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Abstract: Introducing sorghum (Sorghum bicolor L. Moench) genotypes into new environments
is necessary for expanding the production of food and fuel, but these efforts are complicated by
significant genotype × environment interactions that can reduce their effectiveness. This study set
out to thoroughly analyze genotype × environment interactions and assess trade-offs between the
agronomic performance and the stability of grain and biomass yields of ten contrasting genotypes
under Sudano-Sahelian conditions. Experiments were carried out in a randomized complete block
design with four replicates. They were conducted from 2013 to 2016 in Bambey, Sinthiou Malem
and Nioro du Rip in Senegal. The joint analysis of variance revealed a highly significant effect
(p < 0.0001) of genotypes (G), environments (E) and G × E interaction. Most genotypes showed
specific adaptations. The best grain yields were obtained by the Nieleni and Fadda hybrids, while the
improved varieties IS15401 and SK5912 were best for biomass production. An Additive Main effect
and Multiplicative Interaction (AMMI) analysis showed that good grain yields were associated with
environments having good soil fertility and good rainfall, while biomass yields were more influenced
by the sowing date and rainfall. Similarly, we were able to confirm for our 10 sorghum genotypes
that yield stability was generally associated with low performance, except for the Nieleni and Fadda
hybrids, which performed well for grain and biomass production regardless of the environment.
The Senegalese control genotype, 621B, showed particular susceptibility to growing conditions (soil),
but remained very productive (more than 3 tons per hectare) under good agro-pedological conditions.
These results lead us to recommend the Fadda and Nieleni hybrids for the entire study region,
while 621B can also be recommended, but only for highly specific environments with good soils.
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1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is one of the main cereals grown in arid and semi-arid
tropical regions [1]. Sorghum is well-adapted to warm regions and, given its plasticity, is able to grow
in both temperate and tropical regions. With a global production of about 68.9 million tons in 2015,
from around 49.9 million hectares, sorghum ranks fifth in cereal production after maize, wheat, rice and
barley [2]. It is mainly used for animal feed in most developed countries, but in Africa and India it is a
staple food for millions of people [3]. In addition, sorghum is one of the most important crops that can
be used for bioethanol production [4]. In Senegal, after pearl millet and maize, sorghum is the third
most important dryland cereal crop, with an estimated total area of more than 221,329 ha for a national
production of 225,865 tons and a mean yield of 1,020 kg ha−1 [5]. Sorghum production is essential for
subsistence agriculture [6]. However, its production comes up against several constraints that lead
to low yields, such as irregularities in rainfall distribution exacerbated by climate change, low soil
fertility and sandy soils, and various crop diseases and pests [7].

Food security initiatives in Senegal include introducing new sorghum genotypes adapted to
different soil and climate environments. However, when genotypes are evaluated for recommendation,
a common problem arises: the high variability of their productivity from year to year and from
environment to environment. Such variability creates difficulty in determining which genotypes
can be recommended, so it deserves careful consideration. The different responses of a genotype in
different environments are known as genotype × environment interaction (G × E). Understanding
G × E interaction will help to (1) identify genotypes with a stable performance in fairly diverse growing
conditions, and (2) match specific genotypes to specific environments [8].

Several statistical methods have been developed to characterize the effect of G × E interactions
of genotypes and to predict phenotypic responses to environmental changes. However, statistical
methods for characterizing stability are generally not able to provide an accurate and complete response
model for this interaction [9], as the genotypic response to environmental variation is multivariate,
while most stability indices have a univariate response [10]. Other methods have therefore been
developed to explore G × E interaction models. Of these, the AMMI is a robust multivariate method
for multi-environmental trials [11]. The additive main effect and multiplicative interaction (AMMI)
method combines an analysis of variance (ANOVA) and a principal component analysis (PCA) in a
unified approach that can be used to analyze multi-location trials [12–14]. The ANOVA studies the main
effects of genotypes and environments and the principal component analysis (PCA) then focuses on the
non-additive part of the model representing interaction (G × E). AMMI provides the G × E interaction
sum of squares with a minimum number of degrees of freedom. In addition, AMMI concurrently
quantifies the contribution of each genotype and environment to G × E interaction, and provides
an easy graphical interpretation of the results using a biplot technique to classify genotypes and
environments together [12,15]. This technique can therefore be used to identify productive genotypes
with wide adaptability and mega-environments, and to delimit environments in which genotypes have
specific adaptability [14–16].

The objective of this study was to: (1) analyze the genotype× environment interactions, adaptability
and stability of 10 sorghum genotypes in several environments in Senegal using the AMMI method,
and (2) identify genotypes that performed well in terms of grain and/or biomass yield (i.e., dual-purpose:
food and feed).
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2. Materials and Methods

2.1. Study Sites

The experiments were conducted during the rainy seasons in 2013, 2014, 2015 and 2016 at three
locations in Senegal: the research stations in Sinthiou Malem (in 2013, 2014, 2015 and 2016), Bambey (in
2013) and Nioro du Rip (in 2015). The characteristics of the different sites are given in Table 1. Figure 1
shows the rainfall and temperature in the three locations over the trial period. Bambey is subject to
a typical Sahelian climate characterized by a long 8 to 9-month dry season and a 3 to 4-month rainy
season. Rainfall varies greatly from one year to another. The dominant soils are sandy with a very
low water retention capacity of 80 to 100 mm m−1 [17–19]. The Nioro du Rip and Sinthiou Malem
stations are located at the interface between the Sahel and Sudanese zones. They benefit from a 4 to
5-month rainy season that is wetter than in Bambey. They are also characterized by strong inter-annual
variability. The soils remain predominantly sandy but have slightly higher clay and silt contents, with
a water retention capacity ranging from 90 to 120 mm.m−1 [20–22].

2.2. Plant Material

The plant material consisted of ten genotypes from various regions of West and Central Africa,
each of which was known to perform well in its area of origin. They were selected to make up a
contrasting sample in terms of crop cycle duration (each adapted to its target region), morphology
(height, stem diameter in particular), structural characteristics (lignin, cellulose), and grain and biomass
production. The characteristics of these ten genotypes are presented in Table 2.
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Table 1. Main characteristics of the different trial sites.

Environment Zone Code Coordinates Alt (m) Soil Type * SAN
(%) CS (%) N (%) OM

(%)
Rain
(mm)

R0–30
(mm)

R30–60
(mm)

R60–90
(mm)

R90–120
(mm)

Tmin
(◦C)

Tmax
(◦C) Healthy ** Sowing

Date Previo-uscrop

Sowing 1/2013 BBY B13D1 14◦42′N
16◦29′W

20 Sandy 94.2 6.6 0.15 3.1 644 180 352 110 3 23 33.9 2 07/17/2013 Fallow
Sowing 2/2013 BBY B13D2 Sandy 94.2 6.6 0.15 3.1 566 253 256 56 1 22.8 33.9 3 07/31/2013 Fallow

Sowing 1/2013 SIN S13D1

13◦49′N
13◦55′W

23 Sandy-silty 89.4 11.6 0.21 4.3 575 146 365 59 6 21.4 35.3 5 07/25/2013 Fallow
Sowing 2/2013 SIN S13D2 Sandy-silty 89.4 11.6 0.21 4.3 536 183 306 46 1 21.2 35.4 5 08/06/2013 Fallow
Sowing 1/2014 SIN S14D1 Sandy 91.2 10.2 0.17 5.7 488 158 213 88 31 22.2 35.7 4 07/17/2014 Peanut
Sowing 2/2014 SIN S14D2 Sandy 90.9 9.7 0.17 4.5 377 190 156 31 1 22.1 35.6 5 08/06/2014 Peanut
Sowing 1/2015 SIN S15D1 Sandy 93.7 6.3 0.32 3.5 505 52 259 153 43 21.8 34.7 2 07/09/2015 Peanut
Sowing 2/2015 SIN S15D2 Sandy 93.2 6.8 0.33 3.8 455 259 155 44 2 21.2 34.9 4 08/08/2015 Peanut
Sowing 1/2016 SIN S16D1 Sandy-silty 84.1 15.9 0.55 10.6 447 230 155 24 38 22.5 35.6 5 07/25/2016 Fallow

Sowing 1/2015 NIO N15D1 13◦45′N
15◦45′W

45 Sandy 92.4 7.6 0.31 3.5 943 196 361 261 126 20.6 33.8 3 07/16/2015 Cowpea
Sowing 2/2015 NIO N15D2 Sandy-silty 87.0 13.0 0.43 6.1 747 329 273 145 0 19.7 33.8 4 08/13/2015 Fallow

BBY = Bambey, SIN = Sinthiou Malem, NIO=Nioro du Rip, Alt = Altitude, SAN = Sand, CS = Clay + Silt. * Classification according to the USDA method based on average data over the
0–30 cm horizon; R0–30 = total rainfall between 0 and 30 days after sowing, R30-60 total rainfall between 30 and 60 days after sowing, R60–90 = total rainfall between 60 and 90 days after
sowing, R90–120 = total rainfall between 90 and 120 days after sowing, ** = score given to a given environment according to disease level: the favorable situation takes the score 5 (absence of
disease) and the unfavorable situation the score 1 (strong presence of disease). Rain = total rainfall during the trial.

Table 2. Main characteristics of the ten genotypes studied.

Genotype Code Type Photoperiod-Sensitivity Cycle
Duration Isohyets Purpose Plant Height Yield

Potential Panicle Shape Others Origin

Fadda G1 Guinea (Hybride) Moderate 110 days 700–1000 mm Grain–biomass 2–3 m 4.5 t/ha Semi–loose Tolerant: mold, anthracnose Mali, IER/ICRISAT selection,
pedigree 02–SB–F5DT–12A xLata.

Nieleni G2 Caudatum (Hybride) Low 100 days 700–800 mm Grain 3 m 4 t/ha Semi–compact Tolerant: mold, anthracnose Mali, IER/ICRISAT selection
IS15401 G3 Guinea High 120 days 900–1200 mm Biomass 4–4.5 m 2 t/ha Semi–compact Resistant: mold, striga and midges Cameroon, IER/ICRISAT selection

Pablo G4 Guinea (Hybride) Moderate 110 days 700–1000 mm Biomass 4 m 4 t/ha Loose Tolerant: mold, anthracnose Mali, IER/ICRISAT selection,
pedigree FambeA x Lata.

CSM63E G5 Guinea Low 90 days 600–1000 mm Grain 4 m 2 t/ha Loose Tolerant: diseases and insects Mali, traditional variety
SK5912 G6 Caudatum High 110 days 700–900 mm Biomass 2 m 2.5–3.5 t/ha Semi–compact Tolerant: mold, anthracnose Nigeria
Grinkan G7 Caudatum No 110 days 500–800 mm Grain–biomass 1.2 m 4 t/ha Semi–compact Resistant: midges, insects Mali, ICRISAT selection
Soumba G8 Caudatum Low 100 days 600–1000 mm Grain–biomass 2.5 m 2.5 t/ha Semi–compact Tolerant: diseases and, insects, striga Mali

621B G9 Caudatum No 90 days 600–900 mm Grain 1.75 m 2.5–3 t/ha Semi–compact Mold resistant Senegal, ISRA selection, pedigree
CE 151–262 xSarvato–1

F2–20 G10 Caudatum Low 110 days 600–900 mm Grain 2.1m 3– 5.3 t/ha Semi–compact Resistant: mold, striga Senegal, ISRA selection, pedigree
(MN1056 × 68–20) x 7410–195–1
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2.3. Trial Management

Tillage at each site consisted of cross plowing with discs (depth about 25 cm) followed by
harrowing. The seeds were treated with Granox (a combination of captafol-benomyl and carbofuran).
Sowing was always carried out after a good rain event (Table 1). Crops were sown in hills with 5-6 seeds
per hole, with 0.80 m spacing between rows and 0.20 m spacing between the hills along each row
(i.e., planting density of 62,500 hills ha−1). Around 15 days after emergence, the plots were thinned to
one plant per hill. Mineral fertilizers were applied according to the research institute recommendation
in Senegal: 150 kg ha−1 of N-P-K (15-10-10) at sowing or emergence, and 100 kg ha−1 urea applied
twice, 50 kg ha−1 just after thinning and 50 kg ha−1 during vegetative growth. Weeding, pesticide and
insecticide treatments (Decis and Dimethoate), and protection against birds, were provided as required
to minimize the impact on crop growth and grain loss. Anti-erosion bunds were installed around the
trials to limit runoff.

2.4. Experimental Design and Data Collection

All the trials were laid out in the same Randomized Complete Blocks design with four replicates
(randomization was different from one trial to another), each containing the ten genotypes. This gave
a total of 40 plots per trial. Each plot consisted of 7 rows of 40 hills, occupying an area of 44.8 m2

(5.6 m × 8 m). At physiological maturity, plants were sampled from a well delimited 3.36 m2 (3 rows
× 7 hills) sub–plot to assess biomass (leaves and stems) and grain yields. Biomass dry weight was
determined after air–drying in a greenhouse, followed by 48 h in an oven at 65 ◦C, and grain dry
weight after panicle threshing. Grain and dry biomass yields were calculated in kg ha−1.

2.5. Data Analysis

An initial analysis of variance was performed for each environment – defined in this study as an
experimental situation, i.e., a site–year–seedling–date combination (11 in total), to verify the existence
of differences between genotypes. Subsequently, a combined analysis of variance was conducted,
considering the effect of the genotype and the environment as fixed, according to the following
statistical model:

Yi jk = µ+ Gi + E j + Bk
(
E j

)
+ (GE)i j + εi jk (1)

where Yijk represents the ith genotype in the jth environment and the kth block; µ is the overall mean;
Bk (Ej) corresponds to the block within the jth environment and in the kth block; Gi is the effect of the
ith genotype; Ej is the effect of the jth environment; (GE)ij is the effect of interaction of the ith genotype
with the jth environment; and εijk is the effect of experimental error. The homogeneity between residual
variances was tested using Bartlett’s test [23].

Lastly, adaptability and phenotypic stability analyses were performed by the AMMI method as
described in Zobel et al. [12] using the following statistical model:

Yi j = µ+ gi + e j +
n∑

k=n

λk αiky jk + ri j + εi j (2)

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.

The sum of squares for G × E interaction was divided into n singular axes or main components of
interaction (IPCA), which described the standard portion (ANOVA), with each axis corresponding
to an AMMI model. Generally, when G × E interactions are significant, AMMI models with one or
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two main axes (AMMI1 and AMMI2 models respectively) are the most commonly used because of
their simplicity in biplot graph representations. Biplot graph interpretation is based on the variation of
the additive main effects (genotype and environment) and the multiplier effect of G × E interaction.
According to Zobel et al. [12], for the AMMI2 graph, genotypes that have low scores on IPCA1 (first
interaction principal component axis) or IPCA2 (second interaction principal component axis) or both,
contribute little to the interaction. This indicates a general adaptation. On the other hand, those with
high scores, be it positive or negative, have strong interactions and are specifically adapted to the
environment that has the same sign score.

To identify genotypes showing the best trade–offs between grain and biomass yield (dual–purpose
potential), genotype performance was compared to the overall mean in a scatterplot via the IPO index
described below:

IPO =
Yi j −Y

Y
(3)

where IPO = potential index of a given genotype i for grain (or biomass) yield for a given environment
j; Yij = grain (or biomass) yield of a given genotype i for a given environment j; Y = Overall mean
grain (or biomass) yield (all environments and genotypes included). Thus, for a given environment
j, a positive IPO (IPO > 0) of a genotype i for grain or biomass yield indicates the good potential of
this genotype i for this environment j. Conversely if the IPO of a genotype i is negative for grain or
biomass yield, it indicates poor potential for grain or biomass, respectively. Positive (or negative) IPO
values for a given genotype i for both grain and biomass yield will therefore indicate good (or poor)
dual–purpose potential. Principal component analysis (PCA) associated with a Hierarchical clustering
analysis were performed for the characterization of the study environments. All statistical analyses
were performed using R version 3.2 software [24].

3. Results

3.1. Environment Characterization

The environments were characterized by quantitative and qualitative indicators of soil fertility,
rainfall distribution during the growing cycle and the overall presence of diseases (chlorosis and
plant necrosis causing heterogeneity in the field) (Table 1). The values of the indicators for each
environment were summarized through a principal component analysis: this showed that 68.7 % of
the initial information provided was returned (Figure 2). The PC1 axis tends to be correlated to soil
fertility and the presence of diseases and the PC2 axis tends to be correlated to certain rainfall variables.
The environments studied could be classed in six groups according to the two axes, PC1 and PC2:

Group 1: environments characterized by very good soil fertility, an absence of disease and low
overall rainfall, but well distributed. Only S16D1 belonged to this group

Group 2: environments with relatively good soil fertility and almost no disease, and high rainfall.
Only N15D2 belonged to this group

Group 3: characterized by very humid environments throughout the cycle, low soil fertility and
the presence of diseases at a moderate level. Only N15D1 belonged to this group;

Group 4: environments characterized by good total rainfall, an early end of rainfall, relatively good
soil fertility and an absence of disease. This group included environments S13D1, S13D2 and S14D1

Group 5: environments with many constraints: very low soil fertility, high disease occurrence and
low rainfall at the end of the cycle. Environments B13D1, B13D2 and S15D1 belonged to this group

Group 6: this group was characterized by low soil fertility, low rainfall during the cycle, low rainfall
accumulation at the end of the cycle, but a lower disease occurrence compared to group 5. This group
included environments S14D2 and S15D2.
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The environments and indicators are explained in Table 1.

3.2. Effects of Genotypes, Environments and Genotype × Environment Interactions

The results of the combined ANOVA and of the AMMI are presented in Table 3. The genotype,
environment and G × E interaction effects were significant for grain and biomass yields (p < 0.001).
The mean grain yield of the genotypes ranged from 2018 kg ha−1 (Nieleni) to 807 kg ha−1

(SK5912). The genotypes performed differently in all the environments, except Fadda and Nieleni,
which performed relatively better in all environments (Figure 3). Three genotypes had a higher mean
yield than the overall mean (1454 kg ha−1): Nieleni, Fadda and Pablo, with yields of 2018 kg ha−1,
1833 kg ha−1, and 1615 kg ha−1, respectively. The three genotypes with the poorest performance were
F2–20, Grinkan and SK5912, with mean grain yields of 1333 kg ha−1, 1281 kg ha−1 and 807 kg ha−1,

respectively. Mean grain yields across the environments (Table 4) ranged from 530 kg ha−1 (B13D2) to
2313 kg ha−1 (S16D1). Six of the eleven environments exceeded the overall mean: S16D1 (2313 kg ha−1),
N15D2 (1,766 kg ha−1), S13D1 (1714 kg ha−1), S14D1 (1696 kg ha−1), N15D1 (1610 kg ha−1) and S13D2
(1570 kg ha−1).

Table 3. Summary of the combined analysis of variance and decomposition of G × E interaction
according to AMMI.

Source of Variation
Grain (kg ha−1) Biomass (kg ha−1)

DF Mean Square TSS Explained (%) DF Mean Square TSS Explained (%)

Genotype (G) 9 3,990,633 *** 17.9 9 178,164,830 *** 36.7
Environment (E) 10 7,936,033 *** 39.6 10 92,439,498 *** 21.2

Blocks (E) 33 523,880 *** 8.6 33 17,553,265 *** 13.3
Interaction (G × E) 89 759,922 *** 33.8 89 14,146,802 *** 28.8

IPCA1 18 1,371,515 *** 36.6 18 32,487,030 *** 52
IPCA2 16 1,117,060 *** 26.5 16 17,004,129 *** 24.2
IPCA3 14 1,011,953 *** 21 14 10,009,335 * 12.5
IPCA4 12 396,066 7 12 4,671,580 5
1PCA5 10 386,334 5.7 10 3,398,772 3
Error 289 231,846 287 4,711,029

DF = degrees of freedom; ***, * = significant at 0.1%and 5%, respectively; TSS = total sum of squares.
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Figure 3. Mean grain yield (mean of replications) (kg ha−1) of each of the ten genotypes in each of the
eleven environments studied and values of the genotypic, environmental and overall means. (B13D1
= sowing date 1 Bambey, B13D2 = sowing date 2 Bambey, S13D1 = sowing date 1 Sinthiou Malem,
S13D2 = sowing date 2 Sinthiou Malem, S14D1 = sowing date 1 Sinthiou Malem, S14D2 = sowing
date 2 Sinthiou Malem, S14D1= sowing date 1 Sinthiou Malem, S15D2 = sowing date 2 Sinthiou
Malem, S16D1= sowing date 1 Sinthiou Malem, N15D1= sowing date 1 Nioro du Rip, N15D2 = sowing
date 2 Nioro Rip. Figures 13, 14, 15 and 16 correspond to the years 2013, 2014, 2015 and 2016. Gen.
mean = genotypic mean, Env. mean = environmental mean).

Table 4. Mean grain yield (kg ha−1) of ten genotypes grown at eleven environments.

Genotype
Environment

Genotypic Mean
B13D1 B13D2 N15D1 N15D2 S13D1 S13D2 S14D1 S14D2 S15D1 S15D2 S16D1

Fadda 1662 804 2417 1719 2329 1855 1604 2206 1634 2077 1857 1833
Nieleni 2011 972 1122 2824 2445 1742 2626 1326 2049 1871 2946 2018
IS15401 665 554 1431 1310 2182 1608 1297 1008 1524 1958 1883 1402
Pablo 1688 624 1432 1796 2111 1786 1592 1806 1435 1716 1780 1615

CSM63E 1423 346 1791 478 1628 1895 1939 1634 232 1247 2345 1360
SK5912 252 151 2050 1754 992 1071 459 358 477 503 – 807
Grinkan 888 502 1929 1707 1323 1475 1677 441 1171 881 1905 1281
Soumba 931 553 1381 2365 1016 1301 2307 900 1149 1339 2412 1443

621B 1367 491 1342 1503 1566 1665 1810 1064 533 572 3233 1392
F2–20 1223 409 1207 2205 1549 1302 1658 1110 1012 536 2453 1333

Mean 1211 530 1610 1766 1714 1570 1697 1192 1122 1270 2313 1454

With respect to biomass yield, mean yields per genotype ranged from 10,478 kg ha−1 (IS15401)
to 4384 kg ha−1 (621B). The genotypes performed differently in all the environments, except IS15401
and SK5912, which performed relatively better in all the environments (Figure 4). Three out of the ten
genotypes had a higher mean yield than the overall mean (6954 kg ha−1): IS15401, SK5912 and Fadda,
with respective values of 10,364 kg ha−1, 10,115 kg ha−1 and 7995 kg ha−1. Mean yields across the
environments ranged from 9536 kg ha−1 (B13D2) to 4923 kg ha−1 (S15D2). Five environments exceeded
the overall mean: B13D2, S14D1, B13D1, S16D1 and N15D1, with respective yields of 9533 kg ha−1,
9129 kg ha−1, 8055 kg ha−1, 7852 kg ha−1 and 7660 kg ha−1 (Table 5).
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Table 5. Mean biomass yield (kg ha−1) of ten genotypes grown at eleven environments.

Genotype
Environment

Genotypic Mean
B13D1 B13D2 N15D1 N15D2 S13D1 S13D2 S14D1 S14D2 S15D1 S15D2 S16D1

Fadda 11,111 10,546 10,857 6496 7571 5409 10,508 4966 6056 5447 8972 7995
Nieleni 7667 13,322 3990 4004 5617 6473 8141 7277 5895 5360 8509 6784
IS15401 12,315 15,989 5655 10,803 10,611 7151 17,077 8211 5841 6276 14073 10364
Pablo 8137 7198 4712 5855 7109 5775 8728 5982 6822 5431 7460 6655

CSM63E 3643 3051 5376 3134 4926 4529 7650 3842 4129 3591 6460 4576
SK5912 14,806 13,623 11,591 8156 9827 7480 11,870 8783 6867 7332 – 10,115
Grinkan 9675 12,020 9638 3489 6870 4812 8295 5297 4882 4682 7094 6860
Soumba 4756 7497 6669 4483 4034 5109 7196 5718 5991 3290 5820 5459

621B 3581 5955 4969 3003 4300 4889 4258 6829 3308 2888 5413 4379
F2–20 4863 7219 13,140 4061 5261 5791 7568 7602 4833 4931 6870 6558

Mean 8055 9536 7660 5348 6613 5742 9129 6431 5426 4923 7852 6954

The AMMI analysis of variance of ten genotypes tested in eleven environments for grain yield
showed that the main effect of genotypes and environments accounted for 17.9% and 39.6% of the
variation respectively, and the G × E interaction effect amounted to 33.8%. For biomass yield, 36.7%,
21.2% and 28.8% of the total sum of squares were attributed to genotype, environment and G × E
interaction effects, respectively. For the decomposition of the G × E interaction according to the AMMI
model, the analysis showed that the first two main components of the interaction were significant
(Table 4) for both yields. The first two main components explained 60.3% and 76.2% respectively of the
sum of squares for grain and biomass yields (IPCA1 and IPCA2). These results indicated that genotype
and environment scores on the first two main components of the interaction explained almost all of the
interaction that occurred in the data matrix.

3.3. Which Genotype(s) for Which Environment(s)?

The AMMI2 biplot graph for grain yield shows that the S16D1, N15D1 and N15D2 environments
best discriminated against the performance of the different genotypes evaluated because of their high
score. They significantly contributed to interaction (Figure 5). However, the mean yields for these
environments were among the highest, indicating that they were environments that were conducive
to achieving high yields. The main reason for these high yields in these cited environments was the
relatively high soil fertility (S16D1; group 1 in the characterization of environments; see Figure 2),
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or good rainfall associated with relatively good soil fertility (cases of N15D1 and N15D2, belonging to
groups 2 and 3 respectively). Similarly, environments S15D1, S15D2 and S14D2 were discriminating,
but produced the lowest grain yields. They were characterized by low soil fertility, high disease
occurrence (S15D1), and low rainfall at the end of the cycle (S14D2). However, B13D2 contributed
significantly less to interaction and was the main factor contributing to the phenotypic stability of these
genotypes (Figure 5). This environment had one of the lowest mean grain yields because of its high
disease occurrence, low soil fertility and low rainfall at the end of the cycle.
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Due to their position along both axes (scores close to zero), Grinkan and SK5912 were the most
stable genotypes, but with the lowest yield. In contrast, genotypes 621B, Soumba, F2–20, IS15401 and
CSM63E were very unstable due to their values far from the origin of the IPCA axis, with grain yields
lower than the overall mean. Lastly, the Fadda, Nieleni and Pablo genotypes were also found to be
unstable, but displayed high grain yields. Genotypes and environments close to each other in the biplot
had positive associations, indicating specific adaptation. For instance, genotypes 621B and Nieleni
had specific adaptations for the S16D1 and N15D2 environments, respectively. Likewise, S14D1 was
found to be a suitable environment for Soumba and F2–20, S15D2 for genotypes IS15401 and Fadda,
and lastly N15D1 for genotype CSM63E (Figure 5).

For biomass yield, environments B13D1, B13D2, S14D1 and N15D1, all with yields above the overall
mean, contributed significantly to interaction, as indicated by values far from the origin of the IPCA
axis (Figure 6). These environments were characterized by early sowing dates, with relatively good
soil fertility (S14D1) and a very long and well–distributed rainy season (N15D1) conducive to biomass
production (note that late cycle stress in B13D2 did not affect biomass production). Environments
S13D2 and S15D1, very close together on the biplot (Figure 6), influenced genotypes in the same way, all
with biomass yields lower than the overall mean. These environments were characterized by an early
end to the season (S13D2) and low soil fertility, and the presence of disease (S15D1) affecting biomass
production. In contrast, S13D1, S16D1 and N15D2 showed a smaller contribution to G × E interaction.
These environments were the main contributors to the phenotypic stability of the genotypes (Figure 6).
In addition, these environments recorded distinct levels of performance: above the overall mean
for S16D1, close to the overall mean for S13D1, and below the overall mean for N15D2. In these
environments, there was no occurrence of disease and relatively good soil fertility.
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Figure 6. AMMI biplot of biomass yields for the ten sorghum genotypes and eleven environments
studied (B13D1 = Sowing date 1 Bambey, B13D2 = sowing date 2 Bambey, S13D1 = sowing date 1
Sinthiou Malem, S13D2 = sowing date 2 Sinthiou Malem, S14D1 = sowing date 1 Sinthiou Malem,
S14D2 = sowing date 2 Sinthiou Malem, S14D1 = sowing date 1 Sinthiou Malem, S15D2 = sowing date
2 Sinthiou Malem, S16D1 = sowing date 1 Sinthiou Malem, N15D1 = sowing date 1 Nioro du Rip,
N15D2 = sowing date 2 Nioro Rip).

Due to their positions located near the origin of the biplot, some genotypes can be considered as
stable (i.e., Soumba), or unstable with specific adaptations (i.e., IS15401, SK5912 and Fadda, F2–20,
Nieleni and Pablo). Of these genotypes, IS15401, SK5912 and Fadda showed yields higher than the
overall mean. SK5912 and Fadda displayed specific adaptation to environment B13D1. Likewise,
N15D1 was found to be a suitable environment for F2–20, S14D1 for IS1540, and S15D1 and S13D2
for Nieleni and Pablo. On the other hand, IS15401 and SK5912 proved to be very poorly adapted to
environments S15D1, S15D2, S13D2 and S14D2 (Figure 6). These environments were characterized by
low fertility (except S14D2), high disease occurrence (especially S15D1), late sowing, and low rainfall
at the end of the cycle (S14D2).

In general, the Fadda, Nieleni, IS15401, F2–20 and Pablo genotypes were very unstable for both
grain and biomass yield. These genotypes showed specific adaptations to the Sinthiou Malem and
Nioro du Rip environments for grain, and especially to the environments sown on date 1 for biomass
yield. Of these genotypes, Fadda, Nieleni, IS15401 and Pablo were generally successful for both grain
and biomass yield. The Soumba and Grinkan genotypes were stable across environments, but did not
produce well.

3.4. Which Genotype(s) Showed Dual–Purpose Potential?

The dual–purpose potential indices for grain and biomass production in the eleven study
environments for the ten genotypes are shown in Figure 7. Regardless of the environment (excluding
B13D2), five genotypes had consistently higher indices for grain (Fadda, Nieleni and Pablo) or for
biomass (IS15401 and SK5912). Supporting this result, these five genotypes also showed higher mean
yields for grain and/or biomass production according to the AMMI analysis (Figures 3 and 4). Moreover,
of these genotypes Fadda was the one that combined the best grain and biomass production in the
most numerous environments. For dual–purpose potential, Fadda was therefore well positioned (in
the upper right quadrant) in five environments, Nieleni and Pablo in three environments, and IS15401
in two environments. It should be noted that all the environments where these genotypes expressed
dual–purpose potential were sown early (i.e., date 1).
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For grain yield, Fadda ranked well (upper quadrants in Figure 7) in ten environments, Nieleni in
eight, Pablo and CSM63E in six, and IS15401 in four. For biomass, SK5912 performed well (the
right–hand side quadrants of the figures) in nine environments, IS15401 in seven environments,
Fadda in six environments and Nieleni and Pablo in four environments.

Some other genotypes, such as CSM63E, Grinkan, Soumba, 621B and F2–20, all with mean
grain and biomass yields lower than the overall mean, all showed poor dual–purpose potential
(lower–left quadrant) in several environments. This was particularly true for Soumba and 621B in half
of the environments. They were stable and inefficient for biomass production (Figure 4) and never
demonstrated dual–purpose potential in any of the 11 environments. The environments in which they
performed poorly for dual production were mostly late sowing (date 2) and belonged to groups of
environments affected by stress to which these genotypes were susceptible: N15D1 for group 3, S13D2
for group 4, B13D1, B13D2 and S15D1 for group 5, and S14D2 and S15D2 for group 6 (Figure 2).

4. Discussion

The joint analysis of variance showed differences in sorghum performance due to environments
(greater for grain), genotypes (greater for biomass) and G × E interactions. This indicates that these
genotypes responded differently to environments, thereby confirming phenotypic diversity among
the genotypes assessed. These results are in agreement with previous findings on sorghum [25–28].
In general, yields were higher for sowing date 1 than for sowing date 2, showing the potential importance
of a longer cycle time and the existence of a photoperiod response of several of the sorghums studied,
as already demonstrated in West Africa [29]. Further, it also highlights the importance of the choice of
genotypes if the main objective is to obtain biomass, and of the environments if it is to obtain grain.

The low grain yield observed in Bambey in 2013 (B13D1 and B13D2), and Sinthiou Malem in
2014 (S14D2) could be explained by, among other things, the particularly sandy nature of the soil
and by a high occurrence of diseases and/or deficiencies (signs observed but not clearly identified),
constraints to which the 621B, Grinkan, Soumba and F2–20 genotypes were more susceptible than the
others. It should be noted that these four genotypes are all caudatum, which are improved genotypes
introduced into national sorghum breeding programs and which are known to be less hardy than
guinea when edaphic conditions are not ideal [30]. For the Bambey trials, water stress at the end of the
cycle (due to problems with the irrigation system) also occurred. This might explain the very low yield
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of SK5912 (very late maturing variety), as this early end of the rainy season might have aggravated the
effects of the constraints mentioned above.

4.1. Which Genotype(s) for Which Environment(s)?

Various multiparametric models for measuring the stability of genotype performance across
environments are available in the literature. Currently, the most widely used model is AMMI [31–33],
which involves both an ANOVA and a principal component analysis (PCA) to decompose G × E
interaction. The ability to identify genotypes with a stable performance and genotypes showing
specific adaptations to specific environments is a major advantage of the AMMI method over other
commonly used methods [34].

In this study, two genotypes (Grinkan and SK5912) for grain and two genotypes for biomass
(Soumba and Grinkan) were identified as being generally more stable according to this model, but they
also showed yields below the mean across different environments. These results support those of
Menad et al. [35], who stated that the stability of yields is independent of their values, and that
high–yielding genotypes are generally relatively unstable. They also confirm Yan and Hunt’s [36]
conclusions that global stability is not necessarily a positive factor and is only desirable when it
combines a high mean yield. In addition, the AMMI analysis also revealed for grain that genotypes
621B, F2–20, Fadda and CSM63E were close to environments S16D1, S14D1, S15D2 and N15D1,
respectively. For biomass, genotypes IS15401 and SK5912 were close to environments S14D1 and
B13D1, respectively, indicating specific adaptations. In contrast, IS15401 and SK5912 proved to be very
poorly adapted to environments S15D1, S15D2, S13D2 and S14D2.

The specific adaptation of 621B to environment S16D1 might be explained by the good
agro–pedological conditions that this environment benefited from. Thus, 621B was found to be
particularly susceptible to growing conditions, particularly soil conditions. This result agrees with
previous results [37]. The specific adaptation of IS15401 to environment S14D1 may have been due
to both the rather early sowing date and the good agro–pedological conditions, which allowed this
genotype to perform better despite low rainfall. The adaptation of SK5912 to B13D1 might be explained
by the early sowing date and the fact that the diseases that affected the other genotypes (Figure 2) did
not affect its biomass production. The poor adaptation of IS15401 and SK5912 to S15D1 and S14D2
for biomass production might have been due on the one hand to low fertility and the occurrence
of diseases in S15D1, which attacked these genotypes, and on the other hand to late sowing and
low rainfall at the end of the cycle observed in S14D2. In general, the differences in performance of
our genotypes across our studied environments could be attributed to the type of soil (i.e., texture,
with all genotypes performing better in clay–textured soils containing more organic matter), rainfall,
their genetic nature and biotic constraints. These factors affected grain and biomass yields to different
degrees. These results demonstrate that strategic choices must be made by breeders in the introduction
of new sorghum genotypes. Breeders need to select specific lines according to their local environment
and desired character.

4.2. Choice of Genotypes with Dual–Purpose Potential

The selection of genotypes showing a good trade–off between grain and biomass production,
based on a comparison with the overall mean performance of the ten genotypes, revealed that the
hybrids Fadda and Nieleni had the greatest dual–purpose potential followed by Pablo, then IS15401,
which was relatively unstable for both grain and biomass production and therefore with specific
adaptation. Fadda and Nieleni were identified as being particularly suitable for dual–purpose use in 5
and 3 environments, respectively, while Pablo and IS15401 were identified in 2 environments each
(Figure 7). In addition, Nieleni appeared to be a poor producer of grains or biomass in only 3 and
6 environments, respectively. Fadda was found to be a poor producer of grains or biomass in only
1 and 5 environments, respectively. In contrast, Soumba and 621B showed poor grain and biomass
production in half of the environments.
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The higher dual–purpose potential of the three hybrids (Fadda, Nieleni and Pablo) definitely came
from their genetic background, as already demonstrated for grain in Mali [38]. The added–value of this
study was to study biomass production too, and to thus further recommend the two highest–yielding
genotypes (Fadda and Nieleni) for both grain and biomass yield (dual–purpose) in our experimental
zones (Sinthiou Malem and Nioro du Rip) with normal (early) sowing dates. However, it will also be
important to investigate the good forage quality of these genotypes, with the hypothesis that Nieleni,
a caudatum sorghum, will out–perform the Fadda genotype.

The results also showed that the dual–purpose potential of the genotypes was mainly expressed
in environments with early sowing dates (date 1). Environments with late sowing dates tended to
reduce biomass and grain production and were therefore not suitable for dual–purpose genotypes.
These findings confirmed the merits of early sowing to improve the dual–purpose potential of genotypes.
Similar results showing the beneficial effect of early sowing on sorghum performance in terms of
biomass and/or grain production in different hot and dry growing environments in Asia, America and
Africa were obtained by [39–42]. However, the last authors [42] did not find any significant effect of
the sowing date on grain yield due to bird attacks that occurred in their experiments.

5. Conclusions

In this study, the AMMI model showed that grain and biomass yields were strongly influenced by
genotypes, environments and genotype x environment interaction. The different environments resulted
in different responses from the genotypes, with most of them displaying environmental adaptation.
Soil fertility and rainfall during the experiment were major factors explaining the variation in genotype
responses. Nieleni and Fadda had the highest grain yields, while IS15401 and SK5912 had the highest
biomass yields. This study also showed that genotypes with good phenotypic stability performed
poorly. The study found that out of the genotypes studied, those with the greatest dual–purpose
potential were Nieleni and Fadda. An early sowing date was found to be beneficial for the expression
of dual–purpose potential. In addition, the results indicated that Nieleni, Fadda, Pablo had the highest
overall mean in terms of grain, whether the growing conditions were good or bad. This result is in
line with those of various authors regarding the “superiority” of hybrids. Meanwhile, the Senegalese
control genotype 621B appeared to have very good potential (being able to produce more than 3 tons
per hectare under good agro–pedological conditions, such as those of S16D1), but it was particularly
susceptible to growing conditions, particularly soil conditions. Hence, the AMMI statistical model
showed its merits as a tool to help recommend sorghum genotypes: the Fadda and Nieleni varieties
appeared to be the best genotypes for dual–purpose use in our study area. However, to gain a better
understanding of these differences in genotypic performance depending on the environment (G × E
interaction), further studies are needed to relate these results to the other phenology, morphology
and growth characteristics of these genotypes, to explain in greater detail their phenotypic plasticity.
In addition, future biochemistry and molecular biology analysis would be of great value to better
understand the differences in genotypic performance depending on the environment; especially
differences among grain type genotypes and biomass type genotypes.
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