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Abstract: In Mediterranean regions, the performance of durum wheat (Triticum turgidum L. var.
durum Dest.) yield often varies due to significant genotype x environment interaction (GEI); therefore,
yield stability is an important consideration in breeding programs. The aim of this research was to
explore the GEI pattern and yield stability of 24 promising durum wheat lines, selected by ICARDA
in several African countries (seven elites, four commercial varieties, and 13 durum wheat wide
crosses, generated by hybridization of elites and Triticum dicoccoides Koern. ex Schweinf., Triticum
araraticum Jakubz, and Aegilops speltoides Tausch) against a Tunisian local check variety ‘Salim’. Yield
assessment was conducted across six environments under rainfed conditions, at the field station
of Kef in a semi-arid region during four cropping seasons (2014-2015, 2015-2016, 2016-2017, and
2017-2018) and in a sub-humid region at the station of Beja during two cropping seasons (2015
2016 and 2018-2019). The analysis of variance showed that the environment is the main source of
variation of grain yield (72.05%), followed by the interaction environments x genotypes (25.33%)
and genotypes (2.62%). The genotype x genotype by environment model (PC) based on grain yield
identified a mega-environment including Kef (2016-2017 and 2017-2018) and Beja (2015-2016 and
2018-2019) and elite line 22 as a widely adapted genotype. Combined analysis, computed using the
average grain yield of lines and the yield stability wide adaptation index (AWAI), showed that elite
lines 9 and 23 (2.41 and 2.34 t-ha~ 1, respectively), and wild relative-derived lines, 5, 1, and 10 (2.37,
2.31,and 2.28 t-ha™ 1, respectively) were more stable and better yielding than the national reference
(2.21 t-ha~'). This finding supports the good yield potential of wild relative-derived lines. The five
selections are recommended to be developed in multi-environments in several regions of Tunisia,
especially in semi-arid area.

Keywords: durum wheat; environment; grain yield; additive main effects and multiplicative interaction
model; stability; wild relatives

1. Introduction

Durum wheat (Triticum turgidum L. var. durum Desf.) represents an important global
crop, having an annually cultivated area of approximately 16.1 million ha and production
of 38.1 million tons in 2019 [1,2]. The Mediterranean countries account for the largest
production area of durum wheat, and North Africa represents the largest import market [3].
In these regions, the appreciation for durum wheat has a long history and is associated
with many traditional foods [4], such as pasta and couscous, in addition to a number of
other semolina products, such as frike, bourghul, and unleavened breads. Durum wheat
is commonly grown in diverse agro-ecological conditions, mainly in arid and semi-arid
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regions under rainfed conditions, where the precipitation is irregular across years and
locations, and farmers use limited inputs [5,6]. In Tunisia, durum wheat is the most widely
grown cereal crop, but its yield remains weak compared to the potential estimated by
research institutions. The production of durum wheat is highly limited by abiotic stress
(drought, salinity, and cold) in semi-arid regions and biotic stress (diseases and pests) in
sub-humid areas [7]. New varieties are regularly registered in the national catalogue by
public and private enterprises to boost the productivity of Tunisian farmers. However,
the great selection pressure imposed on breeding programs has induced a genetic base
narrowing of the wheat germplasm [8]. This loss of diversity has caused a reduction in
allelic plasticity, hence leading to a germplasm that is less adapted to climate change [9].
Compared to their domesticated descendants, wild relative Poaceae species maintain a
much higher level of diversity and have survived various challenges in their natural
habitats [10,11]. Therefore, interspecific hybridization between durum elite lines and
wild emmer is a promising method to restore the variability of the modern breeding
germplasm and to derive superior cultivars [12]. In addition, it has been found that
some species, including Aegilops tauschii Coss., Ae. umbellulata Zhuk., Ae. speltoides Tausch,
Triticum dicoccum Schrank ex Schiibl, T. dicoccoides Koern. ex Schweinf., and Haynaldia have
beneficial alleles to improve disease resistance [13], nutritional quality [14], and drought
and salinity tolerance [15,16].

The phenotypic expression is the joint outcome of genotype (G) potential, environment
(E) conductivity, and the genotype x environment interaction (GEI). Environmental factors,
such as growing season, type of soil, planting pattern, and different altitudes, strongly
affect crop growth and the final grain yield, leading to considerable variations in the
adaptation of durum wheat varieties [17,18]. This situation will be worsened by the effect
of climate change due to the decrease in the amount of precipitation and the increase in
temperature [19,20].

Economically, grain yield (GY) is the most important trait in durum wheat. This is
a quantitative trait controlled by many genes, each having small effects and interactions
with the environment. Several studies have described the GEI using multi-environment
yield trials (MET) as a method to assess the stability of genotypes, in addition to their
yield potential [21,22]. Due to the occurrence of strong GEI, durum wheat breeders tend
to identify high yielding and stable genotypes that show a small interaction with the
environment or genotypes specifically adapted to specific environments. The presence
of this interaction may reduce the correlation between phenotype and genotype, and
makes the selection of lines in breeding program more complex. However, evaluation of
genotypes across different environments and over several seasons is required to identify
stable genotypes that could be recommended for release as a new variety adapted to the
environmental changes [23]. Several statistical methods, including regression, principal
component analysis (PCA), genotype x genotype by environment (GGE) analysis, and
additive main effects and multiplicative interaction (AMMI), have been developed to assess
the stability of a set of genotypes and patterns of GEI [21]. These approaches are useful
for identification of mega-environments, specific and wide genotype adaptations, high
yielding and stable genotypes, and interrelationships among environments [24-27]. The
GxE analysis allows characterizing the genotypes as “widely adapted” or as “specifically
adapted” to one environment or group of environments. Among these methods, the AMMI
model performs significantly better than linear regression models and other multivariate
procedures, such as the GGE biplot, in deciphering GEI [28]. In addition, this method
permits characterization of the environment according to several variables, such as climatic
or pedological data, explaining, therefore, a larger portion of the GEI [29,30].

In this study, an approach based on the AMMI model was proposed to present GEI
from 24 promising lines of durum wheat comprising 13 top-crosses between wild relatives
of durum wheat and elite lines of the ICARDA breeding programs, seven ICARDA elites,
and four commercial varieties, in six environments, to assess their adaptability response
and the possible yield gain using wide-cross lines.
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2. Materials and Methods
2.1. Genetic Material and Site Description

Twenty-four (24) promising genetically diverse durum wheat lines sourced from
ICARDA’s nurseries, selected across several African countries, and a Tunisian local refer-
ence variety (Salim), released in 2009, were used in this study. The promising set included
13 wild relative-derived lines obtained by top-crossing with Triticum dicoccoides Koern. ex
Schweinf., Triticum araraticum Jakubz, and Aegilops speltoides Tausch; seven elite lines iden-
tified for tolerance to North African stresses; and four references representing commercial
varieties previously released in North Africa (Table 1). The selected lines were screened
for GY potential to identify promising lines for breeding programs and evaluated across
6 environments (combination of cropping season and location) in a field experiment under
rainfed conditions (Table 2). The experimental sites were located in two different climate
locations representative of major rainfed cultivated durum wheat growing areas in Tunisia,
namely Kef-Boulifa (semi-arid region) and Beja (sub-humid region) (Table 3). The assays
were performed during four cropping seasons (2014-2015, 2015-2016, and 2017-2018) in
Kef, and during 2015-2016 and 2018-2019 cropping seasons in Beja.

Table 1. List and pedigree of durum wheat genotypes used in the study.

Line Name Type Pedigree

1 DWAyT_0204 Wild relative-derived Younes/TdicoAlpCol/ /Korifla

2 DWAyT_0214 Wild relative-derived Korifla/ AegSpeltoidesSyr// Amedakul

3 Faraj Commercial variety F413].5/3/Arthur71/Lahn/ /Blk2/Lahn/4/Quarmal

4 Nachit Wild relative-derived Amedakull/TdicoSyrCol/ /Loukos

5 DWAyT_0306 Wild relative-derived Korifla/ AegSpeltoidesSyr/ /Heider

6 Jabal Wild relative-derived Korifla/ AegSpeltoidesSyr/ /Mrb5

7 Waha Commercial variety Plc/Ruff//Gta/Rtte

8 Magrour Wild relative-derived Amedakull/TdicoSyrCol//Cham1

9 Icakassem1 Elite Geromtell/Icasyrl
10 DWAyT_0217 Wild relative-derived Korifla/ AegSpeltoidesSyr/ /Loukos
11 Jabal 2 Wild relative-derived Korifla/ AegSpeltoidesSyr//Mrb5

12 Secondroue Elite Stj3//Bcr/Lks4/3/Ter3/4/Bcr/Grol/ /Mgnll

13 DAWRyT_0208 Wild relative-derived Korifla/ AegSpeltoidesSyr/ Amedakul

14 DAWRyT0122 Wild relative-derived Amedakull/TdicoJCol//Chaml

15 DWAyT_0205 Wild relative-derived Younes/TdicoAlpCol/ /Korifla

16 Tomouh Commercial variety Joric69/Hau

17 DWAyT-0322 Wild relative-derived Heider/TAraticumMA / /Mrb5

18 Omrabib Commercial variety Joric69/Hau

19 Zagharin2 Elite Icasyrl/3/Gen/ /Stj/Mrb3
20 Ouassaral Elite Ouasloukos1/5/Azn1/4/BEZAIZSHEF/ /SD19539 /Waha /3 /Gdr2
21 Icacube Elite Mgnl3/Ainzenl//Mgnl3/Ainzenl

22 Aghramatlas Elite Mgnl3/Ainzenl//Mgnl3/Aghrass2

. Azegharl/4/IcamorTA0462/3/Maamouri3/ / Vitron/

2 leaverve Elite Bidral/5/Mgnl3/Ainzenl

24 Icamoram 7 Wild relative-derived TAraraticum0472/ Ammar7

. . ALTARS4/FD8419-126-1-
» Salim Local check variety 2/RAZZAK/3/KORIFLA/BALADIAHAMRA
Table 2. Description of the tested environments in Kef and Beja sites.
. . . Altitud Soil oM CaCO N P K
Environment Season Location  Coordinates (inl; € Tex(t)lllre pH (%) 1 (?,/0) 2 (ppm)®  (ppm)¢  (ppm) 5

Kef_15 2014-2015
Kef_16 2015-2016 36°11'10” N; Clay-
Kef 17 2016-2017 Kef 8°42/00” E 532 loam 791 141 25.67 98.00 16.53 510.00
Kef_18 2017-2018
Beja_16 2015-2016 . 36°43' N; ;
Beja_19 2018-2019 Beja 9°12' E 161 Vertic 7.00 210 2.30 87.53 80.00 621.00

oM, organic matter. 2 CaCOj3, calcium carbonate. ® N, nitrogen. 4p phosphorus. 5K, potassium.
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Table 3. Climatic variations across the six tested environments in Kef and Beja sites.

Environment Total October Noveber December Janunary February @ March  April May June

Kef_15 362.0 33.0 43.0 60.0 70.0 66.0 66.0 0.0 22.0 2.0

E Kef_16 298.0 28.0 42.0 4.0 55.0 13.0 89.0 30.0 32.0 5.0
\E/ Kef_17 242.0 11.0 43.0 51.0 32.0 24.0 2.0 40.0 2.0 37.0

= Kef_18 340.1 27.0 96.2 23.2 324 31.6 414 39.7 8.2 40.4

E Beja_16 502.3 77.5 108.8 21.4 65.0 39.2 115.6 23.4 40.4 11.0

& Beja_19 678.2 122.8 75.4 39.8 138.4 49.8 108.8 37.0 106.2 0.0
Average 449 499 68.1 33.2 65.5 37.3 70.5 28.4 35.1 15.9

Kef_15 14.7 20.8 15.0 7.4 9.9 8.2 13.7 10.9 234 23.1

] Kef_16 17.6 22.4 14.6 9.6 12.6 11.2 16.2 18.5 253 28.3
bb'?v . Kef_17 15.7 20.8 14.3 10.1 6.7 12.5 12.3 17.0 21.2 26.5
% 3] OU Kef_18 16.5 16.8 15.5 10.0 10.8 10.3 15.7 18.0 23.0 28.7
g‘ = Beja_16 10.6 14.1 114 5.1 6.4 6.5 6.2 9.6 12.0 24.3

8 Beja_19 16.8 18.5 17.1 15.6 134 129 16.6 13.2 17.3 26.3
Average 15.3 18.9 14.6 9.6 9.9 10.3 13.4 14.5 20.3 26.2

2.2. Trial Management

The experimental design was arranged in an alfa lattice with two replications (n = 2)
at a seeding rate of 300 seeds m 2. Two blocs were subdivided each into 25 plots of 7.2 m?
(in total 50) containing six rows of 6 m length, with 0.2 m inter-row spacing and 0.5 m
inter-plot spacing. Basal fertilization of 100 kg ha~! of Di-Ammonium Phosphate was
provided at sowing, followed by three split applications of ammonium nitrate (33.5% N)
of 100 kg ha~! each at early tillering (growth stage, Z13), at stem elongation (Z16), and
at 2nd node visible (Z32) [31]. Weeds were controlled by a mix of chemical control using
Puma® evolution (fenoxaprop-p-ethyl + iodosulfuron-methyl sodium + mefenpyr-diethyl)
(Bayer CropScience, Beja, Tunisia) at a rate of 1 1 ha~! at the 2-3 leaf stage, and mechanical
interventions.

2.3. Data Collection and Statistical Analysis

GY was recorded for each plot by threshing the central four rows of the plot for a
total harvested surface of 4 m?. The grains were then weighed and the final values were
expressed as tons per hectare. Genstat [32] was used to conduct the analysis of variance
(ANOVA) across environments for a lattice design, with genotypes (G) and environments
(E) as fixed factors. The ANOVA analysis was also performed to quantify the contribution
of G, E, and G xE effects to the total variation (G + E + G x E sum of squares (SS)) of
GY. Best linear unbiased estimates (BLUESs) were derived and the standard error of the
differences of the means was used to determine significant differences. The heritability was
calculated as follows:

H? = 5G/(5G + 8GxE/NE + Se/NE X 1y) 1)

where 3¢ is obtained as the SS value for genotype, G «g is the SS of the G X E interaction, ng
is the number of environments, 0. is the SS of the error, and n, is the number of replicates.

The java script Genotype x Environment Analysis with R (GEA-R) version 3.3.0 [33]
was used to conduct the AMMI model [34] and the principal component analysis (PCA).
For grain yield, genotype main effects (G) and G x E model or genotype + genotype x
environment (G + G x E) were based on two principal components (PC1 and PC2). The
yield stability value was derived from the AMMI model as suggested by Sneller et al. [35]
following the method described by Sabaghnia et al. [36]. This was named the AMMI wide
adaptation index (AWAI), and calculated using the following formula:

AWAI = Xisi- | PCi @)

where i is the number of significant IPCs determined by the classical Gollob F-test in R
Studio corresponding to 4 IPC in this specific case, si is the percentage of total G x E
variance explained by each IPC, and PC is the actual IPC value. AWAI values close
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to zero (0) are obtained for the most widely adapted and stable germplasm [37]. To
characterize the testing sites in terms of environmental factors that would possibly support
the AMMI analysis results, a Non-Metric Multidimensional Scaling (NMDS) ordination
was performed using climatic data (average temperature and rainfall) for each location.

3. Results and Discussion
3.1. Variance and AMMI Analysis

The analysis of variance (ANOVA) for GY of the 25 genotypes tested over six environ-
ments (combination of cropping season and location) revealed that the effect of environ-
ments (E), genotypes (G), and genotype X environment interactions (GEI) were significant
(p < 0.01) for this attribute (Table 4). The environment (72.05%) and GEI (25.33%) were the
most important source of variation for GY and showed a larger contribution to the total
variability (G + E + G x E) compared to the genotype (2.62%) effect. Furthermore, a high
heritability for GY was found over all environments with values ranging from 0.68 (Beja_19)
to 0.98 (Kef_17) (Table S1). The results indicate that these genotypes responded differently
to the environments, thereby confirming the phenotypic diversity among the assessed
genotypes. This also suggests the possible existence of different mega-environments with
differently performing genotypes.

Environment and GEI are important components for the evaluation of genotype
adaptation and in controlling the expression of GY for wheat [23,38—41]. Therefore, the
selection should be carried out in several environments, and it is essential to select different
genotypes for a specific environment to spatially and temporally identify stable genotypes
that can be recommended for farmers.

Table 4. Analysis of variance for grain yield of 25 genotypes studied across the six environments.

Sources of Variance df Sum Square % (G+E+G x E)1
Genotypes (G) 24 579.98 ** 2.62
Environment (E) 5 16,422.55 ** 72.05
G xE 120 5769.77 ** 25.33

df, degree freedom; **, significant at 0.01, 1: % respect (E+ G + G x E) SS.

In this study, the large variation due to the environment and the GEI for GY justifies
the selection of G + G x E model (PC) and the need of further analysis of genotype
stability. The G + G x E model (PC) was based on GY data of 25 genotypes across the six
environments. The first two principal components (PC1 and PC2) explained 65.90% of the
total variability (Figure 1). This model identified three useful environments. Interestingly,
Kef_17, 18, and Beja_16 and 19 constituted the only mega-environments and should then
be kept in high consideration. Beja_16 and 19 belong to the same location (i.e., same
bioclimatic zone and soil characteristics) and were approximatively similar in terms of the
amount of precipitation during the durum wheat growing season from November to June
(424.8 and 555.4 mm, respectively) (Table 3). However, Beja_16 stood out due to a cold
winter (5.1 and 6.4 mm in December and January, respectively) and a cold spring (6.5 and
6.2 mm in February and March, respectively), which were expected to increase the length of
the season; however, cold damage may have occurred. By comparison, Kef 17 and 18 were
both located in a semi-arid region, and low precipitation was recorded (231.0 and 313.1 mm,
respectively) during the two cropping seasons of 2016-2017 and 2017-2018; however, the
precipitation occurred throughout the cycle, with the exception of the quantity recorded
after maturity in March (2.00 mm) at Kef_17. These results are in agreement with the
NMDS analysis (Figure S1) and the cluster analysis based on GY (Figure S2).

Kef_15 constituted an isolated environment and the elite line 20 was the best perform-
ing genotype (Figure 1). Kef 15 experienced terminal drought (from flowering), and warm
temperatures and low rainfall were particularly recorded in April and June, of 0.00 and
2.00 mm, respectively (Table 3). Kef_16 also constituted an isolated environment and line
13, derived from crosses with Ae. speltoides, was the best yielder (Figure 1). Kef_16 was
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warm with an initial drought recorded in December (4.00 mm) and a low rainfall quantity
in June (5.00 mm) (Table 3).

Overall, rainfall and temperature during the experiment appear to be the major
factors explaining the variation in genotype responses, contrary to Ndiaye et al. [42],
who stated that soil fertility, rainfall, and sowing date were the discriminant factors of
sorghum genotypes. Line 22 appears to be adapted to a wide range of environments (more
than environment alone) with different pedoclimatic characteristics (Tables 2 and 3); this
line has a favorable GY performance in semi-arid and sub-humid regions. According to
Mohammadi et al. [43], genotypes having a superior performance in a mega-environment
should exhibit the same performance in other environments of that mega-environment.
However, lines 13 and 20 showed a specific adaptation to semi-arid regions, and may be
tolerant to drought of the initial or final development cycle. Based on this study, our results
revealed that wide crosses did not exhibit higher specific adaptation compared to elites
and commercial varieties. However, it is worth noting that Ae. speltoides may be a good
source of tolerance to drought, as reported by Waines [44] and Aberkane et al. [45].

o r
o O

PC2 (20.30%)

©O 60 6 o o oo
0 O A N O N b O

s
o

-1.5 -1.0 -0.5 0.0 0.5 1.0 15
PC1 (45.60%)

Figure 1. Genotype plus genotype x environment model (PC) based on grain yield of 25 durum
wheat genotypes across the six environments.

3.2. Performance of Grain Yield and Stability of Genotypes

GY response among the studied durum wheat lines compared to the national refer-
ence across six environments was studied (Tables 5 and S1). Overall, the average GY was
2.14 tha~! for all environments (Table S1). The highest GY was observed in the environ-
ment Kef_15 with 3.33 t-ha~!, whereas Kef 17 displayed the lowest GY with 1.09 t-ha~!
(Table S1).

Considering the three germplasm types (elites, varieties, and wild relative derived)
and all tested environments, elites (2.24 t-ha™1) outyielded commercial varieties and
wild relative-derived lines (2.10 t-ha—1) that showed similar GY performance (Table S1).
Unexpectedly, wild relative-derived entries outperformed in the sub-humid region (Beja,
240 tha™1) compared to the semi-arid region (Kef, 1.96 tha™1).

Compared to the national reference (2.21 tha™1), lines 9, 5, 23, 1, and 10 recorded,
respectively, the highest GY of 2.41, 2.37, 2.34, 2.31, and 2.28 t-ha—!; whereas lines 15, 2,
and 17 recorded the lowest GY of 1.95,1.97, and 2.00 t-ha—! (Tables 5 and S1). As reported
by Zaim et al. [30], elite line 9 (Icakassem1) was the top yielding genotype in North Africa
among elites, varieties, and wide crosses. Regarding the wide crosses, line 10 maintained a
good yield performance, as previously noted in Morocco, Algeria, and Lebanon [30]. In
these agro-climatic environments, line 14 was one of the best performers, but in our study
this genotype showed a lower GY compared to Salim. The same trend was also obtained
for line 4.
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Stability analysis was undertaken using the AMMI wide adaptation index (AWAI) [24],
using the first three PCs, which accounted for 81% of the total GxE effect. Low values
of AWALI are indicative of genotypes that are close to the AMMI graph axis and are
therefore widely adapted. The results revealed that the elite lines 22 (AWAI = 0.38) and
20 (AWAI = 0.46), and the wild relative-derived line 24 (AWAI = 0.46), appear to be more
stable than the national reference (AWAI = 0.57) (Table 5). Interestingly, line 22 is adapted
to a wide range of environments (Figure 1) and may allow the expansion of the areas grown
to durum wheat in Tunisia. However, the GY performance of this line was lower than
that of Salim (Table 5). The stability of yields appears to be independent of their values,
and some high-yielding genotypes (e.g., lines 9, 5, 23, and 1) may be relatively unstable
(Tables 5 and S1), and vice versa.

Table 5. Mean grain yield of 24 durum wheat lines converted into ratios to Salim (grain yield rate) across the six environments.

Grain Yield Converted into Ratios to Salim

Line AWAI
Kef_15 Kef_16 Kef_17 Kef_18 Beja_16 Beja_19 Mean Groups !
1 1.13 0.71 1.11 0.96 1.01 1.48 1.04 A 0.72
2 0.88 0.79 0.64 0.85 1.01 1.14 0.89 AB 0.65
3 1.01 0.66 0.81 0.75 1.08 1.27 0.93 AB 0.72
4 1.08 0.77 1.10 0.68 1.01 1.07 0.95 AB 0.79
5 1.46 0.82 0.84 0.80 1.24 1.05 1.07 A 0.72
6 1.24 0.74 0.70 0.58 0.93 1.18 091 AB 0.83
7 1.34 0.67 0.84 0.86 0.95 1.00 0.96 AB 0.66
8 1.20 0.57 0.57 0.83 1.11 1.29 0.94 AB 0.82
9 1.25 0.96 0.64 0.84 1.36 1.29 1.09 A 0.87
10 1.27 0.93 0.79 0.73 1.19 1.11 1.03 AB 0.85
11 1.35 0.66 0.72 0.75 1.00 0.97 0.94 AB 0.64
12 1.41 0.92 0.45 0.58 1.13 1.22 1.00 AB 0.58
13 1.23 1.00 0.28 0.71 0.94 1.12 0.93 AB 0.67
14 1.33 0.75 0.10 0.80 1.14 1.39 0.97 AB 0.64
15 1.20 0.85 0.21 0.79 0.94 0.98 0.88 B 0.75
16 1.18 0.62 1.00 0.84 0.87 1.13 0.93 AB 0.83
17 1.14 0.49 0.48 0.70 1.12 1.41 0.90 AB 0.76
18 1.19 0.90 0.46 0.83 1.04 1.30 0.98 AB 0.86
19 1.18 0.64 0.95 0.80 1.13 1.05 0.96 AB 0.85
20 1.60 0.76 0.76 0.68 0.91 1.14 1.01 AB 0.46
21 1.17 0.83 0.86 0.71 1.07 1.31 1.00 AB 0.91
22 0.86 0.51 0.88 0.92 1.44 1.11 0.95 AB 0.38
23 1.02 1.01 1.10 0.75 1.18 1.33 1.06 A 0.63
24 0.79 0.93 0.87 0.64 1.01 1.30 0.91 AB 0.46
25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 AB 0.57

1 Means with similar letter(s) is not significantly different at 5% probability level according to LSD test.

In this study, the G + GXxE analysis and yield stability (AWAI) compared to the
yield ratio of Salim was performed for the three identified environments (i.e., mega-
environment, Kef_15, and Kef_16) (Figure 2). For the mega-environment, three lines (1, 9,
and 23) were found to be more stable and better yielding compared to Salim. Regarding
Kef_15 environment, 21 lines performed better than the national reference. However, the
G + G x E analysis of Kef_16 environment revealed that one line (23) appears to be the
best performing genotype. The combined analysis, computed using yield stability (AWAI)
and compared to the yield ratio of Salim for all six environments, showed that five entries,
9,5,23,1, and 10, were found more stable and better yielding than Salim. Similar results
were found by Mehari et al. [46], Bassi and Sanchez-Garcia [37], and Hossain et al. [18] in
their studies regarding the grain yield stability in wheat across diverse environments. In
a previous report, all ICARDA wide crosses were the top yielding and stable genotypes
compared to elites and commercial varieties [30]. Moreover, El Haddad et al. [47] showed
that the crop wild relative-derived lines showed larger grain size (i.e., thousand kernel
weight) under drought stress and outyielded under low nitrogen input conditions. This
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supports the idea that these genotypes might be cultivated in marginal environments. In
our study, two kinds of wild relative-derived lines—lines 1, 5, and 10—performed better
than the national control (Salim), whereas others showed lower GY performance (e.g., lines
2,4, 6, and 15). Several authors have noted that the wild emmer germplasm may harbor
a rich allelic pool that can be used in breeding program to enhance wheat productivity
and yield stability, whereas others showed that the introgression of wild relative QTLs
depressed the agronomic performance [48]. As reported by Zaim et al. [30], here, simple top
crosses of three wild relative species with old ICARDA varieties followed by targeted field
selection did not appear to result in any negative effect; rather, it delivered a large genetic
gain in productivity. Aberkane et al. [45] also found that the wild relative-derived lines,
(Haurani*2 / Triticum urartu) and (Cham5*2/T. dicoccoides), yielded, respectively, 196 and
142% of their recurrent parents’ yield under drought stress. Added support for exploiting
the wide crosses in wheat breeding for GY is the success obtained by using synthetics and
durum by bread wheat crosses to derive new varieties.

Furthermore, our findings indicate that no superiority was exhibited by the crosses
made with T. dicoccoides, Ae. speltoides, or T. araraticum (Table 5). Conversely, Zaim et al. [30]
showed that the best performing entries were derived by top crosses with T. dicoccoides and
Ae. speltoides, whereas the performance of T. araraticum crosses was weaker than that of GY
for disease resistance, as shown. Furthermore, Aberkane et al. [49] found that several lines
derived from Triticum urartu, Triticum aegilopides, and T. dicoccoides were characterized by a
cooler canopy temperature under drought stress. An improvement in yield under terminal
drought stress was also reported with lines derived from crosses with T. dicoccoides, which
also showed a significant variation in GY [49,50].

According to these results, the genotype x environment interactions appeared to be
of importance in determining performance and therefore assessment of lines across diverse
environments and over several years. This is required to identify spatially and temporally
stable genotypes that can be recommended for farmers. Year-to-year climatic variation
(rainfall and temperature) has a strong impact on the response of crops; hence, the use
of different and contrasting environments with a combination of various factors—that
is, cold and drought stresses that influence adaptation and stability performance—is an
important strategy. In our investigation, elite line 20 showed a specific adaptation to the
semi-arid area that experienced terminal water scarcity. This line was one of the most
stable genotypes and performed better than Salim (Table 5). Therefore, line 20 can be
recommended to farmers of semi-arid regions where terminal drought stress is the major
constraint threatening yield stability. By comparison, elite line 22 may qualify as a widely
adapted and stable genotype, but its GY was lower than that of Salim, particularly in the
semi-arid region. Convincing farmers of this region to abandon high-yielding genotypes
for more adapted and stable but less profitable genotypes is difficult. Therefore, this line
(22) may be cultivated in sub-humid regions. The same trend was also obtained for the
wild relative-derived line 24. However, lines 9, 5, 23, 1, and 10 combined better yield
performance and stability than that of the national reference over the six environments.
From these genotypes, wild relative-derived line 1 was widely adapted to contrasting
environments, whereas elite line 9 is the best performing and stable genotype in North
Africa, including Tunisia. The development and release of high yielding genotypes with
high adaptation to different locations may allow the expansion of the areas used to grow
durum wheat in Tunisia.
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Figure 2. Combined analysis using yield stability (AWAI) compared to the yield ratio of Salim for each environment

separately (A—C) and for all environments (D). Green lines are more stable and better yielding than Salim (line 25).

4. Conclusions

In the present investigation, the AMMI model showed that GY performance was
strongly influenced by GEI effects; the magnitude of the environment effect was more
important than that of the genotype effect. Most lines showed specific adaptations. Rainfall
and temperature during the experiment were major factors explaining the variation in
lines responses. Interestingly, line 22 showed a wide range of adaptation to semi-arid and
sub-humid environments, but its GY was lower than that of Salim. Nonetheless, lines 9, 5,
23, 1, and 10 were found to be more stable and better yielding than the national reference.
From these genotypes, line 1 displayed significant environmental adaptation. The AMMI
method can be effectively used for the identification of suitable genotypes for adequate
environments.
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based on grain yield. Figure S2 NMDS analysis of climate variables including temperature (°C) and
rainfall (mm) characterizing the six environments, used to assess the grain yield.
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