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Abstract: The productivity and resilience of durum wheat have been enhanced through the selection
of accessions, optimizing agronomic and quality traits to address environmental challenges. This
study investigates the inter-group genetic diversity of 219 durum wheat accessions, including 120
elite lines from a national breeding program, 63 international lines, 27 Moroccan varieties, and 9
landraces. Trials were conducted at the Jemaa Shaim experimental station (INRA-Morocco) with an
“Alpha lattice” design and two replications. Significant correlations were observed between spike
length and number of spikelets (r = 0.950; p < 0.001), and between gluten and protein content (r =
0.863; p < 0.001). Principal component analysis (PCA) revealed that agro-morphological traits
explained 77.12% of variability, while quality traits accounted for 95.54%. Elite lines showed a high
yellow pigment index (14.90), important for wheat technological quality. Traditional landraces
performed well in spike length (8.78 cm), thousand-grain weight (50.23 g), protein content (17.07%),
and gluten content (36.90%). Moroccan varieties achieved a grain yield of 6.12 t/ha. International
lines exhibited the highest SDS value (9.39 mL), indicating superior technological quality. These
findings emphasize the importance of landraces, Moroccan varieties, and elite accessions for
developing high-quality, high-yielding durum wheat varieties adaptable to challenging conditions,
contributing significantly to productivity and sustainability.

Keywords: durum wheat; inter-group genetic diversity; landraces; elite lines; international lines;
agro-morphological traits; protein content; gluten content and grain yield

1. Introduction

Agriculture plays a crucial role in improving food availability and achieving global food security
[1-3]. Despite this, while there is widespread acknowledgment of the increasing global demand for
food in the coming decades, uncertainties remain regarding the capacity of global agriculture to meet
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this demand through expanded food supply [4]. Enhancing food provision by increasing agricultural
productivity and expanding the use of agricultural land seems to be a viable approach to addressing
these challenges [5]. However, in developing countries with low incomes, the available technologies
and knowledge may not be adequate to meet future food production needs [6,7]. Nevertheless,, this
essential activity faces multiple challenges, including climate change-induced soil salinity, land
degradation, and the depletion of water resources, all of which negatively impact crop yields and
quality [8,9]. Among these challenges, water scarcity and recurrent droughts represent major threats,
significantly limiting agricultural productivity, particularly in arid and semi-arid regions where
water availability is a critical constraint to crop growth and yield [4]. These factors are especially
concerning in areas like Jemaa Shaim, where agriculture is a key economic and social activity.

Durum wheat (Triticum durum Desf., 2n = 4x = 28, AABB) is the cultivated form of T. turgidum,
an allotetraploid species that is believed to have originated approximately five hundred thousand
years ago [10-12]. In this context, durum wheat plays a strategic role as the main cereal crop
cultivated in Mediterranean regions [13,14]. Although its global production accounts for less than 5%
of total wheat production, it holds significant socio-economic importance in regions such as North
Africa, the Middle East, and the Mediterranean basin, where it is both a crucial source of income for
farmers and a staple food for millions of people [15,16]. In Morocco, this crop is particularly important
due to its relative adaptability to harsh climatic conditions and its high economic value. However,
abiotic constraints such as drought and salinity are increasingly threatening yields and grain quality,
exacerbated by the effects of climate change [17-20].

The selection of high-yielding durum wheat germplasm should not rely solely on grain yield as
a criterion [21,22]. Agro-morphological parameters and quality traits, such as awn length, spike
length, grain weight, nutritional quality, and resistance to abiotic stresses, play a crucial role in
identifying and improving high-performing varieties, particularly in environments characterized by
climatic variability and abiotic constraints. These traits, often more heritable and stable than yield
itself, enable more effective indirect selection, helping to overcome challenges associated with the
polygenic complexity of grain yield and genotype x environment interactions [23,24]. Integrating
these traits into breeding programs promotes a comprehensive approach that optimizes agronomic
and qualitative performance while enhancing adaptability to specific agricultural systems.

The genetic diversity of durum wheat constitutes a vital resource for its improvement in the face
of abiotic stresses. Local varieties and traditional populations, often underutilized, represent a
valuable source of genes conferring increased tolerance to salinity and drought. Moreover, advances
in marker-assisted selection and genomics now enable the identification of high-performing
genotypes and accelerate the development of cultivars suited to semi-arid conditions. These tools
also facilitate the selection of agro-morphological and quality traits, such as protein and gluten
quality, which are essential for the food industry [25,26].

International collaborations, notably with CIMMYT (International Maize and Wheat
Improvement Center) and ICARDA (International Center for Agricultural Research in the Dry
Areas), have played a key role in introducing improved lines and providing access to diversified
germplasm combining resilience and yield under abiotic stress conditions [27-29]. These strategic
partnerships have facilitated the selection of durum wheat varieties adapted to local and regional
conditions in Morocco, offering practical solutions to enhance sustainable agricultural production in
semi-arid zones. Several Moroccan durum wheat varieties have been registered in the national
catalog, ensuring their availability to local farmers while promoting continued yield improvements
in the country. These varieties are selected not only for their adaptation to Morocco’s specific
environmental conditions but also for their ability to maintain high grain quality, essential for the
semolina and pasta industries [30,31]. The selection initiatives carried out by ICARDA in durum
wheat aimed to develop genotypes capable of facing environmental challenges, particularly by
optimizing grain and biomass yields, while ensuring stability under saline stress conditions. The
breeding programs integrated both local varieties and derived pure lines to transfer salt tolerance
traits into an already well-adapted germplasm. The characterization of landraces involved isolating
individual lines from the mixtures grown locally. Seeds from the most performance lines were then
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multiplied and disseminated as new varieties, improving agronomic traits and resilience in
challenging environments. [32-34].

Despite these advances, the genetic diversity of durum wheat remains insufficiently explored in
certain regions, representing significant potential for discovering new germplasm suited to the
constrained environments of semi-arid areas [35-38]. A better understanding of this diversity would
effectively guide breeding programs to address the growing challenges of food security and
agricultural sustainability.

This study aims to characterize the intra-class variability of agro-morphological and quality
traits within a large collection of durum wheat, including elite accessions, international lines,
Moroccan varieties, and foreign varieties. It also focuses on analyzing the genetic diversity of physico-
chemical parameters that influence semolina and pasta quality. Con ducted at the Jemaa Shaim
experimental site, the research seeks to identify the highest-performing germplasm in terms of both
yield and quality, ultimately contributing to the development of resilient varieties and sustainable
agricultural practices in semi-arid regions. To achieve these objectives, the study will: (1) analyze the
genetic diversity of agro-morphological traits among groups within the durum wheat collection, (2)
evaluate the genetic variation in physico-chemical characteristics affecting semolina and pasta quality
across groups, (3) identify the most promising germplasm based on agro-morphological and quality
traits, (4) apply multivariate statistical analyses, including ANOVA, Duncan test, correlation, and
PCA, to distinguish and classify the top-performing groups for each parameter, and (5) provide
recommendations to promote the adoption of high-performing germplasm and sustainable
agricultural practices to enhance durum wheat productivity in semi-arid regions.

2. Results

2.1. Analysis of Variance

The results of the agro-morphological analysis of the different durum wheat germplasm types,
presented in Table 1, reveal varying differences between the groups for the studied parameters. The
analysis of variance (ANOVA) showed significant differences for certain traits, such as spike length
(SL), thousand-kernel weight (TKW), and grain yield (GY), while other parameters, such as awn
length (AWL), number of spikes per ear (SPS), and number of grains per spike (GNS), showed no
notable differences. The comparison of means, conducted using Duncan’s test, highlights distinct
trends between the groups, particularly for spike length, thousand-kernel weight, and grain yield, as
illustrated in Figure 1.

Table 1. Analysis of variance (ANOVA) based on germplasm type for agro-morphological

parameters.
Source of
.. Parameters Df SS MS p-value
Variation
AWL 4 5.58 9.93 <0.05*
SL 4 6.10 1.55 <0.05*
Inter-group SPS 4 1.92 0.48 >0.05 s
GNS 4 379.35 97.13 >0.05 ms
TKW 4 559.12 136.56 <0.01**
GY 4 13.67 3.58 <0.05*

Df: Degree freedom, SS: Sum of squares, MS: Mean square, no significant: P > 0.05, Significant: P < 0.05, Highly
significant: P <0.01, and very highly significant: P <0.001. awn length (AWL), spike length (SL), number spiklets
per spike, number of grains per spike (GNS), thousand-kernel weight, Grain yield (GY).
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AWL (cm) SL (em)
Typeof  Eqiimate Typeol  fitimate
germplasm germplasm
LD 19.98 LD 8.78
EA 18.64 )i 6.27
IL 18.55 MV 6.25
MV 43
18.4 EA 624
(a) (b)
SPS NGS
Typeof  Egimate Typeof  Egtimate
germplasm germp lasm
LD 18.69 LD 52.34
EA 18.62 EA 52.27
MV 18.51 MV 52.20
IL 18.39 1. 52.18
(c) (d)
TKW (2 GY (tha)
Typeof  Fepmate Typeol fstimate
germplasm germplasm
LD 50.23 MV 6.12
MV 49.19 L 5.76
EA 4910 kA 572
1L 49.03 LD 5.62
(e) ()

Figure 1. Variability of key agro-morphological parameters among different durum wheat typologies.
(a) Awn length (AWL); (b) Spike length (SL); (c) Number of spikelets per spike (SPS); (d) Number of
grains per spike (NGS); (e) Thousand- kernel weight (TKW); (f) Grain yield (GY). EA: Elite accessions,
IL: International lines, MV: Moroccan varieties; LD: Landraces.

The ANOVA revealed a significant difference in awn length (AWL) (P < 0.05*), with Duncan’s
test indicating that the landraces, which exhibited the highest values (19.98 cm), formed a distinct
class, whereas the other groups belonged to the same statistical category.

For spike length (SL), a significant difference was also observed (P < 0.05%), with landraces
showing the highest values (8.78 cm), while the other groups did not differ significantly. Similarly,
for thousand-grain weight (TKW), ANOVA detected a highly significant difference (P < 0.01), with
this group achieving the highest value (50.23 g), while the remaining groups displayed comparable
performances.

Regarding grain yield (GY), a significant difference was found (P < 0.05*), with Duncan’s test
identifying Moroccan varieties as the most productive, reaching 6.12 t ha™, while no significant
differences were noted among the other groups. Conversely, for the number of spikes per spike (SPS)
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and the number of grains per spike (GNS), no significant differences were detected (P > 0.05 ns),
indicating homogeneity across all groups for these parameters.

2.2. ANOVA of Quality Parameters

According to the results of the analysis of variance (Table 2), the quality parameters show
variability ranging from low to moderate among the four types of germplasms studied. Furthermore,
the comparisons made using Duncan’s test are shown in Figure 2.

PC (%)

GC (%)
Typeof  ptimate Typeof  Egtimate
germplasm germplasm
LD 17,07 LD  36.90
MV 15.57 MV 35.70
EA 15.49 EA 35.65
1L 15.47 IL 35.62
(@ (b)
w SDS (ml)
Type of  Eqtimate Typeof  Egtimate
germplasm germplasm
MV 309.34 1L 9.39
L 309.32 EA 8.25
LD 309.29 MV 8.21
EA 309.21 LD 8.17
(c) (d)
YI (b*)
Typeof  Egtimate

germplasm

EA 14.90
IL 13.70
VM 13.68
LD  13.59

(e)

Figure 2. (a) Protein content (PC); (b) gluten content (GC); (c) bread-making strength (W); (d) gluten
strength (SDS); (e) yellow pigment index (YI); EA: elite accessions, IL: international lines, MV:

Moroccan varieties; LD: landraces.
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Table 2. Analysis of variance (ANOVA) based on germplasm type for quality parameters.

Source of

.. Parameters Df SS MS P
Variation
PC 4 9.56 2.37 <0.01**
GC 4 64.92 16.23 <0.01**
Inter- W 4 12686.25 3174.06 > 0.05
group ns
SDS 4 21.22 5.59 <0.05*
YI 4 5.37 1.39 <0.01**

Df: degree freedom, SS: Sum of squares, MS: Mean square, Significant: P < 0.05, Highly significant: P <0.01, and
very highly significant: P < 0.001. protein content (PC), gluten content (GC), bread-making strength, gluten
strength (SDS), yellow pigment index (YI).

The ANOVA showed highly significant differences for protein content (PC) (P < 0.01*) and
gluten content (GC) (P < 0.01*). Duncan’s test revealed that landraces exhibited the highest PC
(17.07%), significantly surpassing all other groups, including Moroccan varieties, international lines,
and elite accessions, which were grouped together in the same class. Similarly, landraces had the
highest GC (36.90%), significantly outperforming the other germplasms, which showed similar
values. For gluten strength (W), ANOVA indicated no significant differences (P > 0.05 ns), confirming
homogeneity across all groups. However, for the sedimentation index (SDS), a significant difference
was observed (P < 0.05%), with Duncan’s test showing that international lines had the highest SDS
value (9.39 mL). Regarding the yellow index (YI), ANOVA revealed significant differences (P <0.01),
with Duncan’s test indicating that elite accessions had the highest yellow pigment index (14.90),
significantly exceeding the other germplasms.

2.3. Relationships Between the Evaluated Parameters

2.3.1. Correlation Analysis of Various Agro-Morphological Parameters

A Pearson correlation matrix was constructed using the actual values of the selected agro-
morphological parameters for statistical analysis, as shown in Figure 3. These parameters include
awn length (AWL), spike length (SL), number of spikelets per spike (SPS), thousand grain weight
(TGW), and grain yield (GY).

The correlation coefficient quantifies the degree of association or common variation between
two descriptors. Correlation coefficients (r) close to +1 or -1 indicate strong correlations, while an r
close to zero suggests a weak or nonexistent correlation. The sign of the coefficient indicates the type
of association: negative (-) if the relationship is inverse and positive (+) if the relationship is direct. In
general, correlations with r values greater than 0.5 are considered moderate to strong, while those
between 0.2 and 0.5 are considered weak.

The correlation analysis between the main agro-morphological parameters and grain yield (GY)
revealed varied associations among these traits (Figure 3). Worthy of note is the very highly
significant positive correlation of GY with spike length (SL) (r = 0.76 ***; p < 0.001). GY also showed
a highly significant positive correlation with awn length (AWL) (r = 0.526 **; p < 0.01). Another
important result concerns the highly significant positive correlation between GY and the number of
glumes per spike (SPS) (r = 0.646 ***; p < 0.001). However, no significant correlation was observed
between GY and thousand kernel weight (TKW) (r = 0.155 »s; p > 0.05). The data regarding the SL
measurements showed a very highly significant positive correlation with SPS (r = 0.950 ***; p <0.001).
Similarly, the data regarding AWL showed a significantly positive correlation with SPS (r = 0.414*%;
p < 0.01). The data regarding the grain number per spike (GNS) showed no significant correlation
with SPS (r = 0.161 »s; p > 0.05) or with SL (r = 0.166 »5; p > 0.05). Worthy of note is the significantly
negative correlation between TKW and GNS (r = -0.498 *¥; p < 0.01), further reinforced by the strong
negative correlation between GY and GNS (r =-0.791; ***p < 0.001).


https://doi.org/10.20944/preprints202502.1947.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2025 d0i:10.20944/preprints202502.1947.v1

AWL

SL

SL

Pearson's r=0.379*

SPS
0
By
wn
Pearson's r=0.4145**| Pearson's r=0.95042*** H
- GNS
]
-
O
Pearson's r=0.25903* Pearson's r=0.16689 Pearson's r=0.16127| D
B TKW
Pearson's r=0.1898* Pearson's r=0.1958| Pearson's r=0.28759*| Pearson's r=0.49867**
GY |
P
Q
Pearson's r=0.52651**| Pearson's r=0.76926***| Pearson's r=0.64632***| Pearson's r=-0.7918*** Pearson's r=0.15579 “

AWL SL SPS GNS TKW GY

Figure 3. Correlogram illustrating the correlation coefficients among agro-morphological parameters
of durum wheat. AWL: awn length; SL: spike length; SPS: number of spikelets per spike; GNS:
number of grains per spike; TKW: thousand-kernel weight; GY: grain yield. Values are indicated as
follows: *p <0.05, **p < 0.01, **p < 0.001.

2.3.2. Correlation Analysis of Various Quality Parameters

From a technological quality perspective, the correlation analysis between the various
parameters revealed several noteworthy relationships (Figure 4). Gluten content (GC) displayed a
highly significant positive correlation with protein content (PC), with a correlation coefficient of
(r=0.863***; p<0.001), highlighting a strong association between these two parameters. The latter also
showed a significant positive correlation with bread-making strength (W), as indicated by (r=0.410**;
p< 0.01). Similarly, PC demonstrated a significant positive association with W, with (r=0.438**; p <
0.01), emphasizing the interdependence of these technological quality traits. However, no significant
correlation was observed between PC and gluten strength (SDS) (r=0.125 rs; p> 0.05), nor between SDS
and the yellow pigment index (YI) (r=0.143 »s; p> 0.05), suggesting an absence of meaningful
associations between these parameters. Likewise, no relationship was found between SDS and W
(r=—0.112 rs; p> 0.05) or between YI and W (r=—0.079 rs; p> 0.05).Finally, the analysis revealed highly
significant positive correlations between GC and YI (r=0.825*** p<0.001), as well as between SDS and
YI (r=0.831***; p< 0.001), indicating that higher GC and SDS are closely associated with increased
yellow pigment content.
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Figure 4. Correlogram illustrating the correlation coefficients among quality parameters of durum
wheat. PC: protein content; GC: gluten content; W: bread-making strength; SDS: gluten strength;
yellow pigment index. Values are indicated as follows: *p <0.05, **p < 0.01, ***p < 0.001.

2.4. Principal Component Analysis

Principal component analysis (PCA) was conducted to examine the dispersion of the 225
genotypes in the collection and identify the agro-morphological and quality traits contributing to
their structuring (Figure 5). The objective was to explore the genetic variability within the different
categories of genetic resources, considering both the agro-morphological parameters and the quality
traits. The first three principal components explained 37.16%, 23.40%, and 16.56% of the total
variance, respectively, cumulatively accounting for 77.12% of the overall variance of agro-
morphological parameters. The PCA revealed correlations among these traits and provided a better
understanding of their contribution to genetic diversity. In particular, the vectors representing awn
length (AWL) and spike length (SL) were very close, indicating a strong correlation between these
two parameters (angle <90°). In contrast, the vectors for thousand-kernel weight (TKW) and number
of grains per spike (GNS) were opposite, suggesting an inverse relationship between these traits.
Regarding the quality parameters, the first principal component (PC1) explained 44.80% of the
variance, followed by PC2 (27.69%) and PC3 (23.05%), cumulatively accounting for 95.54% of the total
variance for quality traits. A strong positive correlation was observed between protein content (PC),
gluten strength (SDS), and bread-making strength (W), with vectors associated with these traits being
very close.
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Figure 5. Principal component analysis of agro-morphological (left) and Quality (right) parameters.
AWL): awn length; (SL): spike length; (SPS): number of spikelets per spike; (GNS): number of grains
per spike; (TKW): thousand- kernel weight; (GY): grain yield; PC: protein content; (GC): gluten
content; (W) bread-making strength; (SDS): gluten strength; (YI): yellow pigment index.

3. Discussion

3.1. Description of the Variability in Agro-Morphological Parameters and Grain Quality Traits

The results of this study highlight significant agro-morphological variability and marked
differences in quality traits among the studied durum wheat genotypes. agro-morphological
parameters such as awn length (AWL), spike length (SL), number of spikelets per spike (SPS), number
of grains per spike (GNS), thousand-grain weight (TGW), and grain yield (GY) exhibited significant
variations, reflecting valuable genetic diversity. This diversity is accompanied by variations in key
quality traits such as gluten content (GC), protein content (PC), dough strength (W), sedimentation
capacity (SDS), and yellow index (YI), which are crucial for food product processing. Local landraces
demonstrated exceptional performance, particularly in terms of spike length, thousand-grain weight,
protein content, and gluten content. For instance, genotypes from these landraces showed a spike
length (SL) of 8.78 cm, a thousand-grain weight (TGW) of 50.20 g, a protein content (PC) of 16.05%,
and a gluten content (GC) of 36.89%. These traits are often associated with better adaptation to local
environmental conditions, confirming the importance of these landraces as reservoirs of genetic
diversity for breeding programs targeting arid regions.

Previous studies have demonstrated that landraces possess enhanced drought tolerance,
enabling them to withstand water scarcity while maintaining stable yields even under adverse
conditions. For example, wild wheat genotypes and landraces have shown strong drought avoidance
and tolerance mechanisms, contributing positively to grain yield under drought stress [39].
Moreover, landraces have been recognized as valuable sources of genetic diversity, with the potential
to improve stress resilience and yield stability through modern breeding techniques, including
genomic approaches that unlock their full genetic potential [40]. This germplasm, composed of
heterogeneous populations with high genetic diversity, exhibits remarkable adaptability to local
environmental variations, particularly in the face of drought and heat stress, which are common in
harsh environments. Wheat landraces have been cultivated for thousands of years under extreme
conditions, and their genetic traits have been conserved, contributing significantly to their resilience
in varying environments [36]. Cultivated over many generations, local landraces have retained traits
that enhance their resilience in unfavorable environmental conditions, making them well-suited to
low-input agricultural systems. Unlike modern varieties, which prioritize genetic uniformity and
high yields, landraces offer moderate but reliable yields while also contributing to biodiversity
conservation and ecosystem sustainability [41]. Among these traits, drought tolerance is particularly
notable, as drought stress during grain filling can cause irreversible yield losses, underscoring the
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importance of tolerance mechanisms in maintaining productivity [42] Furthermore, this type of
germplasm plays a crucial role in breeding programs, offering a valuable foundation for developing
cultivars better suited to extreme environments [43,44]. By harnessing this genetic wealth, it is
possible to improve yields under rain-fed conditions while enhancing crop resilience in arid and
semi-arid zones [45]. These observations corroborate previous studies that emphasized the
importance of wheat landraces in maintaining stable yields under environmental stress conditions.
For instance, a study on Ethiopian durum wheat landraces revealed high genetic diversity among
genotypes, with several showing high yields associated with phenotypic traits linked to grain quality
and yield [46]. Local wheat landraces, well adapted to low-input farming systems, exhibit greater
resilience to challenging climatic conditions. While their yield is generally lower than that of modern
varieties under optimal conditions, some landraces achieve comparable performance, particularly in
organic farming. Their stability under rainfed conditions and adaptability to Mediterranean
environments make them valuable candidates for sustainable production systems [47,48]. In addition
to the agro-morphological and genetic characteristics of local landraces, key agronomic traits such as
thousand-kernel weight (TKW) are critical for evaluating grain yield. However, genetic
improvements have primarily enhanced yield through an increase in the number of grains, with TKW
playing a secondary, yet important role in determining final yield [49]. TKW is not only directly
related to grain yield and milling quality but also influences seed vigor and growth, which in turn
affect overall yield. Therefore, TKW serves as an essential indicator for assessing and optimizing
wheat performance across diverse agricultural systems [50].

Alongside TKW, spike length (SL) is another significant agronomic parameter influencing wheat
yield. SL directly impacts grain density and the number of grains per spike, thereby contributing to
higher overall productivity. Longer spikes are generally associated with a greater number of grains,
which translates into increased grain yield. Moreover, SL plays a crucial role in adapting wheat to
water deficit conditions, enhancing the plant’s resilience to environmental stresses and ensuring
better grain adaptation under unfavorable conditions [51]. Protein content is a pivotal determinant
of durum wheat quality, particularly for pasta production, as it directly influences texture, elasticity,
and cooking behavior. Durum wheat with a high protein content (=13%, 11% dry matter) is preferred
by pasta manufacturers due to its superior resistance to overcooking, optimal firmness, and reduced
loss during cooking [52]. Studies have shown that pasta made from semolina with a higher protein
content exhibits enhanced strength and elasticity, making it superior to pasta made from lower
protein content semolina [53]. Additionally, Dexter and Matsuo [54] observed that increased protein
content improves cooking quality, particularly in Canadian durum wheat cultivars, enhancing
overcooking tolerance and improving texture and stability post-cooking [55]. Building on the
importance of protein content, gluten, a key protein in wheat, plays a pivotal role in determining the
suitability of flour for bread and pasta production. Wet gluten content serves as a critical indicator of
dough behavior, influencing its elasticity and processability during baking. The quality and quantity
of gluten, often measured by the gluten index, directly affect the texture and final quality of wheat-
based products. Higher gluten content enhances dough’s viscoelastic properties, contributing to
better product quality, including texture and stability, particularly in breadmaking [56]. The gluten
index, which varies among wheat varieties, quantifies both gluten quantity and its viscoelastic
properties, and has been shown to be an important factor in determining the quality of biscuits and
other baked goods [57]. Furthermore, the viscoelastic properties of the dough, which are closely
linked to grain protein levels, play a significant role in determining the quality of biscuits, particularly
affecting texture and stability during baking [58].

The Moroccan elite genotypes stand out for their promising performance, particularly regarding
quality traits such as a high yellow pigmentation index. This trait is vital for the pasta industry, as
the yellow-amber color of semolina has become a key quality factor for durum wheat end products
[59]. The yellow color is primarily due to carotenoid pigment content in the whole grain,
commercially recognized as the yellow index (YI) in semolina [60]. Beyond their aesthetic role,
carotenoids provide significant nutritional benefits, offering antioxidant properties that contribute to
human health. A high level of yellow pigments is sought after to ensure optimal color and quality in
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pasta, which in turn influences both its commercial and nutritional value [61]. In addition to yellow
pigments, the genetic diversity of durum wheat, particularly regarding glutenin alleles, plays a
crucial role in determining gluten strength, which directly impacts pasta processing quality [62].
These carotenoids, primarily lutein and its fatty acid esters, are responsible for the characteristic color
of durum wheat. Their presence and concentration are key indicators of grain visual quality and
suitability for industrial processing, especially for pasta production, where a bright yellow color is
highly preferred [63].

Remarkably, Moroccan varieties have demonstrated excellent performance in terms of yield,
reaching up to 6.11 t/ha, even under prolonged water deficit conditions in the arid environment of
Jemhéaa Shaim. Compared to other germplasm types, these genotypes exhibited higher yields,
confirming their resilience and ability to withstand water stress. Studies have shown that in arid
regions like Jemhaa Shaim, durum wheat performance is strongly influenced by water scarcity and
climate stress. In such conditions, selecting drought-tolerant genotypes is critical for ensuring stable
production. Research by Daryanto et al.[64] emphasizes the global impact of drought on wheat
production, illustrating the importance of selecting varieties adapted to these extreme environmental
stresses [65]. Similarly, Aktas [66] highlighted the significance of drought tolerance indices in
identifying landraces and genotypes that can withstand such stress, particularly for wheat
production in water-limited areas like Jemhada Shaim. Durum wheat yield is not only vital for
ensuring food security but also plays a central role in supporting the local agricultural economy,
especially in Mediterranean regions, where the crop demonstrates significant resistance to climatic
challenges [13]. In these environments, the ability of durum wheat genotypes to withstand climatic
stresses directly influences their yield, making this crop a strategic asset for maintaining stable
production, particularly in the face of climate change [16]. This is supported by findings from a study
on drought-tolerant durum wheat genotypes, which underscore the importance of selecting varieties
that can thrive under both stressed and non-stressed conditions across varying climatic scenarios [67].
Furthermore, in regions with arid climates, such as Jemhaa Shaim, selecting durum wheat genotypes
adapted to these extreme environments is essential for ensuring stable production. These conclusions
align with previous findings, which highlight that wheat genotypes capable of adapting to
environmental stress conditions can offer higher yields and better performance, particularly in
regions facing climatic challenges. In this context, Moroccan varieties have demonstrated strong
adaptability to such conditions, further confirming their potential for future agricultural production
and their role in ensuring stable yields under adverse environmental factors [68].

3.2. Relationship Between Agronomic Traits and Yield Components

The results of this study reveal significant and intricate relationships among various agronomic
traits of durum wheat, emphasizing the critical role of specific characteristics in enhancing
productivity. A positive correlation was identified between spike length (SL) and the number of
spikelets per spike (SPS), suggesting that longer spikes can support more spikelets, which improves
grain distribution and contributes to overall yield. Additionally, spike length was shown to be a key
determinant of grain yield. Similarly, a positive relationship has been demonstrated between spike
length and both the number of spikelets per spike (SPS) and the number of grains per spike (GNS),
emphasizing the importance of these traits in driving productivity, especially under optimal resource
management [69]. These findings align with the work of [70] who reported that spike length is a vital
trait influencing grain yield, further reinforcing its significance in maximizing productivity. A
moderate negative correlation was observed between the number of grains per spike (GNS) and the
thousand-grain weight (TGW), indicating that an increase in the number of grains may reduce the
individual grain weight. This phenomenon reflects increased competition for essential resources,
such as water and nutrients, particularly under limiting conditions [71]. However, some studies have
reported a positive correlation between these two parameters, which could be due to environmental
factors or specific agricultural practices that favor both better grain development and optimal
resource allocation for increased grain weight [72]. Moreover, durum wheat’s behavior varies
depending on environmental conditions. When sown in semi-arid areas, it adopts physiological
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strategies different from those observed under supplemental irrigation conditions, which may also
influence the relationship between the number of grains per spike and their weight [73].

The results of the correlation analysis between the different technological quality parameters of
wheat revealed several interesting relationships. Notably, a strong correlation was observed between
gluten strength and protein content, confirming previous studies that demonstrated protein content
as a key factor in forming a high-quality gluten network. These findings are further supports by
recent research [26,74], which highlighted a significant positive correlation between protein content
and gluten content. These studies showed that high protein concentrations, particularly gluten, are
essential for achieving an elastic and extensible dough, which are crucial characteristics for optimal
breadmaking. From a technological perspective, a highly significant positive correlation was
observed between protein content (PC), gluten content (GC), and bread-making strength (W). These
results highlight the importance of high concentrations of protein, particularly gluten, in developing
a gluten network that imparts optimal rheological properties to the dough, such as elasticity and
extensibility, which are crucial for quality bread-making. These findings are consistent with the work,
which demonstrated that PC is directly related to W, primarily through its role in gluten
structure[75]. Furthermore, the study highlighted that high molecular weight glutenin subunits
contribute significantly to dough resistance and overall quality, further reinforcing their impact on
W [76,77].

The results obtained in this study are consistent with those of previous research, such as studies
on durum wheat genotypes, where it was observed that gluten strength is more influenced by the
specific composition of gluten subunits, rather than simply by the total gluten or protein content [78].
Although variations in gluten subunits have been correlated with dough strength, no direct link was
found between the amount of gluten or proteins and gluten strength. These findings suggest that
gluten strength may be more influenced by the structure and composition of the proteins, particularly
the relative proportion of different fractions, rather than by their sheer quantity. This idea is further
supported by the observations in the study of [79], which indicate that gluten strength seems to result
from a complex interaction between gluten subunits, rather than from the total protein content.

A highly significant positive correlation was observed between gluten strength (measured by
the SDS test) and the yellow pigment index in the durum wheat genotypes analyzed. This
relationship highlights the crucial influence of gluten quality on the final product’s color, particularly
for pasta. These results align with those of the study conducted by Kaur et al.[80], who also found a
strong association between yellow pigment content and gluten quality in durum wheat varieties used
for pasta production. Their study demonstrated that genotypes with higher yellow pigment content
also exhibited better gluten quality, emphasizing the crucial role of protein composition in both the
physical and visual quality of the final product. In addition,, the findings of the study by petter and
shawry [81] further support this correlation by demonstrating that variations in the composition of
gluten subunits significantly influence dough properties as well as its color. They observed that the
proportion of certain gluten fractions, such as glutenin and gliadin proteins, was closely linked to
dough quality, including its color. Additionally, they highlighted that the composition of gluten
proteins, particularly the relative proportion of different fractions, plays a crucial role in the quality
of durum wheat-based products, especially pasta, where color is a key factor in visual quality [82].

3.3. Principal Component Analysis (PCA)

The agro-morphological traits of the genotypes showed that the awn length (AWL) and spike
length (SL) are strongly correlated, suggesting a possible genetic relationship between these two
parameters. This observation implies that selecting for one of these traits could influence the other,
as similar correlations were reported in previous studies [83]. in Moroccan durum wheat genotypes,
where relationships between certain morphological traits were found to impact genetic diversity.
Additionally, the inverse relationship between thousand-kernel weight (TKW) and number of grains
per spike (GNS) was observed in this study. This inverse relationship aligns with the findings of
Sourour et al.[84], who reported variation in these parameters among Tunisian durum wheat
genotypes, highlighting the significance of these traits in phenotypic structuring. Regarding quality
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parameters, our results are consistent with those from a study that used PCA to distinguish genetic
groups based on protein content and gluten strength in wheat, showing that these traits are crucial
for predicting the quality of wheat-based products [85]. In accordance with this, protein content and
gluten strength were found to be key factors influencing wheat quality in the multivariate analysis
of genetic diversity in Ethiopian tetraploid wheat, confirming the relevance of these parameters for
wheat genetic improvement [86].

4. Materials and Methods

4.1. Experimental Site

The experiment was conducted at the Jemhaa Shaim experimental site, part of the Regional
Center for Agricultural Research. Located 40 km from Safi, Morocco, the site covers an area of 320
hectares and is situated at an altitude of 168 m. The geographical coordinates of the site are latitude
32°21' 0" N and longitude 8° 51' 0" W (Figure 6).

This site was selected for its representativeness of the agroecological conditions in the region,
particularly its arid climate and soils suitable for agricultural trials. The climate is characterized by
an average annual rainfall of 270 mm, with precipitation during the agricultural season ranging
between 0 mm and 62.80 mm. The average annual temperatures vary between a minimum of 11.58
°C and a maximum of 21.04 °C. These conditions provide an ideal framework to evaluate crop
performance under challenging environments. The soils at the site, primarily calcic cambisols, are
typical of the agricultural zones in this region, making it a relevant location for agronomic trials. The
agroecological zone is classified as dryland with a very short growing season, characterized by
extreme drought and heat. Additionally, the site faces issues such as leaf rust and extreme infestations
of Hessian fly, which further accentuate the environmental stress. These features enabled an in-depth
study of crop growth during the experimental period (Figure 7).
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4.2. Plant Material

The plant material used in this study consists of a set of 219 durum wheat (Triticum turgidum L.
var. durum) accessions, selected based on their adaptability to local agro-ecological conditions and
their potential for breeding programs. This collection is divided into five distinct groups, ensuring a
diverse representation of geographic and genetic origins. The genotypes were classified as follows:
120 Moroccan lines from the national durum wheat breeding program, 63 international lines from
CIMMYT, including 28 from the International Durum Screening Nursery program and 35 from the
International Durum Yield Nursery program, 23 Moroccan varieties, 4 foreign varieties registered in
the Moroccan national catalogue, obtained by institutions other than INRA but approved by the
national registration system and 9 landraces.

4.3. Experimental Design

The experiments were conducted using an “Alpha lattice” experimental design with two
replications. Each replication consists of 199 elementary plots. Each accession is sown in two 2-m-
long rows spaced 30 cm apart, giving each elementary plot an area of 1.2 m2. The spacing between
plots is 1 m, while the distance between blocks is 2 m.

4.4. Agro-Morphological Characterization

The agro-morphological descriptors of five types of durum wheat germplasm were evaluated
following the international standards defined by “Bioversity” [87].The measurements included awn
length (AWL), spike length (SL), the number of spikelets per spike (SPS), the number of grains per
spike (GNS), and thousand kernel weight (TKW). For awn length and spike length, three
representative spikes were collected from each plot and measured using a ruler graduated in
centimeters, with the awn length recorded from the insertion point at the spike base to its longest tip,
and the spike length measured from the base to the top. The number of spikelets per spike was
manually counted, and the spikes were gently rubbed by hand to separate the grains without
damaging them. The number of grains per spike was determined using the Choppin Numigral
counter, and grain weight was measured using a precision balance (Ohaus precision balance). The
thousand- kernel weight (TKW) was calculated using the following equation:

Total grain weight x 1000

TKW =
Number of grains 1)
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After harvest, the grain weight for each elementary plot was measured, and the grain yield was
calculated using the formula:
(Grain weight per plot (kg))
X

Grain yield (t ha™)= Plot area (1.2 m?)

100 @)

4.5. Quality Parameters Characterization

4.5.1. Whole Grain-Based Parameters

The quality parameters of whole grains, including moisture content (MC), grain gluten content
(GGCQ), grain protein content (GPC), and breadmaking strength (W), were determined using the
Chopin spectrophotometer, Infraneo model, based on near-infrared spectroscopy (NIRS), as
described in AOAC [88]. Cleaned and impurity-free whole grains were directly placed into the
device’s measurement chamber, ensuring precise and non-destructive analysis of these essential
traits. The spectrophotometer analyzes the grains by projecting a beam of infrared light onto their
surface and measuring the reflected light. This method relies on the reflectance of radiation emitted
at a specific wavelength in the visible or infrared spectrum. The chemical bonds present in the
material (O-H, N-H, C-H) absorb at specific wavelengths corresponding to their vibration frequencies
and the transition from a ground state to an excited state. These absorption frequencies collectively
form the absorption spectrum. The instrument provides a spectrum within a wavelength range of
750 nm to 1100 nm, with a step size of 2 nm. Results for each parameter are generated automatically
and displayed on the device interface. For the measured parameters, the device is pre-calibrated
according to international standards: ISO 712:2009 for moisture content (MC), the Kjeldahl method
for grain protein content (GPC), and ISO 21415-2:2015 for grain gluten content (GGC)[89,90].

4.5.2. Flour-Based Parameters

The milling is performed using the Cyclone Sample Mill laboratory grinder from UDY
Corporation (Model: 3010-080P / 3010-081P), equipped with two sieves: a 0.5 mm mesh sieve for
yellow index (YI) and moisture analyses, and a 1 mm mesh sieve for the sedimentation test. yellow
pigment index (Y1), and gluten strength (SDS) is determined using a physical method based on the
color analysis of whole durum wheat flour with a colorimeter (CR-S Konica Minolta). The procedure
involves filling a Petri dish with semolina as a control sample. Then, a Petri dish is filled with a non-
compacted flour sub-sample, which is gently tapped to level the flour and eliminate any air pockets
at the bottom of the dish. The dish is then placed in the appropriate area of the chromameter,
calibrated, and the color indices are measured. The control sample is re-analyzed after every five
measurements to ensure result reliability. The results are expressed in terms of luminosity (L¥),
brown index (a*), and yellow index (b*), according to the standards defined by the International
Commission on Illumination (CIE). Color evaluation is mainly based on the measurement of the “L*”
and “b*” components, while the brown index (a*) is calculated as 100—L*, and the yellow index
corresponds to b* [91]. Gluten strength was determined by the SDS (Sodium Dodecyl Sulfate)
sedimentation test, according to a Moroccan standard method (N.M.08.1.217, 1999), equivalent to the
American Association for Cereal Chemistry (AACC 56-70) method. The principle of this test involves
measuring the sedimentation volume formed after a series of stirrings and swelling of proteins,
following an established international standard. For this test, 1 g of durum wheat flour is mixed with
8 mL of Reagent 1 in a 25 mL graduated test tube. The solution is manually stirred for 10 s to ensure
homogenization. After starting the stopwatch, the sample is allowed to sediment for 4 min and 30 s,
with a rapid agitation at 2 min and 30 s. At 4 min and 30 s, a final rapid agitation is performed,
followed by the addition of 12 mL of SDS-lactic acid solution. The sample is then placed in a shaker
(Vortex Genie 2, Scientific Industries, USA) for further homogenization. Finally, the sample is left to
sediment, and the sedimentation volume is measured[92].

4.5.3. Data Analysis
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The collected data were subjected to one-way analysis of variance (ANOVA) to assess the
significant differences among the studied germplasm groups. Duncan’s test at a 5% significance level
was used to compare the means and classify the different germplasm groups. The results of the one-
way ANOVA highlighted significant genetic differences between the groups (inter-class), facilitating
the selection of the most performant genotypes for each studied trait. Furthermore, correlation
analyses and principal component analysis (PCA) were conducted to explore the relationships
between the measured traits and their potential impact on yield. These analyses provided crucial
insights into the interactions between different agro-morphological and quality traits and identified
key parameters contributing to grain yield variability. The statistical analyses were performed using
SPSS software (version 25).

5. Conclusions

This study analyzed the genetic and phenotypic diversity of 219 durum wheat accessions,
representing various types of germplasm (elite accessions, international lines, Moroccan varieties,
and local landraces). The main goal was to assess their performance in terms of agro-morphological
traits and quality. The results revealed significant differences between the groups studied,
highlighting considerable genetic variability that could be exploited in future breeding programs to
improve durum wheat, especially in arid and semi-arid environments where growing conditions are
often challenging. Local landraces particularly stood out for their performance across several quality
criteria, making them highly promising for the development of high-quality durum wheat varieties.
This group therefore represents a key genetic resource for creating varieties that meet market quality
standards. International lines exhibited the highest sedimentation index (SDS). Genotypes from elite
accessions were distinguished by a higher yellow index, highlighting their potential for cereal
products that require superior visual quality, particularly for semolina or flour production. Statistical
analyses confirmed the presence of significant genetic variability within the studied groups. Principal
component analysis (PCA) showed that agro-morphological traits accounted for a large proportion
of the total variability, while quality traits, such as protein and gluten content, also explained a
significant part. This underscores the importance of qualitative traits in differentiating germplasm
and their crucial role in developing durum wheat varieties that meet both agronomic conditions and
food industry requirements.

The findings emphasize that the genetic and phenotypic diversity of durum wheat is a vital
resource for its continuous improvement. Selecting genotypes that combine favorable agro-
morphological traits with quality criteria could lead to the development of high-performing varieties
suited to both agricultural and industrial needs. Furthermore, preserving this diversity is essential
for ensuring the sustainability of wheat production in the face of climate change challenges and the
growing demand for food. Future research should build on this analysis by considering inter-annual
variations and integrating phenotypic approaches with genetic studies, such as the use of molecular
markers, to better understand the genetic basis of variability and refine breeding strategies aimed at
developing more resilient durum wheat varieties tailored to local conditions.
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