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Drought is the most significant environmental calamity on sorghum in Ethiopia and hence improving 
yield under drought is a major goal of plant breeding. This study was designed to introgress drought 
tolerant genes into adapted varieties through marker-assisted backcrossing and select based on 
tolerance indices. Sixty-one backcrossed lines and along with their nine parental lines were evaluated 
under full-irrigation and water-limited condition in Alpha lattice design with three replications. Yield-
based drought tolerance indices including stress tolerance index (STI), mean relative performance 
(MRP), geometric mean productivity (GMP), harmonic mean (HM), mean productivity(MP), tolerance 
index (TOL), stress susceptible index(SSI), yield stability index (YSI) and yield index (YI)were calculated 
based on yield obtained from the two moisture regimes. Results showed that genotypes differed 
significantly in yield and their indices. Mean grain yields that varied widely in stressed (1.1  to 4.42 t ha

-

1
) and full-irrigation (2.25 to 5.71 t ha

-1
) were 1.93 and 3.7 t ha

-1
, respectively. Of the backcrossed lines, 

four (BC2F3_ETSC_16258,BC2F3_ETSC_16216, BC2F3_ETSC_16257, and BC2F3_ETSC_16213) were top 
yielding in stressed conditions with values of 4.42, 3.5, 3.1, and 2.83 t ha

-1
, respectively. These 

progenies also showed consistently higher values of STI, MRP, GMP, HM, MP, YSI, and YI and lower 
values of SSI and TOL indicating less sensitive to stress. The correlation and principal component 
analyses also revealed STI, MRP, GMP, HM, MP and YI showed highly significant positive correlation 
among themselves and yield in both environments, indicating their suitability for identifying superior 
genotypes. Overall, STI, MRP, GMP, HM and MP indices can be efficiently exploited to screen drought 
tolerance or superior genotype(s) under both moisture conditions. 
 
Key words: Coefficient of correlation, drought tolerance indices, principal component, clusters analysis. 

  
 
INTRODUCTION   
 
Sorghum, Sorghum bicolor (L.) Moench is an important 
cereal crop in many parts of the world grown for food, 
feed, and industrial purposes (Reddy, 2017; Visarada 
and Aruna, 2019). It is one of the most important dry land 
food crops grown in marginal lands  and  dietary  food  for 

more than half a billion poor and most food insecure 
people living in the sub-tropical and semi-arid regions of 
Africa and Asia (FAO, 2017).Sorghum is produced in 
intensive and commercialized in developed world with 
average yields of 3-5 t ha

-1 
largely  used for feed, while, in  
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the developing countries, it is grown in low-input, 
extensive production systems, with productivity of being 1 
t ha

-1 
mostly for food (Kumar, 2016; Reddy, 2017). 

Ethiopia is the sixth largest producer of sorghum in the 
world after USA, Nigeria, Mexico, Sudan and India and 
the third in Africa behind Nigeria and Sudan (FAO, 2017) 
with sorghum contributing 16.89% of the total annual 
cereal grains production occupying approximately 1.9 
million ha of land (CSA, 2018). Sorghum takes the third 
largest share of all cereals grown in Ethiopia next to tef 
[Eragrostistef (Zucc.) Trotter] and maize (Zea mays L.) be 
it in hectare or volume of total annual national production 
(CSA, 2018). It provides more than one third of the cereal 
diet and acts as a principal source of food, feed, income 
and beverages for millions of the resource-poor people 
(MoA, 2018) dwelling in marginal areas where drought is 
the primary production constraint (Amelework et al., 
2015; Mera, 2018; Teshome and Zhang, 2019; Wagaw, 
2019). 

Despite the potential and multitude uses of sorghum, 
however, the full genetic potential of the crop cannot be 
harnessed particularly in tropical and sub-tropical Africa 
including Ethiopia because of limitations simultaneously 
imposed by attacks from biotic and abiotic constraints. Of 
the abiotic constraints, drought is an important limiting 
factor for sorghum production in most parts of the world 
including Ethiopia, ultimately influencing yield and quality 
(Harris et al., 2007; Kassahun et al., 2010; Sabadin et al., 
2012; Reddy et al., 2014; Madhusudhana, 2015; 
Amelework et al., 2015, Sory et al., 2017; Mera, 2018; 
Teshome and Zhang, 2019; Wagaw, 2019). Yield loss 
due to drought in the tropics alone exceeds 17% of well-
watered production, reaching up to 60% in severely 
affected regions (Ribaut et al., 2002; Sharma and 
Lavanya, 2002). In Ethiopia, where more than 50% of the 
total area is semi-arid, insufficient, unevenly distributed, 
and unpredictable rainfall is usually experienced in drier 
parts of the country (Amelework et al., 2015; Mera, 2018; 
Teshome and Zhang, 2019).It is manifested by delay in 
onset, dry spell after sowing, drought during critical crop 
stage and too early stop. It is frequently observed that 
drought is occurring at more frequent intervals-every two 
years during recent years. For instance, between 1960 
and 1990 there were six droughts in the country, but 
between 1990 and 2014 there were nine droughts (Mera,  
2018) caused up to complete annihilation of sorghum and 
other crops affecting millions of people. This showed that 
climate change makes increasing production much more 
challenging. Recent reports also declare that the intensity 
and frequency of droughts are expected to increase, 
resulting in decreased food production and  food  security  

 
 
 
 
and increased vulnerability of the crop to drought (Bates 
et al., 2008; Wassmann et al., 2009; Mera, 2018; 
Teshome and Zhang, 2019). 

Among the drought management strategies, genetic 
manipulation of the crop to improve tolerance is preferred 
because of its sustainability and feasibility particularly to 
the resource-poor (Singh, 2002; Keneni, 2007).Breeding 
for drought-tolerant crops largely depends on the 
availability of the genetic resources for tolerance, reliable 
screening techniques, identification of genetic 
components of tolerance (Blum, 2011), successful 
genetic manipulation of the desired genetic backgrounds, 
and ultimate development of drought-tolerant cultivars 
with acceptable agronomic and quality-related traits 
(Araus and Cairns, 2014). The relative yield performance 
of genotypes under drought stressed and non-stressed 
environments can be used as an indicator to identify 
drought resistant varieties in breeding program for 
drought prone areas (Raman et al., 2012; Mohammadi, 
2016). Based on their comparative yield performance in 
stress and non-stress environments genotypes were 
categorized in four groups; genotypes with high 
performance under both moisture regimes (group A), high 
yield in non-stress conditions (group B), high yield in 
stress conditions (group C), and low yield under both 
moisture regimes (group D) (Fernandez, 1992). In this 
regard, several drought indices that are based on drought 
resistance or susceptibility of genotypes have been 
suggested and computed between yield under stress and 
optimal conditions. Drought indices which provide a 
measure of drought based on loss of yield under drought 
conditions in comparison to normal conditions have been 
used for screening drought tolerant genotypes.  

Thus, many authors have been reported that the 
relative merits of different indices for screening of 
genotypes to drought based on their comparative yield 
performance in stress and non-stress environments. 
These include; stress tolerance index (STI) and 
geometric mean productivity (GMP) (Fernandez 1992), 
stress susceptibility index (SSI) (Fischer and Maurer, 
1978), tolerance index (TOL) (Hossain et al., 1990), 
mean productivity (MP) (Rosielle and Hamblin, 1981), 
yield index (YI) (Gavuzzi et al., 1997), yield stability 
index(YSI) (Bouslama and Schapaugh, 1984), harmonic 
mean (HM) (Schneider et al., 1997), and  mean relative 
performance (MRP) (Osmanzai, 1994). However, the 
different indices have different levels of precision, making 
comparisons between genotypes difficult. It is generally 
presumed that good performance under both irrigated 
and drought conditions leads to high values of STI, MP, 
HM, MRP, GMP, YSI  and  YI and generally low values of 
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Figure 1. Map of Mereblekhe district in Tigrai Regional State, Ethiopia. 
 
 
 

TOL and SSI. To improve sorghum yield and its stability 
in stress environments, there is a need to identify 
selection indices able to distinguish high yielding 
sorghum genotypes in these conditions. However, very 
limited work has been reported for sorghum from 
Ethiopia. The study was, therefore, aimed at 
introgression of drought tolerance genes into adapted 
varieties through marker-assisted backcrossing and 
assesses the efficiency of indices to identify drought 
tolerance in sorghum, so that suitable lines can be 
recommended for cultivation in drought prone areas of 
Ethiopia.  
 
 

MATERIALS AND METHODS  
 
Description of study area  
 
Field experiments were conducted in Rama Kebele of Mereblekhe 
District in central zone of Tigrai, Ethiopia (Figure 1). The location was 
selected based on the potential of sorghum grown and availability 
of irrigation. The site is situated at 14°

 
23’ 39″ N latitude and 038° 48’ 

90″ E longitude. Rama is found at an altitude of 1389 meter above sea 
level, with average minimum and maximum temperatures ranging 
from 22 to 38°C, respectively, during the study time (December 2018 
to May 2019).  
 
 
Genetic materials  
 
The parental lines used for this backcrossing program were one 
donor parent “B35” and eight recurrent parents which  are  released 

varieties and known farmers’ cultivars (Tseadachimure and 
Wediaker [local landraces]; Dekeba, Gambella 1107, Macia, Meko, 
Melkam, and Teshale [released varieties] (Table 1). The donor 
parent is known for post-flowering drought tolerant and it has been 
used as source of tolerant genes to drought by the inter-intra-
national sorghum breeding programmes. B35 is a 3-gene dwarf 
genotype, BC1 derivative of IS12555 accession, a durra from 
Ethiopian and is known for its stay green (Rosenow et al., 1983, 
2002) with a type-A stay-green-delayed onset of leaf senescence 
(Thomas and Smart, 1993; Thomas and Howarth, 2000). It is well 
characterized for its stay green and several research groups 
(Tuinstra et al., 1997; Crasta et al., 1999; Subudhi et al., 2000; Xu 
et al., 2000; Sanchez et al., 2002) have identified a number of stay 
green QTL involving B35. B35 is early maturing, long in stature, has 
short compact panicle with copious number of infertile branches; 
purple genotype with small seeds covered by glumes, dry leaf 
midrib and relatively low yield potential (Srinivas et al., 2009; 
Kassahun et al., 2010). The recurrent parents are generally high 
yielding under optimum moisture conditions (MoA, 2018) and 
popular amongst the farmers but susceptible to terminal drought. 
 
 
Development of backcross lines  
 
A series of crosses and backcrosses were performed to introgress 
drought tolerant genes from the known donor parent (as pollen 
source) into adapted varieties (seed parents). The donor parent was 
crossed to the selected adapted varieties to generate F1 plants using 
hand pollination method at Melkassa Agricultural Research Center 
(MARC), Ethiopia. The F1 plants were backcrossed to the respective 
recurrent parents to generate BC1F1 progenies. Then after the 
progenies selected was backcrossed to the recurrent parent to 
generate BC2F1 following by twice selfing (BC2F3). The generated 
sixty-one BC2F3  progenies  and nine parental lines were evaluated for  
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Table 1. The genotypes used for marker-assisted backcrossing. 
 

S/N Variety Pedigree Year of release Center of release 

1 Melkam WSV-387 2009 MelkassaARC 

2 Teshale 3443-2-0P 2002 Srinka/MelkassaARC 

3 Gambella 1107 Gambella 1107 1976 Melkassa ARC 

4 Dekeba ICSR  24004 2012 Melkassa ARC 

5 Macia Macia 2007 Melkassa ARC 

6 Meko-1 M-36121 1997 Melkassa ARC 

7 Tseadachimure Local  - - 

8 Wediaker Local  - - 

9 B35 IS12555 -  
 

ARC= Agricultural Research Center. 
 
 
 

their drought tolerant and other agronomic characteristics. 

 
 
Experimental design and treatments 
 
The field trials were consisted of 61 BC2F3, one donor parent and 
eight recurrent parents. The field trials were conducted under well-
watered and water-limited conditions arranged in an incomplete 
block design (Alpha lattice design) with three replications. The well-
watered trial was irrigated well throughout the season, so that, 
essentially, no moisture stress occurred at any stage of the crop 
development. Conversely, the limited irrigation (stress) trial was 
irrigated well during the early growth stages with irrigation withheld 
after anthesis. These conditions are ideal for evaluating the 
expression of stay green traits under terminal moisture-deficit 
condition and to study its relation with other important agronomic 
characters. The trials were planted in the same date, and adjacent 
to each other. The experimental units were two-row, with each row 
4 m long, plant to plant spacing was 0.15 and 0.75 m space 
between rows. Fertilizer (NPS) was applied at a rate of 100 kg ha

-1
 

at planting and urea at rate of 50 kg ha
-1

 on split based (at planting 
and knee height). All agronomic management practices other than 
the treatment were applied uniformly to ensure good crop stand. 
The crop was protected from leaf feeding/sucking insect pests such 
as aphids, stem borers and fall armyworm by following the 
recommended plant protection measures.  The insecticides used 
were Karate 5% EC, Darate 5%, and Bestfield 360 EC based on 
the manufacturer recommendation rate that is, 300, 300, and 400 
mm ha

-1
, respectively. 

 
 
Data collection  
 
The yield of sorghum lines were obtained from the stressed and 
non-stressed irrigation conditions to screen superior genotypes 
based on the different henceforth drought indices. 

 
(1) Stress susceptibility index (SSI) (Fischer and Maurer, 1978) 
 

Stress Susceptibility Index (SSI)  
 

  

 
(2) Mean relative performance (MRP) (Osmanzai, 1994) 

 
 
(3) Tolerance index (TOL) (Hossain et al., 1990) 
 
Yp-Ys 
 
(4) Mean productivity (MP) (Rosielle and Hamblin, 1981) 
 

 
 
(5) Harmonic mean (HM) (Schneider et al., 1997) 
 

 
 
(6) Geometric mean productivity (GMP) (Fernandez, 1992) 
 

 
 
(7) Stress tolerance index (STI) (Fernandez, 1992) 
 

 
 
(8) Yield index (YI) (Gavuzzi et al., 1997) 
 

 
 
(9) Yield stability index (YSI) (Bouslama and Schapaugh, 1984) 
 

 
 
Where, Ys = yield in stress conditions, Yp = yield in irrigated 

conditions, s= mean yield of all genotypes under stress 

conditions, p = mean yield of all genotypes in irrigated conditions 

and SI = Stress intensity.  

=
[1− 

Ys

Yp
 ]  

1−SI
; 

SI=[1 −  
Y s

Y p
 ] 

 

MRP =
Ys

Ys   
+

Yp

YP    
 

MP =
Yp + Ys

2
 

     HM =
2(Yp∗Ys )

Yp +Ys
 

GMP =  (Yp)(Ys) 

𝑆𝑇𝐼 =
(𝑌𝑝)(𝑌𝑠)

(𝑌𝑝    )2
 

 

 

YI =
Ys

𝑌𝑠   
 

YSI =
Ys

Yp
 



 

 
 
 
 
Data analysis  
 
The analysis of variance, coefficients of correlations, principal 
component (PC) analysis and cluster analysis were carried out 
using the R software version 3.6.1 (R Core Team, 2019).Genotype 
differences in yield and indices were analysed by residual maximum 
likelihood algorithm (ReML) as suggested (Patterson and 
Thompson, 1971) analysis using R. The relevant number of clusters 
in the data set was determined by an R package NbClust, available 
from the comprehensive R archive network (CRAN) at 
http://CRAN.R-project.org/package=NbClust (Charrad et al., 2014). 
 
 
RESULTS AND DISCUSSION  
 
Yield performance 
 
The analysis of variance for grain yield grown under both 
moisture regimes indicated the presence of a 
considerable genotypic variation, indicating differential 
responses to different environmental conditions, thereby 
suggesting the possibility of selecting better-performing 
genotypes under both production environments. Mean 
grain yields that varied widely in water-limited (1.1 for 
BC2F3_ETSC_16218 to 4.42 t ha

-1
 for 

BC2F3_ETSC_16258) and full-irrigation conditions (2.25 
for B35 to 5.71 t ha

-1
 for Dekeba) were 1.93 and 3.7 t ha

-

1
, respectively (Table 2). This showed that an increase of 

47.8 % in yield productivity under the later compared to 
the former. The grain yield under optimum condition 
revealed that most of recurrent parents showed highest 
yield compared to the majority of the developed lines. 
Among the developed lines with higher yield and 
statistically similar to the recurrent parents were 
BC2F3_ETSC_16214, BC2F3_ETSC_16216, 
BC2F3_ETSC_16251, BC2F3_ETSC_16235, 
BC2F3_ETSC_16139, BC2F3_ETSC_16258, 
BC2F3_ETSC_16257, BC2F3_ETSC_16242, and 
BC2F3_ETSC_16223 indicating the potential of these 
lines under optimum production environments. On the 
other hand, the developed backcrossed  lines showed 
highest grain yield under stressed condition. Of the 61 
lines, four were the top yielding under stressed 
conditions; BC2F3_ETSC_16258, BC2F3_ETSC_16216, 
BC2F3_ETSC_16257, and BC2F3_ETSC_16213 with a 
yield of 4.42, 3.5, 3.1, and 2.83 t ha

-1
, respectively. The 

yield under water-stressed conditions (Ys) had good 
association with yield obtained under non-stressed 
conditions (Yp), indicating the possibilities of obtaining 
potential lines for both moisture regimes. For example, 
backcrossed  lines with a good yield performance under 
both irrigation conditions were BC2F3_ETSC_16258, 
BC2F3_ETSC_16216, BC2F3_ETSC_16257, 
BC2F3_ETSC_16251, and BC2F3_ETSC_16141 (Table 
2). The consistence performances of the backcrossed  
lines in the two contrasting (non-stress vis-à-vis stress) 
environments represent very nearly the same character, 
determined nearly by the same set of genes (Falconer, 
1989). This  may   probably  have  the  advantage  of  the  
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possibilities to forecast the performance of genotypes 
under one condition on the basis of performance 
obtained under another and can assist breeders in 
deciding variety development and allocation of the scarce 
resources (Keneni, 2007). Therefore, indirect selection 
for such conditions based on the results of optimum 
conditions may be efficient (Brennan and Byth, 1979; 
Rosielle and Hamblin, 1981). However, this needs to be 
supported by a large data from the multi-location-year 
experiments as many authors  disproved the concept that 
stipulates cultivars selected under favorable 
environments also suitable to the unfavorable ones 
(Ceccarelli and Grando, 1996; Banziger and Edmeades, 
1997; Banziger et al., 1997; Banziger and Lafitte, 1997)  
because it is practically impossible to collect together 
genes responsible for superior performance in all 
environments into a single genotype (Annicchiarico, 
2002).  
 
 

Drought tolerance indices 
 

The ANOVA for the quantitative selection indices differed 
significantly for all indices namely SSI, MRP, MP, HM, 
GMP, STI, YI, TOL and YSI (Table 2). The mean values 
of each tolerance indices ranged from the highest 1.61 
for BC2F3_ETSC_16235 to the lowest 0.12 for 
BC2F3_ETSC_16258, 3.48 for BC2F3_ETSC_16258 to 
1.19 for B35, 4.5 for BC2F3_ETSC_16258 to 1.7 for B35, 
4.52 for BC2F3_ETSC_16258 to 1.47 for B35, 4.52 for 
BC2F3_ETSC_16235 to 1.58 for B35, 1.72 for 
BC2F3_ETSC_16258 to 0.18 for BC2F3_ETSC_16215, 
2.22 for BC2F3_ETSC_16258 to 0.54 for 
BC2F3_ETSC_16218, 3.33 for BC2F3_ETSC_16235 to 
0.42 for BC2F3_ETSC_16258, and 4.27 for 
BC2F3_ETSC_16235 to 0.98 for BC2F3_ETSC_16258 in 
that order. The highest values of SSI and TOL belonged 
to lines; BC2F3_ETSC_16235, BC2F3_ETSC_16218, 
BC2F3_ETSC_16238, BC2F3_ETSC_16249, 
BC2F3_ETSC_16242, BC2F3_ETSC_16217 and 
BC2F3_ETSC_16139, whereas lower values related to 
BC2F3_ETSC_16258, BC2F3_ETSC_16229, 
BC2F3_ETSC_16247, BC2F3_ETSC_16213, 
BC2F3_ETSC_16252, BC2F3_ETSC_16216, 
BC2F3_ETSC_16149, BC2F3_ETSC_16239, 
BC2F3_ETSC_16230, and BC2F3_ETSC_16227. For 
instance, line BC2F3_ETSC_16235 with both greater SSI 
and TOL values had grain yield of 4.68 and 1.32 t ha

-1 

under full-irrigation and water-limited, respectively; 
therefore, was identified as highly sensitive to moisture 
stress after anthesis. In contrast, the lower value of SSI 
and TOL belonged to BC2F3_ETSC_16258 with grain 
yield of 4.57 t ha

-1 
under full-irrigation and 4.42 t ha

-1 
in 

water-limited condition. Therefore, this line is less 
sensitive to stress. This means that the greater SSI and 
TOL values, the greater sensitivity to stress, thus a 
smaller value of these indices is favored, agreeing with 
other reports  (Rosielle  and Hamblin, 1981; Ghasem and 
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Table 2.  Estimates of stress tolerance attributes under full-irrigation and water-limited based on yield of seventy sorghum genotypes. 
 

SN Genotypes  Yp Ys SSI TOL MRP MP HM GMP STI YI YSI 

1 B35 2.25 1.12 1.11 1.12 1.19 1.70 1.47 1.58 0.25 0.56 0.50 

2 BC2F3_ETSC_16139 4.61 1.65 1.32 2.99 2.12 3.15 2.30 2.67 0.57 0.83 0.40 

3 BC2F3_ETSC_16140 3.47 1.47 1.35 2.04 1.73 2.51 2.02 2.25 0.45 0.74 0.39 

4 BC2F3_ETSC_16141 4.06 2.47 0.82 1.68 2.34 3.23 3.08 3.16 0.88 1.24 0.63 

5 BC2F3_ETSC_16142 5.43 2.35 1.20 3.15 2.69 3.91 3.15 3.49 0.91 1.18 0.46 

6 BC2F3_ETSC_16143 2.69 1.92 0.70 0.87 1.72 2.32 2.27 2.30 0.43 0.96 0.68 

7 BC2F3_ETSC_16144 4.02 2.37 0.88 1.63 2.28 3.16 2.86 3.01 0.77 1.19 0.60 

8 BC2F3_ETSC_16145 2.95 1.78 0.77 1.10 1.71 2.37 2.20 2.28 0.37 0.89 0.66 

9 BC2F3_ETSC_16146 3.36 1.52 1.09 1.86 1.69 2.45 1.94 2.17 0.39 0.76 0.51 

10 BC2F3_ETSC_16147 3.59 1.62 1.24 2.06 1.80 2.60 2.11 2.33 0.45 0.81 0.44 

11 BC2F3_ETSC_16148 3.54 1.90 0.98 1.65 1.91 2.69 2.42 2.54 0.57 0.95 0.56 

12 BC2F3_ETSC_16149 3.10 2.12 0.58 1.06 1.93 2.62 2.49 2.56 0.54 1.07 0.74 

13 BC2F3_ETSC_16150 2.95 1.13 1.32 1.89 1.39 2.05 1.48 1.72 0.30 0.56 0.40 

14 BC2F3_ETSC_16210 3.23 1.55 1.11 1.70 1.68 2.41 2.07 2.23 0.41 0.77 0.50 

15 BC2F3_ETSC_16211 2.77 1.89 0.82 1.01 1.71 2.32 2.24 2.29 0.43 0.95 0.63 

16 BC2F3_ETSC_16212 4.16 1.99 1.08 2.27 2.14 3.06 2.63 2.83 0.68 1.00 0.51 

17 BC2F3_ETSC_16213 3.94 2.83 0.46 1.27 2.47 3.32 3.03 3.15 0.80 1.42 0.79 

18 BC2F3_ETSC_16214 4.93 2.06 1.25 2.98 2.36 3.44 2.78 3.08 0.82 1.03 0.43 

19 BC2F3_ETSC_16215 2.36 1.28 1.10 1.26 1.26 1.76 1.57 1.66 0.18 0.64 0.50 

20 BC2F3_ETSC_16216 4.76 3.50 0.52 1.31 3.05 4.11 3.93 4.02 1.32 1.76 0.77 

21 BC2F3_ETSC_16217 4.03 1.61 1.32 2.56 1.89 2.78 2.13 2.41 0.47 0.80 0.40 

22 BC2F3_ETSC_16218 3.36 1.07 1.48 2.24 1.47 2.23 1.64 1.90 0.28 0.54 0.33 

23 BC2F3_ETSC_16219 4.23 1.76 1.25 2.42 2.07 3.02 2.39 2.67 0.58 0.88 0.44 

24 BC2F3_ETSC_16220 3.96 1.89 1.18 2.03 2.08 2.98 2.52 2.74 0.57 0.95 0.47 

25 BC2F3_ETSC_16221 3.35 2.46 0.58 0.85 2.18 2.93 2.80 2.86 0.64 1.24 0.74 

26 BC2F3_ETSC_16222 3.28 1.51 0.98 1.61 1.68 2.42 2.05 2.22 0.41 0.75 0.56 

27 BC2F3_ETSC_16223 4.29 1.85 1.15 2.35 2.13 3.10 2.53 2.79 0.64 0.93 0.48 

28 BC2F3_ETSC_16224 3.63 1.17 1.36 2.42 1.58 2.40 1.63 1.95 0.29 0.59 0.39 

29 BC2F3_ETSC_16225 3.38 1.74 1.07 1.61 1.80 2.56 2.22 2.38 0.45 0.87 0.52 

30 BC2F3_ETSC_16226 4.15 2.21 0.95 1.87 2.28 3.22 2.76 2.97 0.73 1.11 0.57 

31 BC2F3_ETSC_16227 2.88 1.79 0.70 0.94 1.71 2.36 2.09 2.21 0.43 0.90 0.68 

32 BC2F3_ETSC_16228 4.22 1.95 1.17 2.26 2.17 3.12 2.60 2.85 0.62 0.98 0.47 

33 BC2F3_ETSC_16229 3.14 2.45 0.36 0.59 2.09 2.79 2.70 2.74 0.56 1.24 0.84 

34 BC2F3_ETSC_16230 2.80 1.78 0.68 0.98 1.67 2.30 2.13 2.21 0.36 0.89 0.69 

35 BC2F3_ETSC_16231 3.06 1.61 1.00 1.37 1.65 2.34 2.05 2.18 0.39 0.81 0.55 

36 BC2F3_ETSC_16232 2.72 1.69 0.75 1.02 1.58 2.18 2.03 2.10 0.32 0.85 0.66 

37 BC2F3_ETSC_16233 3.05 1.29 1.05 1.71 1.52 2.21 1.73 1.94 0.35 0.65 0.53 

38 BC2F3_ETSC_16234 3.43 1.60 1.10 1.82 1.78 2.56 2.11 2.32 0.43 0.80 0.50 

39 BC2F3_ETSC_16235 4.68 1.33 1.61 3.33 1.98 3.03 2.00 2.45 0.55 0.67 0.27 

40 BC2F3_ETSC_16236 3.33 1.37 1.34 2.02 1.62 2.37 1.91 2.13 0.40 0.69 0.39 

41 BC2F3_ETSC_16237 3.51 1.36 1.32 2.17 1.66 2.45 1.88 2.13 0.38 0.68 0.40 

42 BC2F3_ETSC_16238 3.29 1.11 1.48 2.28 1.44 2.16 1.61 1.86 0.29 0.55 0.33 

43 BC2F3_ETSC_16239 2.93 2.00 0.62 0.86 1.80 2.45 2.31 2.37 0.53 1.00 0.72 

44 BC2F3_ETSC_16240 3.64 1.92 1.07 1.76 1.96 2.76 2.47 2.60 0.62 0.96 0.52 

45 BC2F3_ETSC_16241 3.48 1.96 1.01 1.61 1.93 2.70 2.42 2.56 0.54 0.98 0.54 

46 BC2F3_ETSC_16242 4.32 1.50 1.33 2.83 1.91 2.87 2.19 2.50 0.49 0.75 0.40 

47 BC2F3_ETSC_16243 2.89 1.70 0.85 1.16 1.64 2.28 2.05 2.16 0.34 0.86 0.62 

48 BC2F3_ETSC_16244 3.15 1.27 1.39 1.93 1.50 2.20 1.75 1.95 0.33 0.63 0.38 

49 BC2F3_ETSC_16245 3.58 1.67 1.18 1.89 1.83 2.63 2.24 2.42 0.46 0.83 0.47 

50 BC2F3_ETSC_16246 3.67 1.60 1.22 2.07 1.84 2.66 2.16 2.39 0.52 0.80 0.45 

51 BC2F3_ETSC_16247 2.72 2.22 0.45 0.48 1.87 2.47 2.39 2.43 0.47 1.11 0.80 
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Table 2.  Contd 
 

52 BC2F3_ETSC_16248 3.66 2.44 0.74 1.20 2.26 3.08 2.84 2.95 0.78 1.22 0.66 

53 BC2F3_ETSC_16249 3.65 1.42 1.36 2.29 1.74 2.56 1.91 2.18 0.43 0.71 0.38 

54 BC2F3_ETSC_16250 3.41 1.45 1.27 1.95 1.68 2.45 2.00 2.20 0.41 0.73 0.42 

55 BC2F3_ETSC_16251 4.70 2.26 1.21 2.48 2.44 3.49 2.99 3.23 0.86 1.14 0.46 

56 BC2F3_ETSC_16252 3.07 2.32 0.46 0.70 2.04 2.74 2.58 2.65 0.58 1.17 0.79 

57 BC2F3_ETSC_16253 3.75 2.24 0.83 1.43 2.11 2.94 2.70 2.81 0.63 1.13 0.62 

58 BC2F3_ETSC_16254 2.49 1.52 0.92 0.95 1.42 1.97 1.85 1.90 0.29 0.76 0.58 

59 BC2F3_ETSC_16255 3.65 1.48 1.29 2.05 1.74 2.56 2.04 2.27 0.44 0.74 0.42 

60 BC2F3_ETSC_16256 3.76 2.01 1.06 1.69 2.04 2.88 2.46 2.64 0.70 1.01 0.52 

61 BC2F3_ETSC_16257 4.52 3.09 0.75 1.37 2.77 3.77 3.63 3.69 1.20 1.55 0.66 

62 BC2F3_ETSC_16258 4.57 4.42 0.12 0.14 3.48 4.49 4.52 4.52 1.72 2.22 0.95 

63 Dekeba 5.71 2.82 1.07 2.89 3.01 4.29 3.72 3.98 1.16 1.42 0.52 

64 Gambella1107 4.66 2.18 1.26 2.38 2.40 3.45 2.98 3.21 0.87 1.10 0.43 

65 Macia 4.75 2.62 0.92 2.11 2.60 3.66 3.32 3.48 0.95 1.32 0.58 

66 Meko 4.85 2.55 0.88 2.29 2.59 3.67 3.27 3.46 0.92 1.28 0.60 

67 Melkam 4.38 1.99 1.12 2.32 2.20 3.17 2.68 2.91 0.64 1.00 0.49 

68 Teshale 3.42 2.29 0.79 1.15 2.09 2.84 2.74 2.79 0.65 1.15 0.64 

69 Tseadachimure 4.25 2.54 0.75 1.65 2.45 3.40 3.13 3.25 0.83 1.28 0.66 

70 Wediaker 5.18 2.66 1.04 2.57 2.74 3.88 3.53 3.71 1.07 1.34 0.53 

 Mean 3.7 1.9 1 1.8 1.99 2.8 2.4 2.6 0.6 0.97 0.54 

 LSD 1.56 1.03 0.67 1.7 0.73 1 1.02 0.98 0.48 0.52 0.3 

 CV (%) 23.6 29.5 37.4 30.4 20 19.7 23.2 20.7 20.7 29.6 31.2 

 
 
 
Farshadfar, 2015).On the other hand, selection based on 
TOL with minimum yield reduction under stress condition 
in comparison with non-stress condition failed to identify 
the most tolerant genotypes (Farshadfar et al., 2013). 
Similar to TOL, stress susceptibility index (SSI), 
genotypes with highest values were considered as 
genotypes with high drought susceptibility and poor yield 
stability in both moisture regimes. With regard to yield 
stability index (YSI) backcrossed  lines with higher values 
were related to BC2F3_ETSC_16258, 
BC2F3_ETSC_16229, BC2F3_ETSC_16143, 
BC2F3_ETSC_16216, BC2F3_ETSC_16249, 
BC2F3_ETSC_16141, BC2F3_ETSC_16247, and 
BC2F3_ETSC_16221 and were also the most stable 
under stress and non-stress conditions. The lowest 
values of SSI and TOL as well as the highest values of 
YSI indicated that SSI, TOL, and YSI indices were able to 
identify genotypes with higher yields under drought stress 
rather than under non-stress conditions. 

The tolerance indices MRP, GMP, STI, HM, MP and YI 
measure the higher stress tolerance and yield potential. 
Accordingly, the highest and consistent values across all 
indices belonged to the four backcrossed  
linesBC2F3_ETSC_16258, BC2F3_ETSC_16216, 
BC2F3_ETSC_16257, and BC2F3_ETSC_16142 and 
therefore, they were the most tolerant progenies based 
on all quantitative indices.  These lines were the most 
tolerant genotypes and also had lower values of SSI and 
TOL  (Table  2).   Conversely,   the   lowest values  for  all 

quantitative indices related to B35, BC2F3_ETSC_16215, 
BC2F3_ETSC_16150, BC2F3_ETSC_16254, 
BC2F3_ETSC_16238, BC2F3_ETSC_16218, 
BC2F3_ETSC_16233 and BC2F3_ETSC_16244 and, 
therefore, some of them were stress sensitive and the 
other stress tolerant (B35) but with low yield potential 
under both moisture regimes. Generally, this study 
showed that quantitative indices (MRP, GMP, STI, HM, 
MP, and YI) were comparable for identifying superior 
sorghum genotypes under both environments. Different 
researches have also used different indices for selecting 
tolerant genotypes in various crops. For instances, SSI 
and GMP were preferable in common bean (Ramirez and 
Kelly, 1998), STI and GMP in maize (Khallili et al., 2004) 
and  mung bean (Fernandez, 1992), durum wheat (Nouri 
et al., 2011; Mohammadi, 2016), safflower (Majidi et al., 
2011; Bahramiet al., 2014), HM, YI, MP, GMP, STI in 
bread wheat (Khakwani et al., 2011; Dorostkar et al., 
2015; Ghasemi and Farshadfar, 2015; Amare et al., 
2019), Barley (Nazari and Pakniyat, 2010) and sorghum 
(Sory et al., 2017) implies  that they were useful in 
identifying lines that yield well under well-watered and 
also relatively well in water-limited condition. 
 
 
Interrelationships of the drought tolerance indices 
 
To determine the most desirable drought tolerance 
criteria,  the   correlation  coefficient  between  grain  yield 
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Table 3. Correlation coefficients (r) between grain yield of sorghum genotypes under non-stressed and stressed conditions and among selection indices. 
 

Trait Yp Ys SSI MRP TOL MP HM GMP STI YI 

Yp 
 

         

Ys 0.52** 
 

        

SSI 0.18NS -0.70** 
 

       

MRP 0.82** 0.91** -0.38** 
 

      

TOL 0.66** -0.29* 0.82** 0.12NS 
 

     

MP 0.91** 0.83** -0.23** 0.99** 0.28* 
 

    

HM 0.71** 0.96** -0.52** 0.98** -0.05NS 0.94** 
 

   

GMP 0.81** 0.92** -0.40** 1.00** 0.10NS 0.98** 0.99** 
 

  

STI 0.76** 0.92** -0.40** 0.98** 0.05NS 0.95** 0.97** 0.98** 
 

 

YI 0.52** 1.00** -0.70** 0.91** -0.29* 0.83** 0.96** 0.92** 0.92** 
 

YSI -0.20NS 0.72** -0.97** 0.38** -0.85** 0.22NS 0.53** 0.40** 0.42** 0.71** 
 

**, * = significant at 0.01 and 0.05 respectively, NS = non-significant, STI = stress tolerance index, MRP = mean relative performance, GMP = geometric mean productivity, HM = harmonic 
mean, MP= mean productivity, TOL = tolerance index, SSI = stress susceptible index, YSI = yield stability index YI = yield index, Yp = mean grain yield under full-irrigation, Ys = mean grain 
yield underwater-limited condition. 

 
 
 

under the well-watered (Yp), water-limited 
conditions (Ys), and the quantitative indices of 
drought tolerance were determined (Table 3). The 
results of the correlation analysis showed that 
both positive and negative associations, showing 
that some of the indices are generally similar and 
dissimilar in genotypic ranking, respectively. The 
correlation coefficients of grain yield under non-
stressed condition (Yp) showed significant 
positive correlation with grain yield in the stressed 
environment (Ys) and all of the selection indices 
except for SSI and YSI. The significant positive 
correlations between non-stressed and stressed 
conditions indicated that genotypes that 
performed well under non-stress also performed 
well under stress. No significant correlations were 
observed between Yp and that of SSI and YSI. In 
the same manner, grain yield under Ys was 
significantly and positively correlated with all of 
the indices except for  SSI  and  TOL  which  were 

significant negative correlation (Table 3). A 
positive correlation between TOL and Yp and the 
negative correlation between TOL and Ys 
suggested that selection based on TOL will lead 
to reduction of yield under well-watered 
conditions. Among the drought tolerant indices 
that showed strong positive correlation under both 
non-stress and stress irrigation include; MRP (r= 
0.82; 0.91), MP (r=0.91; 0.83), HM (r=0.71; 0.96), 
GMP (r=0.81; 92), STI (r=0.76; 0.92) and YI 
(r=0.52; 1.00), respectively. This indicated that the 
six indices were comparably effective for selecting 
and predicting better grain-yielding genotypes 
under both moisture regimes, corroborating with 
previous reports (Ezatollah et al., 2012; 
Farshadfar et al., 2013; Sardouie-Nasab et al., 
2015; Darzi-Ramandi et al., 2016). The negative 
associations of SSI and TOL with grain yield 
under stress indicated that genotypes with low 
SSI and TOL values  had  lower  yield  differences 

between non-stress and stress environments 
(Ceccarelli et al., 1998; Rizza et al., 2004; 
Mehammadi, 2016).SSI showed significant 
negative correlation with all selection indices 
except for TOL that showed significant positive 
association. Moreover, SSI showed a negative 
correlation with Ys while no significant correlation 
was detected between Yp and SSI. Thus, SSI 
index is suitable for identification of genotypes 
with low yield and tolerance to drought stress 
(Kharrazi and Rad, 2011). TOL had significant 
positive association with MP and significant 
negative correlation with YI and YSI.  TOL was 
not strongly correlated with indices MRP, GMP, 
HM, YI, MP and STI. Thus, TOL and SSI ranked 
differently from the other selection. MRP showed 
strong significant correlation with MP, HM, GMP, 
STI, YI and YSI but weak with TOL. Indices of 
MP, YI, STI, GMP, MRP, and HM showed the 
existence  of  strong   positive   correlation  among 
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Table 4. Eigenvalue, variances and eigenvectors on the first five principal components for seventy sorghum genotypes to different 
drought tolerant selection indices grown in under full water and stressed water condition. 
 

Parameter 
Principal components (PCs) 

PC1 PC2 PC3 PC4 PC5 

Eigenvalue 7.736 3.129 0.082 0.023 0.014 

Proportion (%) 70.3 28.4 0.7 0.2 0.1 

Cumulative (%) 70.3 98. 8 99.5 99.7 99.9 

Characters Eigenvector 

Yp 0.690 0.719 -0.081 -0.006 0.008 

Ys 0.977 -0.207 0.033 0.003 0.016 

SSI -0.558 0.804 0.187 0.080 0.002 

MRP 0.978 0.205 -0.016 -0.004 0.012 

TOL -0.084 0.988 -0.109 0.031 0.041 

MP 0.930 0.364 -0.036 -0.009 0.007 

HM 0.995 0.037 0.010 0.040 -0.073 

GMP 0.982 0.182 -0.008 0.024 -0.045 

STI 0.972 0.148 0.156 -0.063 0.039 

YI 0.977 -0.206 0.030 0.003 0.014 

YSI 0.560 -0.820 -0.029 0.099 0.051 
 

Stress susceptibility index (SSI), yield stability index (YSI), stress tolerance (TOL), mean productivity (MP), mean relative performance (MRP), 
geometric mean productivity (GMP), stress tolerance index (STI), harmonic mean (HM), yield index (YI), and seed yield of sorghum genotypes 
under non-stress (Yp) and stress (Ys) conditions. 

 
 
 
themselves showing their similarity between these 
indices for genotypes ranking. According to Farshadfar et 
al., (2001) most suitable indices for selecting stress-
tolerant cultivars is an indices which has a relatively 
strong correlation with the seed yield under stress and 
non-stress conditions. Therefore, evaluating correlations 
between stress tolerance indices and the seed yield in 
both environments can lead to identification of the most 
suitable indices. Close correlation between MRP and 
GMP (r = 1.0) that indicates these two indices are 
identical in genotypes ranking. YSI had strong and 
positive correlation with HM, GMP, STI and YI but 
negatively with SSI and TOL. Likewise, the highest 
correlation (r = 1.00) was observed between mean grain 
yield of genotypes under stress (Ys) and yield index (YI). 
So that consistent correlations were also found between 
SSI and TOL showing they can be used interchangeably 
for screening under stress condition. In conclusion, the 
strong significant positive correlations between HMP, 
GMP, MP and STI indices showed genotypes with a good 
performance in both conditions (Yp and Ys) displaying 
that they are the best indices for identification of superior 
genotypes agreeing with reports of Mardeh et al. (2006), 
Golabadi et al. (2006) and Farshadfar et al. (2012). 
 
 
Principal components analysis 
 
Principal components (PC) of the grain yield under water-
limited and well-watered conditions as well as drought 
tolerance indices of the sorghum lines are given in  Table 

4. The PC analysis was performed to assess the 
relationships between all attributes to identify superior 
genotypes under the two-contrasting environments. The 
results showed that the first five principal components 
(PC1-PC5) accounted for 99.9% of the entire variation. 
The first two components grossly explained 98.8% of 
total variation between the variables (Figure 2). The PC1 
alone contributed the largest component score of 70.3% 
with high positive weight due to grain yield in the stress 
(Ys) (0.977), MRP (0.978), MP (0.93), HM (0.995), GMP 
(0.982), STI (0.972), and YI (0.977). Therefore, 
characters with relatively larger absolute values of 
eigenvector weights in PC1 had the largest contribution to 
the differentiation of the genotypes into clusters. It is 
normally assumed that characters with larger absolute 
values closer to unity within the first PC influence the 
clustering more than those with lower absolute values 
closer to zero (Chahal and Gosal, 2002). The second PC 
explained 28.4% of the total variation and with high 
weight corresponding to Yp (0.719), SSI (0.804) and TOL 
(0.988) due to lower value is preferred for the lower 
sensitivity to moisture stress and YSI (-0.820); therefore, 
it was grouped as drought sensitive. This study was in 
agreement with earlier reports that stated more than 99% 
of the total variation was explained by the first two 
principal components (Drikvand et al., 2012; Nouraein et 
al., 2013; Amare et al., 2019). They also pinpointed the 
high association of STI, MRP, GMP, HM, MP, and YI with 
higher grain yield under both conditions. Therefore, 
selection efforts based on these indices may be more 
effective.  PC1  and  PC2  were  explained  for  grain  yield
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Figure 2. Biplot based on first and second components obtained from PC analysis. 
NB: Numbers are indicated in the alphabetical order given in Table 2.  

 
 
 
potential under both irrigation conditions and stress 
susceptibility under stressed condition, respectively. This 
indicates that selecting genotypes with high PC1 and low 
PC2 is suitable for both moisture regimes (Figure 2). 
Accordingly genotypes; 4 (BC2F3_ETSC_16141), 17 
(BC2F3_ETSC_16213), 20 (BC2F3_ETSC_16216), 52 
(BC2F3_ETSC_16248), 61(BC2F3_ETSC_16257) and 62 
(BC2F3_ETSC_16258) with high PC1 and low PC2 (low 
sensitivity and high yield) are likely better genotypes in 
both environments. These genotypes also showed high 
values of STI, MP, MRP, YI, MP, GMP and HM as well as 
low values of SSI and TOL. Whereas, genotypes 5 
(BC2F3_ETSC_16142), 18 (BC2F3_ETSC_16214), 55 
(BC2F3_ETSC_16251), 63 (Dekeba), 64 (Gambella1107), 
65 (Macia), 66 (Meko), and 70 (Wediaker) with both high 
PC1 and PC2 are suitable in non-stress condition because 
they are sensitive to terminal drought. On the other side, 
sorghum genotypes with both low PC1 and  PC2  had  low 

sensitivity to stress condition but with low yield potential 
and can be used in breeding programs for drought 
tolerance (eg. B35). Conversely, genotypes with low PC1 
and high PC2 exhibited inferior yield performance and 
high sensitivity to end-season drought and therefore their 
cultivation and incorporating in the breeding programmes 
may not encouraged. Finally, the two first PCs 
ascertained that their discrimination and correlation 
between yield potential and drought sensitively agreeing 
with earlier reports (Thomas et al., 1995; Kaya et al., 
2002; Nazari and Pakniyat, 2010; Nouri et al., 2011; 
Dorostkar et al., 2015; Ghasemi and Farshadfar, 2015). 
 
 
Cluster analysis 
 
Cluster analysis based on grain yield under stressed and 
non-stressed  conditions  and  drought  tolerance  indices  

 

Figure 2.Biplot based on first and second components obtained from PC analysis 

NB: Numbers are indicated in the alphabetical order given in Table 2.  
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Figure 3.  Cluster analysis of seventy sorghum backcrossed lines and their parental lines. 

 
 
 
were classified into three clusters (Figure 3). 
Clustering indices was performed to verify the 
accuracy of conclusions based on their similarity 
by average linkage method. Clusters I, II, and III 
encompassed 64.3, 20 and 15.7% of the 
genotypes, respectively. The first  cluster  (C1, n = 

45) had the largest number of genotypes and was 
characterized by high and lowest yield under full-
irrigation and water-limited condition, respectively.  
This cluster also showed lowest values of mean 
MRP, GMP, MP, STI, HM, YI and YSI, while 
higher  values   of   SSI   and   TOL.   The   cluster 

constituted those genotypes characterized by 
overall inferior performances.  The second cluster 
(C2, n = 14) classified as intermediate in mean 
yield under the two-contrasting moisture regimes 
and high values of MRP, GMP, MP, STI, HM, YI, 
and YSI,  with  lower   values   of   TOL   and  SSI. 

 

 

Figure 3.  Cluster analysis of seventy sorghum near-isogenic lines and their parental lines 

 

                                            C1     C2 C3 
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Genotypes in cluster III (C3, n = 11) had high grain yield 
both under non-stressed (4.52-4.76 t ha

-1
) and stressed 

(3.1-4.42 t ha
-1

) conditions and had the highest value of 
MRP, GMP, MP, STI, HM, YI and YSI, while lower values 
of SSI and TOL. This cluster was also superior to grand 
mean of all other traits averaged over all clusters, 
indicating that this cluster contained desirable genotypes 
according to yield obtained from both environments and 
selection indices. This study is in line with previous 
reports that stated genotypes can be classified adapted 
to moisture-stressed and non-stressed conditions using 
cluster analysis in various crops (Eivazi et al., 2013; 
Johari-Pireivatlou, 2014; Bahrami et al., 2014; Sory et al., 
2017). Generally, this study showed that selection can be 
improved though MRP, MP, GMP, STI, and HM. 
 
 
Conclusions 
 
The results showed significant variations among the 
developed backcrossed lines, resulting in considerable 
variation in yield and drought tolerance that could be 
exploited in sorghum improvement. According to the 
correlation and principal component analysis, drought 
tolerance indices MRP, MP, GMP, STI, and HM, and YI 
are superior indices to identify genotypes that yield well 
under stressed and optimal conditions. YSI was also 
found to be more useful indices to discriminate tolerant 
genotypes that are stable in different conditions and 
produce high grain yield under stressed conditions. The 
progenies with high TOL and SSI had high yield only 
under irrigated conditions and significant yield reduction 
under stressed conditions.  
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