this model. If statistically significant at p < 0.05, the 
genetic models containing digenic epistatic effects were then tested 
until the Chi-square statistic was non-significant. 
 
 
Heritability 
 
Homogeneity of variances of non-segregation generations was 
tested by using Bartlett’s test (Bartlett, 1937), and when the 
variances were heterogeneous, the environmental variance (VE) 
was replaced by an adequate number of separate parameters and 
pooled to produce a single environmental variance. Additive, 
dominance and environmental variance components were 
estimated using the maximum likelihood method with the observed 
variance of the six basic generations being used as the initial 
weights (df/(2×S

2
)) until the chi-squared test value reached a 

minimum (Lynch and Walsh, 1998). Narrow-sense heritability was 
calculated as follows: h

2
n = VA/(VA + VD + VE); where  VA  is  the
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Table 2. Means of six morphologic traits (±SE) assessed in parents and offspring populations from two crosses under 
irrigated regime. 
 

Population PH NHP SL SPS GPS 100-GW 

Karim 80 × Inrat 69 

P2(20)
y
 102.0±1.0

b
 8.0±0.5

a
 6.75±0.1

a
 21.00±0.3

a
 66.50±2.1

a
 6.00±0.1

a
 

BC1P2(50) 117.0±1.6
a
 7.0±0.3

a
 6.43±0.1

b
 22.00±0.3

a
 54.0±1.6

b
 3.90±0.1

c
 

F1(20) 109.0±1.8
a
 7.0±0.1

a
 7.13±0.2

a
 20.00±0.7

ab
 62.00±5.0

a
 6.50±0.1

a
 

F2(100) 99.0±1.3
b
 4.45±0.2

c
 6.80±0.1

a
 17.00±0.1

b
 45.50±0.9

c
 5.30±0.1

b
 

BC1P1 (50) 121.0±1.1
a
 5.0±0.2

bc
 6.30±0.1

b
 24.00±0.2

a
 53.50±1.1

b
 2.40±0.1

d
 

P1(20) 112.5±0.6
ab

 5.45±0.4
b
 6.28±0.1

b
 23.00±0.4

a
 56.50±1.8

b
 5.20±0.1

b
 

h
2

n 0.41 0.42 0.40 0.49 0.26 0.41 

       

Razzek × Chili 

P2(20) 97.30±0.9
a
 10.0±0.6

a
 7.46±0.1

a
 18.90±0.2

a
 53.00±2.2

a
 5.23±0.1

a
 

BC1P2(50) 90.23±0.9
b
 8.0±0.4

b
 7.23±0.1

a
 18.00±0.1

a
 50.00±1.6

a
 5.00±0.1

a
 

F1(20) 100.0±1.8
a
 10.4±0.5

a
 6.00±0.1

b
 17.00±0.5

ab
 40.00±2.6

b
 5.23±0.1

a
 

F2(100) 79.23±0.8
c
 5.0±0.78

d
 7.23±0.1

a
 16.89±0.2

ab
 39.09±1.0

b
 4.22±0.1

b
 

BC1P1(50) 84.23±0.9
c
 7.0±0.3

bc
 7.00±0.1

ab
 18.00±0.1

ab
 42.23±1.6

b
 4.89±0.1

a
 

P1(20) 80.70±0.9
c
 7.2±0.9

c
 6.93±0.1

ab
 19.00±0.2

a
 44.23±2.6

b
 4.63±0.2

ab
 

h
2

n 0.21 0.55 0.59 0.41 0.52 0.42 
 

For each cross, means within a column bearing different letters differ (P<0.05).
 Y

Number of plants evaluated in each generation. 
PH, Plant height; NHP, number of heads per plant; SL, spike length; SPS, spikelets per spike; GW, grain weight. 

 
 
 
additive genetic component of variance; VD is the dominance 
genetic component of variance and VE is the environmental 
variance (Kearsey and Pooni, 1996). 
 
 
RESULTS 
 
The mean values and their standard errors for the 
analyzed traits of the two crosses at irrigated and rainfed 
condition are presented in Tables 1 and 2. For the four 
parents, large differences were observed between the 
majority of traits assessed under irrigated and rainfed 
conditions. For the majority of genotypes, means of the 
six traits at irrigated regime were higher than at rainfed 
condition. Concerning each agronomic trait, the response 
of genotypes at each condition differed. Under irrigated 
and rainfed conditions, the highest PH value was 
observed for Inrat 69 and the lowest value for Karim 80. 
Highest NHP was observed in Karim 80 and Razzek 
under irrigated regime. SL varied from 2.4 to 7.46 and the 
highest value was obtained for Chili under rainfall regime.  
SPS, GPS and 100-GW varied between genotypes and 
water regime.  

Results of separate generations mean analyses are 
given in Tables 3 and 4. Under irrigated regime and for 
the two crosses, the three-parameter model was 
sufficient to explain the variation in generation means for 
all traits, except PH in the two crosses and GPS in the 
cross Razzek × Chili. Therefore, under rainfed condition, 
the additive-dominance model failed to explain variation 
in generation means for all traits and digenic epistatic 

model was applied and adequately revealed. The additive 
effect was significant with a negative sign in all cases. 
The dominance effect was negative in the majority of 
cases and was significant only in three cases. For all 
traits, narrow-sense heritability varied between crosses 
and water regime and ranged from 21 and 71%. 

 
 
DISCUSSION  

 
Significant differences were found among the generation 
means for all the traits which revealed the presence of 
genetic diversity between cultivars. Generations mean 
analysis indicated that the mode of gene effects 
implicated in the control of the majority of traits was 
depended upon water regime. Our results reveal the 
implication of epistasis in inheritance of the six agronomic 
traits under rainfed condition. In contrast, under irrigated 
regime, epistasis was not implicated in the genetic control 
of all traits, except PH in the two crosses and GPS in the 
cross Razzek × Chili. Recent studies suggest that 
epistatic effects are implicated in inheritance of 
quantitative traits in many species, for examples: wheat 
and Fusarium head blight (Waldron et al., 2008), sesame 
and powdery mildew (Rao et al., 2011), common bean 
and Fusarium root rot (Mukankusi et al., 2011) and maize 
and common smut (Namayandeh et al., 2011). Result of 
generation mean analysis revealed that inheritance of all 
traits, except PH was site dependent. In favourable 
environment,   the   plant   implores   only   additive    and  
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Table 3. Estimates of additive, dominance and epistatic effects (±SE) for six agronomic traits in two durum wheat crosses 
evaluated at irrigated regime. 
 

Parameter PH NHP SL SPS GPS 100-GW 

Karim 80 × Inrat 69 

m 28.17±1.02* 4.09±0.03* 6.32±0.02* 21.02±0.06* 59.54±0.30* 4.33±0.01* 

d 5.09±0.13* 0.58 ± 0.04* 0.0 ±0.01* -0.84±0.05* 3.87 ± 0.23* 0.03±0.01* 

h 202.48± 2.5* 2.67 ± 0.05* 0.56±0.04* -4.68±0.12* 21.44 ± 0.62* 1.05±0.02* 

i 79.13±1.17* - - - - - 

 l 121.6 ±1.77* - - - - - 

j - - - - - - 

P 0.34 0.54 0.62 0.38 0.44 0.25 

       

Razzek × Chili 

m 1049.61±0.70* 6.94±0.09* 7.56±0.01* 18.83±0.07* 34.22±0.60* 4.44±0.02* 

h -8.30±0.14* -0.12±0.07* -0.22±0.01* 0.04±0.06 -4.04±0.38* -0.1±0.02* 

h 45.92±1.83* 1.30±0.16* -1.35±0.02* -2.37±0.15* 10.67±1.08* 0.64±0.03* 

 i 32.23±0.68* - - - 16.49±0.66* - 

l -2.92±1.39* - - - - - 

J 28.60±0.56* - - - 23.62±1.13* - 

P - 0.61 0.59 0.31 0.22 0.36 
 

m, d, h, i, l and j = mean, additive, dominance, additive × additive, dominance × dominance and additive × dominance genetic effects, 
respectively. P = probability of adequateness of the model;  *p<0.05 as compared to zero.  
PH, Plant height; NHP, number of heads per plant; SL, spike length; SPS, spikelets per spike; GW, grain weight. 

 
 
 

Table 4. Estimates of additive, dominance and epistatic effects (±SE) for six agronomic traits in two durum wheat crosses 
evaluated at rainfed condition. 
 

Parameter PH NHP SL SPS GPS 100-GW 

Karim 80 × Inrat 69 

m 783.49±1.62* 4.32±0.31* 756.16±0.10* 135.46±0.27* 364.77±0.35* 7.29±0.68* 

d 17.15±0.18* -0.33±0.07* -0.4±0.01* 0.85±0.08* -0.05±0.35* -1.80±0.10* 

h 213.35±4.39* 4.93±0.91* -27.9 ±0.24* 12.73±0.80* -5.35±3.60* -2.21±0.90* 

i 89.8 ±1.61* 0.79±0.29* -8.6 ±0.10* 6.56±0.25* -7.0±1.26* -1.45±0.69* 

 l -126.5±2.99* -5.95 ± 0.60* 20.2±0.14* -9.42±0.67* -22.3±2.38* - 

j -38.9 ±1.34* - 3.8±0.06* -7.98±0.28* -18.9±1.25* 5.88±0.90* 

P - 0.27 - - - 0.45 

       

Razzek  × Chili 

m 58.0±0.54* 19.46±0.29* 5.01±0.09* 135.50±0.27* 27.46±1.05* 379±1.05* 

d -6.62±0.11* -0.85±0.13* -0.19±0.01* 0.85 ± 0.08* -0.65±0.27* 2.05±0.40* 

h 43.18±0.85* -9.05±0.83* 5.53±0.26* 12.85 ± 0.80* 28.90±2.85* 26.55±2.87* 

 i - 1.4±0.26* 1.98±0.09* 6.6±0.26* 12.00±0.97* 11±0.97* 

l 29.33±0.55* 9.9±0.65* -4.84±0.17* -9.5 ± 0.67* -19.27±1.94** -17.7±1.95* 

J 24.89±0.45* 2.3±0.33* - -7.9 ± 0.28* - -10.3±1.1 

P 0.56 - 0.91 - 0.31 - 
 

m, d, h, i, l and j = Mean, additive, dominance, additive × additive, dominance × dominance and additive × dominance genetic effects, 
respectively. P = probability of adequateness of the model; *p<0.05 as compared to zero. PH, Plant height; NHP, number of heads per 
plant; SL, spike length; SPS, spikelets per spike; GW, grain weight. 

 
 
 

dominance effects while in unfavourable environment, all 
mode of gene effects are induced. Epistasis seems to 
play a significant role in the genetic adaptability of 

cultivars when cultivated under water deficiency. Similar 
results were reported for resistance to Septoria tritici in 
durum  wheat  (Bnejdi  et  al.,  2011)  and   resistance   to  



 
 
 
 
Phytophthora nicotianae (Bnejdi et al., 2010, Ceballos et 
al., 1998) found that epistasis was more pronounced in 
non-acid than in acid solution for grain yield in maize. 
Genetic interactions complicate the procedure of fixation 
of desirable genes in the suitable varieties. Selection 
under irrigated regime will be efficient and simple to fix 
the additive genetic effect; however, selection under 
rainfed condition (lower water availability) could be 
complicated but more stable. As regards the presence of 
additive and non-additive gene effects in inheritance of 
the six traits in the two crosses, the recurrent selection 
followed by pedigree breeding or a selective diallel 
mating system may be useful in improving the six 
agronomic traits in wheat. Under irrigated and rainfed 
conditions, for the majority of traits, the moderate to high 
narrow-sense heritability indicated a higher involvement 
of genetic effects in the expression of these traits and 
selection is expected to be efficient. 

In conclusion, inheritance of the majority of traits varied 
from simple to complicated depending upon water 
regime. So, for the cultivars designed for exploitation in a 
wide range of environmental conditions, selection under 
unfavourable environment (lower water availability) was 
recommended for their stability. 
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