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Abstract
Sorghum (Sorghum bicolor L. Moench) as an important food and fuel crop is 
undergone breeding for novel types, and its expansion into the new environments 
is necessary, however the efforts become complicated for breeders as well as 
agronomists to select for the best performing genotype in a particular environment 
due to unexpected, but significant genotype x environment interaction. This study 
was performed to thoroughly analyse the trade-offs between the agronomic 
performance and stability of sorghum genotypes produced under agro ecological 
conditions of Bahawalpur, Pakistan. Three sorghum lines i.e., G1 (S14), G2 (S22) 
and G3 (Jowar-86) were evaluated under eight environments which were formed 
by combining two sites of varying soil conditions (saline and normal soil) and were 
sown at four different sowing dates in order to determine the yield performance. 
Furthermore, AMMI analysis and GGE (generation×gene×environment) 
interactions were performed to identify the most stable variety for semi-arid 
environment. The results revealed that soil conditions significantly affect the grain 
yield of sorghum. The highest yield was obtained in E4 (1799 kg ha -1) under 
normal soil conditions and the best performing line was identified as G1. While 
under saline/problematic conditions E3 gave mean yield of 1530 kg ha-1 while 
line G1 gave 1505 kg ha-1 of yield. As far as the AMMI and GGE analysis is 
concerned, significant value for scores of PCAs were obtained as PC1 (61.3%) 
and PC2 (38.7%) while GGE analysis also gave significantly different scores for 
PC1 and PC2 as 86.8 and 13.2% respectively. The genotype G1 had low PC1 
scores (1.59) as compared to G2 and G3 and thus it was identified as most stable 
genotype.  The environment (E3) and (E4) were highly correlated to each and 
(E6), (E8) were discriminatory environments for all tested genotypes. 

Keywords: AAMI biplot, GGE interaction, Sorghum bicolor, problematic soil, 
Principal components.
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Introduction
Climate change poses severe threats at global level which extensively disturbs the 
developing countries as they face countless vulnerabilities with lesser capacity to mitigate 
the negative impacts. Pakistan is amongst the developing countries and like most of them, 
its economics solely depends upon the agriculture sector. Hence, the farming sector 
of Pakistan is under the risk of current climate crisis. The country faces risky events of 
fluctuating precipitation, floods, dry spells and temperature convection which affects water 
and land resources negatively (Kurukulasuriya, et al., 2006; Mendelsohn, 2014). Hence, 
eventually Pakistan is at threat of food insecurity and water shortage (Ali et al., 2017; Anum 
et al., 2021). The continuous alteration in environmental conditions, the areas which are 
water scared will ultimately become drier and hotter. Runoff patterns are also unpredictable 
owing to uncertain changes in rainfall intensity and pattern.  Such circumstances create 
obstacle in development and maintenance of soil aggregates, disturbs soil physical and 
chemical properties, alters water infiltration rates and influences soil compaction, aeration 
and erodibility. One of the most deteriorating consequences can be soil salinization which 
threatens the present cultivars of various crops of significant importance (Imran, 2018). 
Sorghum (Sorghum bicolor L. Moench) is amongst with the economically distinctive cereal 
crop with high grain production rates (Iqbal et al., 2010). In Pakistan, sorghum is cultivated 
both as fodder and grain crop and ensures the sustainability of agricultural community. 
Being grown as a kharif crop (Habib, & Tahir, 2013), the phenolic profile of sorghum 
is exceptionally unique, abundant and diverse than other cereal grains. The phenolic 
compounds in sorghum plant comprised of phenolic acids, 3-deoxyanthocyanidins, and 
condensed tannins (Xiong et al., 2019).

It is crucial to develop sorghum genotypes which are high yielding and stable, therefore, they 
can be adapted to a wide range of locations. The success of any variety/hybrid is anticipated 
by its growth and development stability under the varying environmental conditions and 
its inherent yielding capacity. The desired hybrid is the one which can adapt to broad 
growth conditions with above and below variance in a given area of production.    Hence, 
it is required to identify the varieties which have high yield potential under constructive 
environment as well as during the stress conditions (Al-Naggar et al., 2018).

The Additive Main effects and Multiplicative Interaction (AMMI) is a model that analyze 
the multi environmental yield trials. It helps in understanding the complex relationship 
between the varied environments and performance of genotypes throughout to appraise 
and envisage the accuracy of genotypic performance (Gauch, 2013). The genotype and 
environment interaction, commonly known as GGE is described as the ranking of different 
genotypes under various environmental conditions (Sayar et al., 2013). These anaylsis are 
performed for the improvement in selection criteria for genotypes, their relative ranking and 
provides insight to the superiority of a given variety (Mumtaz et al., 2019). The genotype 
main effects+genotype x environment interactions (GGE) are a type of statistical analysis 
that is commonly used by breeders and effective method based on principal component 
analysis for exploring multi environment trials (Yan et al., 2008). However, GXE is defined 
as the interaction between the two factors i.e., genotypes and environment. GxE deals 
with their interaction only. The GxE is influential on grain yield (Admas & Tesfaye, 2017; 
Adugna, 2007; Nida et al., 2016),  nutritional quality and nutritive contents of a crop  (Beta 
& Corke, 2001; Wirnas et al., 2015). It also impacts the physiochemical properties and total 
soluble solids in sorghum (Palé et al., 2010; De Souza et al., 2013). Hence, this study   is 
carried out to evaluate the yield ability and adaptability of three locally developed sorghum 
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genotypes grown in eight different environmental conditions. The objective of this research 
is to analyse the grain yield of sorghum under AMMI and GxE Models for identification and 
further quantification of suitable and sustainable sorghum varieties as well as identification 
of most stable environments considering the appraised varieties.

Material and Methods: 
Experimental site:
An experiment was carried out at Regional Agricultural Research Institute, Bahawalpur, 
Pakistan, during 2019 and 2020. The study site is located at 29.3544° N, 71.6911° E and 
214 m above sea level. It experiences an average annual temperature of 26.1̊C with an 
annual rainfall of 223 mm.
 
Treatments and Experimental design
Three sorghum lines/varieties viz S-14, S-22 and jowar-86 were tested in this experiment.  
Further two experimental sites were selected at the farm area of Research station. The soil 
of one site was problematic in nature with more salt contents while the soil of second site 
had normal characteristics. Both sites were distinguishable on the basis of salt contents 
and named as saline soil and normal soil respectively. The results of the soil analysis done 
prior to the crop sowing are depicted in the Table 1. 

Table 1. Soil analysis of both sites prior to crop sowing 

  Soil used in
 experiment

 Depth
(inches)

EC
dS m-1 pH

OM
(%)

 Available K
(ppm)

 Available P
(ppm)

Textures

Normal soil  
0-6 3.2 8.3 0.59 116 7.8 Loam

6-12 2.9 8.2 0.54 110 7.4 Loam

Saline soil 
0-6 4.1 8.4 0.58 110 7.7 Loam

6-12 3.7 8.2 0.54 108 7.4 loam

The sowing was done at four different sowing dates thus, a total of three interactive factors 
were made (four sowing dates, two soil conditions and three varieties).  Altogether, eight 
contrasting environmental conditions were made viz. E1 (25 June-saline soil), E2 (25 
June-normal soil), E3 (5 July-saline soil), E4 (5 July-normal soil), E5 (15 July-saline soil), 
E6 (15 July-normal soil), E7 (25 July-saline) and E8 (25 July-normal soil). As the average 
weather conditions were different for each sowing dates hence, they were distinguished as 
environment.  The meteorological details during the duration of study were noted regularly 
and are presented in Figures 1 (a) and (b). The trial was arranged in split plot design. 
The main plots comprehended soil types whereas, sub plots comprised of varieties. Each 
sowing date was sown in the similar design.  The plot size was maintained as 3x7 m and 
the experiment was replicated three times. All the cultural and crop production practices 
were kept constant for each treatment and sowing was done according to the prescribed 
schedule for both years.
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Figure 1. Weather data during the year (a) 2019 and (b) 2020.

Additive mean effect and multiplicative interaction (AMMI) model

The stability analysis was carried out by subjecting the data to statistical software Pb tools. 
AMMI stability method was used which is described by Zobel et al (1988) is as follows:

 

where Yij is the mean response of genotype i in environment j; µ is the overall mean; gi is 
the fixed effect of genotype i (i = 1, 2, . . . g); ej is the fixed effect of environment j (j = 1, 2, 
. . . e); εij is the average experimental error; G × E interaction is represented by the factors; 
λk is a unique value of the kth interaction principal component axis (IPCA), (k = 1, 2, . . . p, 
where p is the maximum number of estimable main components), αik is a singular value 
for the ith genotype in the kth IPCA, yjk is a unique value of the jth environment in the kth 
IPCA; rij is the error for G × E interaction.
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𝑌𝑌𝑌𝑌𝑌𝑌 = 𝜇𝜇 + 𝑔𝑔𝑌𝑌 +  𝑒𝑒𝑗𝑗+ ∑ 𝜆𝜆𝜆𝜆  
𝑛𝑛

𝑘𝑘=𝑛𝑛
𝛼𝛼𝑌𝑌𝜆𝜆yjk + 𝑟𝑟𝑌𝑌𝑌𝑌 + ɛij 
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Results and Discussion
Effect of environment on yield of sorghum
The results of this experiment reveal that soil condition is critical for determining the 
final yield of a crop. During both years, saline soil significantly reduced the overall grain 
yield. Similarly, the tested genotypes showed significantly different results with respect to 
sowing time. The genotype S14, produced maximum grain yield 1753 kg ha-1 in normal 
soil conditions whereas the minimum grain yield as 1072 kg ha-1 was obtained in Jowar-86 
in saline soil conditions. As far as the sowing time is concerned, all genotypes performed 
significantly different in terms of yield. For both soil conditions the best sowing date was 5 
July. The grain yield results are depicted in Table 2 (a, b).

Table 2 (a). Grain yield kg ha-1 (2020)

Saline soil  Normal soil

Varieties/ Genotype  Varieties/ Genotype

 Sowing dates/
environment

 V1
(S14)

 V2
(S22)

 Jowar-86 Mean V1 (s14) V2 (s22)  V3 (jowar 86) Mean

SD1 1138 1014 968 1040 B 1560 1061 911 1177.4 B

SD2 1419 1376 1194 1329 A 1806 1590 1393 1596.3 A

SD3 1137 1084 1022 1081 B 1491 1338 1130 1319.6 A

SD4 845 784 922 850 C 1153 852 1008 1004.3 B

Means 1134 A 1064 B 1026.5 B 1502.5 A 1210.2 B 1110.5 C

LSD for sowing date= 226
LSD for varieties= 234

LSD for sowing date= 266
LSD for varieties =111

 

Table 2 (b). Grain yield kg ha-1 (2019)

Saline soil  Normal soil

Sowing dates/
Environments

 Varieties/Genotypes Varieties/genotypes

 Sowing dates V1
(S14)

V2
(S22)

V3
 (Jowar-86)

Means V1 (s14) V2 (s22)  V3 (jowar 86) Means

SD1 1637 1014 968 1207 B 1660 1061 968 1230 B

SD2 1799 1476 1314 1530 A 2006 1799 1591 1799 A

SD3 1337 1222 1084 1214 B 1891 1637 1130 1553 A

SD4 1245 784 922 984 C 1453 853 1107 1138 B

Mean 1505 A 1124 B 1072 B  1753
A

 1337
B

1199 C

LSD for varieties= 234
LSD for sowing dates =226

LSD for varieties= 111
LSD for sowing dates=226

GE Analysis by AMMI model

The yield data was subjected to Stability analysis. The data was partitioned into three 
Principal components. The subsequent ANOVA produced through AMMI and GGE PCAs 
is presented in Table 3. The AMMI analysis shows the total variations occurs, in the form 
of PC1 and PC2 as 61.3% and 38.7% of total variation respectively. Subsequently, biplots 
were generated as AMMI1 in which IPCA1 and additive main effects were plotted against 
each other and AMMi2 in which IPCA1 and IPCA2 were plotted against each other. They 
illustrate the environment and genotype effects simultaneously (Figure 2 a, b) 
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Table 3. ANOVA for principal components AMMI and GGE analysis for grain yield kg ha-1

AMMI ANALYSIS
  percent    acum    Df   Sum.Sq       Mean.Sq  F.value Pr.F

PC1   61.3   61.3 8 368808.3 46101.04     4.325429e+18 0

PC2 38.7   100.0 6 232875.5 38812.58     3.641590e+18 0

PC3 0.0   100.0   4      0.0 0.00     0.000000e+00 1

GGE ANALYSIS
PC1   86.8   86.8 8 2423207.9 302901.0     2.841968e+19 0

PC2 13.2   100.0 6   367682.4 61280.4     5.749633e+18 0

PC3 0.0   100.0 4       0.0 0.0     0.000000e+00 1

Figure 2 (a). AMMI biplot1 is produced when PC1 is computed with the yield kg ha

Figure 2 (b). AMMI2 biplot2 is produced when PC1 is computed with the PC2 scores 
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zn AMMI2 biplot, the IPCA1 and IPCA2 scores of genotypes and environments (Table 4) 
were plotted against each other and depicted easy visualization of differences in interaction 
(Figure 1b). The AMMI2 biplot graph showed that E3 was the most favourable and ideal 
environment for the sorghum genotypes followed by E4. Whereas E7, E2, E1 were the 
average environments.  However, E6 and E5 were found to be environments for the tested 
set of genotypes. Our results also showed that E5, E6 and E8 were located far away from 
the origin thus identified as discriminatory. Among the studied genotypes G1, G3 and G2 
had low to high values of IPCA1 (Table 4) and similar results were reported previously 
regarding the stability of genotypes about low values (Mohammadi et al. 2013, Erol et al. 
2018). The three tested genotypes were located far away from the origin hence it was 
difficult to draw conclusion graphically, however, the IPCA1 values identified G1 as the 
most stable one among the tested environments.   

Table 4.  IPCA 1, IPCA2 scores and environment means of grain yield over 8 environments 
and 3 genotypes 

Level Yield kg ha-1 PC1 PC2 PC3

G1 1629.08333333333 1.59876068160796 15.0151723536212 1.53993548484517e-07

G2 1231.18333333333 -15.386857562374 -6.2733597155497 1.53993548484516e-07

G3 1136.03333333333 13.7880968807661 -8.74181263807149 1.53993548484516e-07

E1 1207.15555555556 2.41116041050634 8.64056521814003 -1.75198519024641e-07

E2 1230.22222222222 0.844013585019949 8.80742928522417 1.35461835272035e-07

E3 1530.08888888889 -2.40842780871853 -1.59982995675428 6.87032660287405e-10

E4 1799.2 -4.31908745535113 -5.49298697256716 -7.09655675275532e-08

E5 1214.84444444444 -2.44069734619776 -11.3258120621767 -2.49592666739913e-08

E6 1553.15555555556 -13.7755770760765 4.21917426463576 -7.91888230341182e-08

E7 984.177777777778 7.73508745429941 -3.1919490281632 6.96601965620599e-09

E8 1137.95555555556 11.9535282365183 -0.0565907483386272 -1.00591575870929e-07

IPCA=interaction principal component

To understand the capacity for adaptation of different G × E and environments compared; 
we ranked the    eight environments on the basis of grain yield. The relationship between 
the environments is determined by the angles present between   their   vectors. Also, 
the correlation among the environments can   be predicted from the cosine of the angles 
between   the vectors (Yan and Tinker, 2006). For grain yield, E1S1 and E2S2 were   highly   
correlated, and the results are depicted in Figure 3. Genotypes or the environments located 
at the right-hand side of the midpoint of the axis (IPCA1) represents higher yields as 
compared to those which are present on the left-hand side (Ngeve, & Bouwkamp, 1993). 
In our study, genotype G1 (Figure 4) was generally high yielding as it was placed on right-
hand side of midpoint of IPC1 axis (representing grand mean). Genotypes 2 and 3 were 
present into sectors that does not contain any location. This indicates that these genotypes 
are poorly adapted to all environments tested. However, all the locations which exists in 
one sector with the best-performing genotype can be considered as mega environment for 
that genotype (Gebre, & Mohammed, 2015). 
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Figure 3. Environmental evaluation

Figure 4. What-won-where biplot

Furthermore, GGE analysis identifies the best Genotype in each environment and 
assesses the stability of genotype. One of the most imperative and attractive feature of 
GGE is its which-won-where plots which shows crossover GGE interaction, differentiates 
mega environments and specifies genotype adaptability (Rakshit et al. 2014, Erol et al. 
2018). Yan and Tinker (2006) also states that it is important to study any crop in multi 
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environment to know its mega environment. Our results showed strong correlation 
amongst the environments present in the same sector. Erol et al (2018) affirmed a resilient 
environmental influence and mega environment presence by virtue of variations observed 
in genotype performance and sector wise categorization.  As, GGE biplots are helpful in 
environment assessment since it shows discriminating ability of environments and provides 
representative of GGE view, hence Yan et al (2007) and Aktas (2016) stated that GGE is 
advantageous over AMMI biplot analysis.  The ANOVA revealed a significant difference 
between genotypes, environment as well as their interaction. It indicates that the tested 
varieties performed differently at each site. It is anticipated that difference in soil type and 
chemical properties, the varied temperature and rainfall occuring during the specific crop 
period is responsible for the difference. Ideal cultivars and environments are those which 
have large PC1 scores (high mean yield) and small PC2 scores (high stability) (Frashadfar, 
Safari, & Jamshidi, 2012). A variation was found in genotype performance under the test 
environments hence contributed in high GEI variability. The similar results were reported 
previously which stated that GEI reduce the efficacy pose by genotypes by confounding to 
their yield potential, hence it is important to evaluate the genotypes and multi environments 
for testing the genotypes.
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 الاستقرار الوراثي والبيئي لأنواع الذرة الرفيعة المختلفة/السلالات واعدة تحت
الظروف البيئية المختلفة

المُـسـتخَـلصَ  
 Sorghum bicolor L. Moench  ــاً بـــ ــرف علمي ــذي يعُ ــر الســرغوم وال ــدف: يعتب اله
محصــول هــام يســاهم بشــكل كبيــر فــي تلبيــة احتياجــات الغــذاء والوقــود فــي جميــع أنحــاء 
ــر  ــدث تغيي ــة ، ح ــرة الأرضي ــى الك ــرارة عل ــة الح ــتمر لدرج ــر المس ــراً للتغي ــم، ونظ العال
درجــات الحــرارة وتغيــر المنــاخ فــي أماكــن كثيــرة، ويحتــاج هــذا النبــات إلــى البحــث عــن 
ــي  ــاهم ف ــكل أفضــل، ويس ــدة بش ــة الجدي ــع البيئ ــم م ــتطيع تلائ ــي تس ــدة، والت ــة الجدي الجيني
الارتفــاع فــي الجــودة والمحصــول النهائــي لهــذا النبــات،  ويحتــاج هــذا الأمــر إلــى التغييــر 
ــي  ــة الأداء الزراع ــاملة لمعرف ــة ش ــراء دراس ــد إج ــم عق ــد ت ــي ، وق ــب الوراث ــي التركي ف
واســتقرار النمــط الجينــي لســرغوم )الــذرة الرفيعــة( المنتجــة فــي ظــل الظــروف الإيكولوجية 

ــم البنجــاب فــي باكســتان. ــة فــي منطقــة بهاولبــور، الواقعــة بإقلي الزراعي

الأســلوب: تــم تقييــم ثــلاث ســلالات ســرغوم أي جــي-1 )ايــس-14(، جــي-2 )ايــس-22) 
ــن مــن  ــن موقعي ــات تشــكلت مــن خــلال الجمــع بي ــي بيئ وجــي-3 )جــوار-86( تحــت ثمان
ظــروف التربــة المختلفــة )التربــة المالحــة والعاديــة( وزُرعــت فــي أربعــة مواعيــد الزراعــة 
المختلفــة لتحديــد أداء المحصــول. عــلاوة علــى ذلــك، تــم إجــراء تحليــل AMMI وتفاعــلات 

GGE مــن أجــل تحديــد الاصنــاف الأكثــر اســتقرارًا للبيئــة شــبه القاحلــة.

محصــول  علــى  كبيــر  بشــكل  تؤثــر  التربــة  ظــروف  أن  النتائــج  أوضحــت  النتيجــة: 
حبــوب الســرغوم )الــذرة الرفيعــة(. تــم الحصــول علــى إنتاجيــة مرتفعــة فــي أي-4 
(1799كيلوغرامــات للهكتــار( تحــت ظــروف التربــة العاديــة وتــم تحديــد الســلالة الأفضــل 
أداءً هــو جــي-1. وكذلــك فــي ظــل الظــروف الملوحــة / الإشــكالية، أعطــى أي-3 إنتاجيــة 
متوســطة 1530 كيلوغرامــات للهكتــار بينمــا أعطــى الســلالة جــي-1 إنتاجيــة 1505 
كيلوغرامــات للهكتــار. فيمــا يتعلــق بتحليــل AMMI وGGE، تــم الحصــول علــى القيمــة 
الكبيــرة لدرجــات PCAs مثــل PC1 (%16.3( و %38.7) PC2( بينمــا أعطــى تحليــل 
GGE أيضًــا درجــات مختلفــة بشــكل كبيــر لــكل مــن PC1 و PC2 حيــث بلغتــا 86.8 و 
 (PC1 (1.59 13.2% علــى التوالــي. كان للنمــط الجينــي جــي-1 درجــات منخفضــة مــن
ــتقرارًا.  ــر اس ــي الأكث ــط الجين ــده كالنم ــم تحدي ــي ت ــي-3 وبالتال ــي-2 وج ــع ج ــة م بالمقارن
كانــت البيئــة )أي-3( و)أي-4( مترابطــة إلــى حــد كبيــر مــع كل منهــا، و)أي-6( و)أي-8) 

ــرة.   ــة مختب ــكل أنمــاط جيني ــة ل ــات تمييزي ــت بيئ كان

وجيهــة انــم1، ســميرة ياســمين2، لياقــت علــي1، عميــرة ريــاض3*، عابــد علــي1، رانــا امتيــاز1، عمــران 
اختــر1، ناديــة منظــور1، اســد الرحمــن1، نعيــم أرشــد مــان1، أرشــد حســين4
1 معهد إقليمي للبحث الزراعي، بهاولبور، قسم الزراعة، حكومة بنجاب، باكستان

2 قسم علوم الحياة، جامعة خواجه فريد للهندسة والمعلومات التكنولوجيا، رحيم يار خان، باكستان

3 مختبر البحث لاختبار التربة والمياه بهاولبور قسم الزراعة حكومة بنجاب باكستان

4 محطة البحوث الزراعية بهاولبور قسم الزراعة حكومة بنجاب باكستان
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ــة النتائــج المهمــة بشــكل كبيــر  الخاتمــة: يمكــن أن يوفــر اســتقرار النمــط الجينــي عبــر بيئــات مختلف
التــي تســاعد المربيــن علــى تحديــد المــادة الوراثيــة الأكثــر ملاءمــة وقابليــة للتكيــف مــع مناطــق معينــة.

مفاتيــح الكلمــات: AAMI biplot، تفاعــلات GGE، الــذرة الرفيعــة، التربــة ذات المشــاكل، 
المكونــات الرئيســية.


