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Abstract       Plant response to drought can be analyzed by identification of traits 
that are related to drought tolerance. Relative water content (RWC) of leaves is an 
important indicator of water status under drought stress conditions. The objective of 
this study was to assess the genetic basis of RWC, according to the gene effects, 
in order to identify the parents and crosses with high potential for the improvement 
of drought tolerance in wheat. The research was performed using a half diallel 
cross of seven winter wheat varieties. The over-dominance acts mainly in the 
inheritance of RWC. The additive gene effects are involved in the inheritance of this 
trait only in the case of ‘Apache’ and ‘GKKapos’ varieties. ‘Fundulea 4’ and ‘Alex’ 
varieties possess the highest proportion of dominant alleles, while ‘Xenon’ and 
‘Turda 2000’ varieties have the largest proportion of recessive alleles. For this set 
of parents, the dominance showed a bidirectional effect on RWC. As such, for 
‘Alex’, ‘GKKapos’ and ‘Fundulea 4’ varieties, the dominance was associated with 
negative alleles, while in case of ‘Apache’ and ‘Xenon’ varieties the dominant 
alleles increase the RWC. The dominance effects play a major role in the 
inheritance of RWC, while the additive effects have a small contribution. The variety 
‘Fundulea 4’ has an important ability to transmit in the offspring high values of 
RWC. The high and positive non-additive effects of the crosses ‘Xenos’ x ‘Turda 
2000’ and ‘Fundulea 4’ x ‘Alex’, between parents with different general combining ability 
(GCA), are the results of combination between favorable additive effects of the parent 
with good GCA and epistatic effects of the parent with poor GCA.   
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Drought affects almost all growth and 

development stages during life cycle of plant, inducing 
dramatic decline in photosynthesis, increase of floral 
abnormalities and spikelet/kernel sterility, losses of grain 
yield and quality, respectively [17]. Breeding of 
drought-tolerant cultivars seems to bee the most 
effective and economic approach to minimize the effects 
of drought stress on wheat yield [4], given that drought 
stress could severely reduce grain yield by 49–87% in 
cereal [28; 29] especially at the tillering stage [12].  

Plants responses to drought can be studied by 
identification of traits that are related to drought 
tolerance. Physiological processes such as leaf relative 
water content (RWC), transpiration rate, leaf water 
potential, conductance of stomata, and canopy 
temperature are the determinant characteristics of plant 
water relations [2; 27]. 

Leaf relative water content (RWC) has been 
proposed as an important indicator of water status 
under drought stress conditions. RWC measures the 
water status of plant, which also represents variation in 
water and turgid potential, or osmotic adjustment. The 
values of RWC range between 98% in turgid and 
transpiring leaves to 40% in severely desiccated or 

dying leaves. The normal physiological processes of 
the plant begin to be affected when the value of RWC 
decreases below 80 % [20]. Minimal reduction in RWC 
during period of water deficit stress is an indicative of 
stress resistance [26]. Rapid and early wilting of leaf 
related to a concomitant stomatal adjustment, caused 
finally important losses of grain yield due to the 
decrease of the kernel weight [24]. The high RWC 
accompanied with a better photosynthetic activity, 
open stomata and a higher transpiration rate indicated 
the occurrence of active metabolic rearrangements in 
wheat, which allowed the plants to maintain normal 
cellular function and growth under drought stress 
conditions [22]. 

Considering the significant positive 
correlation between relative water content and grain 
yield under drought stress during the reproductive 
stages in wheat, RWC could be used as an effective 
selection index in breeding programs in order to 
improve drought tolerance [5; 21; 28]. In this regard, 
identifying the genes controlling the physiological 
mechanisms associated to this indicator may lead to 
rapid genetic improvement for drought tolerance in 
wheat [3]. 
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Diallel analyses allows to estimate the useful 
parameters for the selection of parents used for crosses, 
and explains the genetic effects involved in the 
inheritance of the target traits [25]. The genetic 
analysis based on diallel crosses developed by Hayman 
(1954) and Jinks (1954), provides valuable information 
on the inheritance of plants traits in early generations 
and is useful for the achievement of effective selection. 
Also, the analysis of combining ability developed by 
Griffing (1956), allows identifying the parents with 
good ability to transmit desirable traits to offspring. 

The objective of this study was to assess the 
genetic basis of RWC, according to the gene effects, in 
order to identify the parents and crosses with high 
potential for the improvement of drought tolerance in 
wheat. 

 
Material and Method 
 

Seven wheat varieties with different genetic and 
ecologic origin, along with their 21 crosses, were studied 
in a randomized block design with three replications. To 
determine RWC, the flag leaves were sampled and placed 
in polythene bags, subsequently transported to the 
laboratory as quickly as possible in order to minimize 
water losses due to evaporation.  

The samples were weighed immediately as fresh 
weight (FW), then sliced into 2 cm sections and floated on 
distilled water for 4 h. The turgid leaf discs were then 
rapidly blotted to remove surface water and weighed to 
obtain turgid weight (TW). The leaf discs were dried in 
the oven at 60 0C for 24 h and then the dry weight (DW) 
was obtained. The RWC was calculated with the formula 
of Barrs (1968): RWC (%) = [FW-DW)/(TW-DW] *100 

Data were analyzed using the method 
developed by Hayman (1954) for diallel crosses, 
relating to: analysis of genetic variance, estimation of 
variance (Vr) and covariance (Wr), analysis of the 
graph Wr-Vr. The relationship between dominance and 
positive and negative alleles, were analyzed according 
to the model of Johnson and Aksel (1959). The 

analysis of combining ability was performed using 
method 2 (p parents and p(p-1)/2 hybrids), model I 
(with fixed-effects,) as suggested by Griffing (1956), 
using the following formula:  

 
k

ijklijjiij e
bc

sggux
1

 where:  
u - population mean;  
gi (gj) - effect of general combining ability (GCA) for 
parent i (j);  
sij - effect of specific combining ability (SCA) for 
hybrid between parent i and j;  
eijkl - environment effect associated with individual 
values. 
 
Results and Discussions 
 

Based on the analysis of genetic variance, it 
was observed that the dominance variance (b) had the 
greatest and significant contribution to the RWC 
variability. The additive variance (a) has had a non 
significant value having a lower contribution to the 
variability of this trait. Regarding the dominance and 
how it acts in the inheritance of RWC, it was found 
that the differences between the hybrids are due to 
dominance and some dominant x dominant or additive x 
dominant interactions. The non significant value for 
subcomponent b1of the dominance variance, indicates that 
the dominance has a bidirectional effects; in some parents 
it causes an increase of the RWC, while in other parents it 
determines the reduction of this trait, respectively. 

The significant value for subcomponent b2 of the 
dominance variance indicates an asymmetry of the 
distribution of positive and negative alleles that influence 
the RWC at the parents. In the case of subcomponent b3, 
the significant value attests the existence of differences 
between the RWC of hybrids due to dominance and to 
some interactions such as dominant x dominant or 
additive x dominant. 

Table 1 
Analysis of genetic variance for RWC in wheat 

Source of variation SS DF MS F test 
Replications 206.28 2 103.14 3.75* 

a 109.38 6 18.23 0.66 
b 4017.13 21 191.29 6.95** 
b1 583.10 1 583.10 21.17** 
b2 617.30 6 102.88 3.74** 
b3 2816.72 14 201.19 7.31** 

Erorr 1487.10 54 27.54  
Total 5819.89 83   

 
 

Considering the two significance tests, it 
seems that the RWC in some parents is under the 
influence of genes with dominant effect, while in other 
parents is under the influence of non-allelic gene 
interactions. Also, the significance to unity indicates 

the presence of non-allelic gene interactions, such 
complementary or duplicative. Similar results of 
genetic analysis were reported in wheat for different 
traits related with drought tolerance [10; 11]. 
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Table 2 
The significance of Wr/Vr regression coefficients for RWC in F1 hybrids  

Parameters Value Ho : β=0 Ho : β=1 
b 0,069 3.01* 40.67*** 
sb 0,023 

 
Given the distance between the regression line 

and the parabola, as well as the position of the parents 
to the regression line, it follows that mainly the 
dominance effects play an important role in the 
inheritance of RWC, while the additive effects have a 
considerably smaller role. 

The additive gene effects are involved in the 
inheritance of this trait only in the case of ‘GKKapos’, 
‘Apache’ and ‘Turda 2000’ parents grouped near the 

regression line. The regression line intersects the 
covariance axis below the origin (a= -2.25), indicating 
the presence of over dominance in the inheritance of 
this trait. Among the parents, ‘Fundulea 4’ (81.80%) 
and ‘Alex’ (80.20%) varieties have the highest 
proportion of dominant alleles, while ‘Xenos’ 
(88.20%) and ‘Turda 2000’ (83.80%) varieties have the 
largest proportion of recessive alleles. 
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Figure 1. Wr/Vr regression for RWC in wheat 

 
The genetic diversity between the seven 

parents for RWC can be appreciated based on their 
position along the regression line in association with 
the Wr+Vr values. As such, it was observed that the 

varieties: ‘Xenos’, ‘Apullum’, ‘GKKapos’, ‘Apache’ 
and ‘Alex’ shows a certain genetic similarity, while 
‘Turda 2000’ and ‘Fundulea 4’ shows an obvious 
genetic differentiation to that group.  

 
Table 3 

Mean (Yr), variance (Vr), covariance (Wr) values, and proportion of dominant alleles  
for parents concerning RWC 

Parents 
Mean 

Yr 
Variance 

Vr 
Covariance 

Wr 
Vr + Wr 

Proportion of 
dominant alleles 

Fundulea 4 75,41 20,56 -9,34 11,22 0,818 
Xenos 79,44 34,46 12,30 46,76 0,118 

GKKapos 75,91 36,83 1,13 37,97 0,456 
Turda 2000 78,87 97,96 6,69 104,65 0,162 

Alex 72,37 52,14 -10,88 41,25 0,802 
Apache 78,15 57,59 1,36 58,96 0,412 

Apullum 77,81 28,11 5,48 33,59 0,343 
  

The distribution of the parents based on the 
standardized deviations (Wr+Vr) and parents mean 
(yr), indicates a high proportion of recessive alleles 

with positive effects in ‘Turda 2000’ and ‘Apullum’ 
varieties. In the case of ‘Fundulea 4’, GKKapos and 
‘Alex’ varieties, the dominance was associated with 
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negative alleles, while in ‘Apache’ and ‘Xenos’ 
varieties the dominance was associated with alleles that 
increase the RWC. The positive correlation (r=0.477) 

between the order of dominance and parents means, 
confirms that low value of RWC was dominant.  
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Figure 2. Standardized deviations (Wr+Vr) and parents mean (yr) for RWC in wheat 

 
The components of genetic variance from 

Table 4 indicates that the dominance effects (H1) play 
a major and significant contribution in the genetic 
control of RWC, while the additive effects (D) have a 
small and insignificant contribution, in accordance with 
the analysis of genetic variance from Table 1. The 
dominant alleles that control the RWC have a 
frequency 44.40% and also there is an asymmetry of 
the positive and negative effects of the genes due to 
dominance. The involvement of non-additive effects in 
the inheritance of different traits of wheat under 
drought stress was also reported by El-Rawy and 
Hassan (2014). 

The environment variance (E) has a significant 
value, but lower than the component related to 

dominance effects (H1) and higher than the additive 
effects (D). Based on the H2/4H1 ratios (0.216≠0.250) it 
was observed that the dominant genes have positive 
effects on the RWC in some parents and negative effects 
in the others. The negative and significant F value, and 
the ratio KD/KR less than 1, indicate a slight excess of 
genes with negative effects in the seven parents. The 
high value of (H1/D)1/2 ratio indicates the presence of 
over-dominance. Also, other studies (Majeed et al. 2011; 
Dagustu et al. 2008; Dere and Yildirim 2006) reported 
the existence of over dominance in the inheritance of 
different traits in wheat under stress conditions. The 
value of ratio h2 / H2 indicates that of the genes 
controlling this trait, at one gene or gene group exhibited 
some degree of dominance. 

Table 4 
Components of variance and genetic parameters for RWC in wheat 

Variance component / ratio Estimated values 
D- additive effects of genes 3.223 
H1- dominance effects of genes 180.154*** 
H2 – corrected dominance effects of genes 155.505*** 
F- covariance of additive and dominance effects -10.309*** 
h2- cumulative dominance effects 104.287*** 
E- environmental variance 9.300*** 
(H1/D)1/2 – average level of dominance 7.476 
kD/(kD+kR) – proportion of dominance genes 0.444 

PF 1
- average direction of dominance -6.08 

D-H1 – average direction of genes effects -120.98 
H2 / 4H1 – average frequency of positive and negative alleles 0.216 
h2 / H2 – number of blocks of dominant genes 0.782 
D/(D+E) – true sense heritability 0.855 
Hb – broad sense heritability 0.248 
Hn – narrow sense heritability 3.223 

 LSD5% = 4.255        LSD1% = 5.746      LSD0.1% = 7.652 
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High values of broad sense heritability 
(85.5%) as well as low values of narrow sense 
heritability (33.3%) confirms that a considerable part 
of the RWC variability is due to genotype, amid the 
involvement of some major genes in the inheritance of 
this trait. This difference between the two estimates of 

heritability indicates the presence of non-additive 
genetic effects, in accordance with the findings of other 
studies for different wheat traits under drought stress: 
Dhanda et al. (2004); Khan et al. (2010); Sultan et al. 
(2017). 

Table 5 
Analysis of variance for combining ability of RWC in wheat 

Variability SS DF MS F 
source     
Total 4807.85 62   

Replication 190.71 2 95.35 3.22* 
GCA 1616.54 6 269.42 9.11** 
SCA 1817.54 14 129.82 4.39** 
Error 1183.12 40 29.58  

                                                          GCA/SCA                                2.07** 
 

Based on the analysis of variance for 
combining ability from Table 5, it was observed that 
both additive and non-additive gene effects have a 
major and significant effect on this trait. The values of 
the GCA/SCA ratio indicate a predominant and 
significantly portion of additive gene effects of 
approximately 68% in the inheritance of RWC.  

Variety ‘Fundulea 4’ which possesses a high 
potential for improving drought tolerance according to 

this trait, was the best general combinator to increase 
the RWC in the offspring. Thus, taking in to account 
the mean of this variety and the GCA effect, we 
consider that selection from progenies of this variety 
crosses, not only improves this trait, but also increases 
the contribution of additive gene effects. Varieties 
‘Alex’ (-4.67) and ‘Apache’ (-3.99) presents the lowest 
additive effects to improve the RWC. 

 
Table 6 

Effects of the general and specific combining ability for RWC in wheat 
Parents GCA SCA 

  Xenos GKKapos Turda 2000 Alex Apache Apullum 
Fundulea 4 6,81* -8.39 3.83 1.72 9.53 -5.88 -0.81 

Xenos 3,19 - -3.06 11.36* -4.32 6.77 -2.34 
GKKapos -0,21  - -1.50 -4.32 0.94 4.11 

Turda 2000 -1,24   - -0.26 -11.38* 0.05 
Alex -4,67    - 4.97 -5.59 

Apache -3,99     - 4.58 
Apullum 0,09       

GCA - LSD5% = 6.57; LSD1% = 8.76; LSD0.1% = 11.14 
SCA - LSD5% = 11.34; LSD1% = 15.13; LSD0.1% = 19.77 

 
The SCA effects presents different values, 

mostly negative and non-signifficant with a range of 
22.74, from -11.38 for ‘Turda 2000’ x ‘Apache’ to 
11.36 for ‘Xenos’ x ‘Turda 2000’ cross. The highest 
non-additive effects in this generation were observed at 
the cross ‘Xenos’ x ‘Turda 2000’, which offers the 
possibility of obtaining valuable genotypes for RWC 
and drought tolerance in segregating generations. 
Negative effects of SCA for crosses of ‘Fundulea 4’ 
parent show that selection among progenies of their 
crosses may have unpredictable results. In the cases of 
crosses ‘Xenos’ x ‘Turda 2000’, ‘Fundulea 4’ x ‘Alex’, 
and ‘Xenos’ x ‘Apache’ from parents with high x low 
and and low x low GCA, in order to obtain desirable 
segregants the best breeding strategy is intermating 
between crosses followed by selection [18] 
 

Conclusions 
 

The over-dominance acts mainly in the 
inheritance of RWC. The additive gene effects are 
involved in the inheritance of this trait only in the case 
of ‘Apache’ and ‘GKKapos’ varieties. ‘Fundulea 4’ 
and ‘Alex’ varieties possess the highest proportion of 
dominant alleles, while ‘Xenon’ and ‘Turda 2000’ 
varieties have the largest proportion of recessive 
alleles. For this set of parents, the dominance showed a 
bidirectional effect on RWC. As such, for ‘Alex’, 
‘GKKapos’ and ‘Fundulea 4’ varieties, the dominance 
was associated with negative alleles, while in case of 
‘Apache’ and ‘Xenon’ varieties the dominant alleles 
increase the RWC.  
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The dominance effects play a major role in the 
inheritance of RWC, while the additive effects have a 
small contribution. The variety ‘Fundulea 4’ has an 
important ability to transmit in the offspring high 
values of RWC. The high and positive non-additive 
effects of the crosses ‘Xenos’ x ‘Turda 2000’ and 
‘Fundulea 4’ x ‘Alex’, between parents with different 
general combining ability (GCA), are the results of 
combination between favorable additive effects of the 
parent with good GCA and epistatic effects of the 
parent with poor GCA. 
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