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Abstract:

Bread wheat (Triticum aestivum L.) cultivation in the Algerian Sahara relies on traditional
landraces that have evolved to withstand extreme hyper-arid environmental conditions.
These local populations represent a vital yet under-utilized genetic resource for modern
breeding programs aiming to improve drought and heat tolerance. This study investigated
the genetic diversity and population structure of 16 local landraces collected from the
Adrar and Tamanrasset regions in southern Algeria. Genotyping was performed using 13
polymorphic simple sequence repeat (SSR) markers selected for their reliable genome
coverage. Genetic diversity parameters were estimated using standard metrics, while
population structure was analyzed using Bayesian clustering approaches and Principal
Coordinate Analysis (PCoA). Results revealed a total of 72 alleles across the studied loci,
with a mean of 5.54 alleles per locus. The genetic diversity indices indicated a moderate
level of diversity, with a mean polymorphic information content (PIC) of 0.57, a mean
expected heterozygosity (He) of 0.573, and a mean observed heterozygosity (Ho) of
0.271. Analysis of Molecular Variance (AMOVA) revealed that the majority of genetic
variation resided among individuals (56%) and within individuals (32%), with a
significant 12% attributed to genetic differentiation between the two geographic
populations. Bayesian STRUCTURE analysis and PCoA consistently identified two
distinct genetic pools that largely corresponded to the geographic origin of the accessions,
although some admixture was observed. Overall, the results demonstrate substantial
genetic variability and a clear structured population pattern within Saharan bread wheat.
These landraces represent a valuable genetic resource for conservation strategies and for
future research and breeding efforts targeting wheat improvement under water-limited
environments.



http://www.ijcesen.com/
http://dergipark.ulakbim.gov.tr/ijcesen
http://orcid.org/xxxx-xxxx-xxxx-xxxx

Mohamed Adel Berrezoug, Amina Bellatreche, Sameh Rahmani Mnasri, Abdel llah Amrouche, Yassine Moustafa Mahdad / IJCESEN 12-1(2026)694-704

1. Introduction

Climate change poses an escalating threat to global
agricultural productivity, particularly in arid and
semi-arid regions where abiotic stresses such as
water scarcity, extreme heat, and soil salinity
severely limit crop potential. To maintain food
security in these wvulnerable environments,
enhancing crop resilience has become a priority.
This requires the identification, conservation, and
effective utilization of genetic resources that possess
adaptive traits for marginal conditions. Traditional
landraces, which have evolved over centuries under
the pressure of local environments and farmer
selection, represent unique reservoirs of genetic
variability. Unlike modern high-yielding varieties,
which often have a narrow genetic base due to
intensive selection for favorable conditions,
landraces retain allelic diversity that confers
tolerance to biotic and abiotic stresses [1] ; [2].
Consequently,  characterizing these  genetic
resources has gained increasing importance in
breeding programs targeting drought-prone
agroecosystems [3].

Bread wheat (Triticum aestivum L.) is the most
widely cultivated cereal worldwide, occupying over
17% of global arable land and providing nearly 20%
of the daily caloric and protein intake for the human
population [4] ; [5]. Despite its critical role in food
security, wheat yield stagnation has become a major
concern, especially as global food demand is
projected to rise by 40% by 2030 and could
potentially double by 2050 [6]; [7] ; [8]. The
situation is particularly critical in North Africa, a
region identified as a climate change "hotspot,"
where wheat productivity remains heavily
constrained by recurrent drought, erratic rainfall,
poor soil fertility, and limited success in genetic
improvement programs adapted to local constraints
[9] ; [10].

In Algeria, wheat is a strategic commodity and a
dietary staple; however, national production is far
from meeting domestic needs. Average Yyields
remain low, reaching only 1.4 t/ha in 2021, while
wheat imports are projected to exceed 7 million tons
in 2024 [11] ; [12]. Reducing this import dependency
requires a shift towards more resilient agricultural
systems and the valorization of local germplasm. In
this context, the southern Saharan regions of Adrar
and Tamanrasset offer a unique opportunity. These
hyper-arid regions maintain traditional T. aestivum
landraces cultivated under ancient oasis-based
systems. These populations have been naturally
selected for survival under extreme heat and water
stress, exhibiting phenotypic traits such as early
maturity and stability under harsh conditions [13] ;

[14]. Understanding and conserving these Saharan
landraces is therefore not only a matter of heritage
preservation but a crucial component of a broader
strategy to increase national crop resilience. Despite
their proven agronomic potential, these local
varieties remain poorly characterized at the
molecular level. While phenotypic evaluations have
been conducted, genetic studies on Algerian bread
wheat remain limited [15].

Molecular markers, particularly Simple Sequence
Repeats (SSRs), are powerful tools for assessing
genetic diversity and population structure in self-
pollinating crops due to their codominant
inheritance, high polymorphism, and genome-wide
distribution [16] ; [17]. Although a pioneering study
by [18] provided preliminary insights, a
comprehensive analysis of the genetic architecture
of landraces from the hyper-arid South is still
lacking. To bridge this gap, it is essential to analyze
the genetic variation of this germplasm, particularly
using markers located near genomic regions
associated with drought tolerance, to better
understand their adaptive potential.

Recent Genome-Wide Association Studies (GWAS)
have successfully identified SNP loci and candidate
genes associated with drought-related traits in bread
wheat [19] ; [20]. Such genomic analyses are
therefore crucial not only to understand the
evolutionary dynamics and adaptive potential of
these genotypes, but also to provide concrete
genomic targets to inform breeding strategies for
improving wheat resilience in arid and marginal
environments.

Therefore, the present study aims to characterize the
molecular diversity of Saharan bread wheat
landraces to support their conservation and
utilization. Specifically, the objectives were to: (i)
assess SSR-based genetic diversity and population
structure of landraces collected from Adrar and
Tamanrasset; and (ii) identify the most informative
SSR loci for discriminating this germplasm. By
providing a detailed genetic baseline, this study
intends to facilitate the integration of these resilient
landraces into future breeding efforts targeting
wheat improvement for arid and water-limited
environments.

2. Material and Methods

2.1 Plant material

Sixteen bread wheat (Triticum aestivum L.)
landraces were collected from the Adrar and
Tamanrasset regions (Table 1). For molecular
analysis, genomic DNA was isolated from fresh
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young leaves of 7-day-old seedlings obtained via in
vitro germination.

2.2 DNA isolation and SSR analysis

Total genomic DNA was extracted from fresh young
leaves at the 3-leaf stage using the CTAB method
described by [21]. For each accession, leaf tissue
was pooled from multiple individual plants to obtain
a representative bulk sample. DNA isolation was
conducted at the National Gene Bank of Tunisia
(BNG). The quality and concentration of the DNA
were determined through 0.8% agarose gel

electrophoresis and  with a  Nanodrop
spectrophotometer ~ (BioSpec-nano;  Shimadzu
Biotech).

Genetic profiling was performed using thirteen SSR
primers (Table 2) selected from the International
Wheat Microsatellite Consortium (WMC). These
primers are highly polymorphic and provide wide
genome coverage, spanning chromosomes 1A, 1B,
1D, 2A, 2D, 3B, 4B, 5A, 5D, 6D, 7A, and 7D.
Additionally, specific primers were selected from
genomic regions previously associated with
drought- and heat-related quantitative trait loci
(QTLs) [22] and [23]

Table 1. Origin, collection sites, and local names of 16 Saharan bread wheat (Triticum aestivum L.) accessions from

Algeria
Region Accession Collection site Longitudes (E) | Latitudes (N) | Altitude (m)

Omroukba Zaouiat Kounta 0°12'00.52 27°13'00.28 189

Sabagha Touat 0°14'12.69 27°5125.92 269

El Farh Tilouline 0°0824.00 27°05'48.00 170

Bemmebrouk Aguil 0°17'38.00 27°52'27.40 258

Adrar Amouch Deldoul 0°15'34.77 29°01'10.40 282
Belmebrouk Zaouiat 0°14'18.29 29°15'41.81 288

El Menea El Habla Tsabit 0°13'06.97 28°21'01.45 260

Bahamoud Zaouiat 0°14'18.29 29°15'41.81 288

Bourabraa Abalessa 4°04'10.36 22°11'16.00 601
Bent M'barak1 Tazrouk 6°15'40.92 23°25'17.12 1814

Manga3 Abalessa 4°04'10.36 22°11'16.00 601

Tarouzi Abalessa 4°04'10.36 22°11'16.00 601

Tamanrasset - -

Hribcha Ain Amguel 3°25'19.93 24°3228.27 633

Manga El Beyda Idless 5°56'03.64 23°49'03.80 1398
Labyadh Tazrouk 6°15'40.92 23°25'17.12 1814

Manga Idless 5°56'03.64 23°49'03.80 1398

2.3 PCR amplification and electrophoresis

PCR amplification was performed in a 20 uL
reaction volume containing 50 ng genomic DNA, 4.0
mM MgCly,, 200 uM of each ANTP, 0.25 uM of each
primer, 0.4 U Hot-start Taq polymerase, and 1x PCR
buffer. Amplifications were carried out in a thermal
cycler under the following conditions: initial
denaturation at 95°C for 3 min; followed by 35
cycles of 95°C for 30 s, primer-specific annealing
temperature (Table 2) for 1 min, and 72°C for 30 s;
with a final extension at 72°C for 10 min. PCR
products were separated on 3% agarose gels in 1x
TAE buffer, stained with ethidium bromide, and
visualized under UV light. Fragment sizes were
estimated by comparison with 50 bp and 100 bp
DNA ladders.

2.4 Analysis of molecular data

Allelic profiles of the 16 bread wheat genotypes,
generated using 13 SSR markers, were compiled into
a matrix based on allele sizes for each microsatellite
locus. This dataset was analyzed using GenAlEx
v6.5 [24] to calculate the number of alleles per locus
(Na), effective number of alleles (Ne), Shannon’s
information index (1) [25], observed heterozygosity
(Ho), expected heterozygosity (He), and fixation
index (F) [26]. GenAlEx was also employed to
perform Principal Coordinate Analysis (PCoA)
based on inter-individual relationships derived from
Nei’s unbiased pairwise genetic distance matrix.
Molecular variance within and among populations
was assessed through Analysis of Molecular
Variance (AMOVA).Additionally, the
informativeness of the SSR primers was evaluated
using Cervus 3.0 software [27], which calculated the
polymorphic information content (PIC) for each
marker [28].The sizes of the SSR amplified bands
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were utilized to compute Jaccard’s dissimilarity
coefficients. The correlation between Jaccard and
Dice distance matrices was assessed by a Mantel test
with 1,000 permutations, revealing a strong
correlation (r = 0.99, p < 0.001). The Jaccard matrix
subsequently informed the construction of
phylogenetic tree topologies using the neighbor-
joining (NJ) method. This analysis was conducted
with 1,000 replications, employing DARwin
software version 6.0.010 [29].

Genetic structure was inferred using a Bayesian
clustering algorithm implemented in STRUCTURE

v2.3.4 [30]. The analysis was conducted using an
admixture model with uncorrelated allele
frequencies, suitable for local populations where
historical gene flow may have occurred. Ten
independent runs were performed for each value of
K (K = 1-10), with a burn-in period of 100,000
iterations followed by 100,000 Markov Chain Monte
Carlo (MCMC) iterations. The most probable
number of genetic clusters (K) was inferred using the
AK method of [31].

Table 2. Characteristics of 13 SSR primers used for genetic diversity analysis of 16 Saharan bread wheat (Triticum
aestivum L.) landraces

. Chromosome Annealing Alleles size
Primer Sequences .
location temperatures (pb)

Gwml31F AATCCCCACCGATTCTTCTC

1B 55 130 -300
Gwml31 R AGTTCGTGGGTCTCTGATGG
Gwm325 F TTTCTTCTGTCGTTCTCTTCCC

6D 52 138 — 152
Gwm325 R TTTTTACGCGTCAACGACG
Gwml65 F TGCAGTGGTCAGATGTTTCC

4B 52 180 —290
Gwml65 R CTTTTCTTTCAGATTGCGCC
Gwml129 F TCAGTGGGCAAGCTACACAG

SA 52 130 —400
Gwml29 R AAAACTTAGTAGCCGCGT
Gwml174 F GGGTTCCTATCTGGTAAATCCC D 54 210
Gwml74 R GACACACATGTTCCTGCCAC
Gwm99 F AAGATGGACGTATGCATCACA

1A 54 120 - 165
Gwm99 R GCCATATTTGATGACGCATA
Gwmlll F TCTGTAGGCTCTCTCCGACTG

7D 54 130 —-250
Gwmlll R ACCTGATCAGATCCCACTCG

Barcll F GCGATGCGTGTAAAGTCTGAAGATGA

2D 55 80 —-300
Barcll R GCGTCCATGGAGCTCTGTTTTATCTGA
Barc101 F GCTCCTCTCACGATCACGCAAAG

3B 55 60 —200
Barc101 R GCGAGTCGATCACACTATGAGCCAATG
Barc108 F GCGGGTCGTTTCCTGGAAATTCATCTAA

7A 55 100 — 260
Barc108 R GCGAAATGATTGGCGTTACACCTGTTG
Barc126 F CCATTGAAACCGGATTTGAGTCG

7D 56 200 - 250
Barc126 R CGTTCCATCCGAAATCAGCAC
Wmcl77 F AGGGCTCTCTTTAATTCTTGCT

2A 57 115-295
Wmcl77R GGTCTATCGTAATCCACCTGTA
Wmcl79 F CATGGTGGCCATGAGTGGAGGT

1D 56 110-300
Wmcl179R CATGATCTTGCGTGTGCGTAGG

3. Results and Discussions

3.1 Results

697

3.1.1 Genetic diversity parameters
The analysis of genetic diversity using 13 SSR
markers revealed significant allelic variation among
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the 16 bread wheat accessions. A total of 72 alleles
were detected across the analyzed SSR loci,
reflecting a high level of polymorphism among
Saharan wheat accessions. The number of alleles
(Na) per locus ranged from 1 (Barc126, Wmc179) to
11 (Gwm174, Gwm111l), with a mean of 5.54. The
effective number of alleles (Ne) varied from 1.000 to
8.182 (mean = 3.341). Shannon’s information index
(1) ranged from 0.000 to 2.231, with an average of
1.221.

Observed heterozygosity (Ho) ranged from 0.000 to
1.000 (mean = 0.271), while expected
heterozygosity (He) ranged from 0.000 to 0.878
(mean = 0.573). The mean Ho was lower than He,
which is consistent with the self-pollinating nature
of wheat, although some loci (e.g, Gwmlll)
displayed high heterozygosity. The Polymorphism
Information Content (PIC) ranged from 0.000 to
0.870, with a mean value of 0.570, indicating that the
markers used were highly informative (Table 3).

Table 3. Genetic diversity parameters revealed by 13 SSR markers in 16 Saharan bread wheat (Triticum aestivum L.)

accessions.

Locus Na Ne | Ho He F PIC
Gwml31 8 4.225 1.698 0.692 0.763 0.093 0.760
Gwm325 5 3.846 1.471 0.200 0.740 0.730 0.740
Gwml65 6 2.273 1.167 0.733 0.560 -0.310 0.560
Gwm129 3 1.744 0.765 0.000 0.427 1.000 0.420
Gwml174 11 5.844 2.044 0.667 0.829 0.196 0.820

Gwm99 6 3.449 1.484 0.154 0.710 0.783 0.710
Gwml111 11 8.182 2.231 1.000 0.878 -0.139 0.870

Barcll 4 2.048 0.939 0.077 0.512 0.850 0.510
Barc101 6 3.261 1.430 0.000 0.693 1.000 0.690
Barc108 4 2.390 1.055 0.000 0.582 1.000 0.580
Barc126 1 1.000 0.000 0.000 0.000 NaN 0.000
Wmel79 1 1.000 0.000 0.000 0.000 NaN 0.000
Wmcl77 6 4.172 1.594 0.000 0.760 1.000 0.760

Total 72 43.435

Mean 5.538 3.341 1.221 0.271 0.573 0.077 0.570

Na = No. of Different Alleles; Ne = No. of Effective Alleles (7 /Y pi?); | = Shannon's Information Index (Y pi x In(pi)); Ho = Observed
Heterozygosity (number of heterozygotes / N); He = Expected Heterozygosity (1 — > pi?);
F = Fixation Index; PIC = Polymorphism Information Content; NaN: Not Calculated (monomorphic locus)

3.1.2 Analysis of molecular variance (AMOVA)
The Analysis of Molecular Variance (AMOVA) was
performed to assess the partitioning of genetic
diversity between the two geographic regions (Adrar
and Tamanrasset). The results indicated that only
12% of the total genetic variance was explained by
differences between these regions (Table 4). The
majority of the genetic variation (56%) was found
among individuals within populations, while 32%
was attributed to variation within individuals. This
high level of intra-population diversity suggests
significant genetic heterogeneity within the local
wheat landraces cultivated in these oases.

3.1.3 Principal Coordinate Analysis (PCoA)

The Principal Coordinate Analysis (PCoA), based on
Nei’s genetic distance, showed that the first three
axes accounted for 19.19%, 16.21%, and 11.46% of
the total genetic variation, respectively. Collectively,
the first two axes explained 35.40% of the variation,
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while the total diversity explained by the three axes
reached 46.86%. The PCoA plot differentiated the
bread wheat genotypes into two main groups (Figure
1). The first group, positioned on the left side of the
plot, included most accessions from the Adrar
region. Within this group, two subclusters were
observed: one comprised Amouch, EI Menea, and
Bemmebrouk, and the second included Sabagha and
El Farh. The second group, on the right side,
consisted mainly of accessions from Tamanrasset,
with two subclusters: one included Tarouzi,
Bourabraa, Bahamoud, and Belmebrouk; the other
grouped Manga3, Bent M barakl, Manga, Labyadh,
and Manga El Beyda. Two accessions showed
distinct positions: Omroukba (from Adrar) clustered
among Tamanrasset accessions, while Hribcha
(from Tamanrasset) appeared isolated. Comparison
with  STRUCTURE results suggests that these
atypical positions may reflect potential admixture or
distinct genetic backgrounds for these specific
accessions.
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Table 4. Analysis of molecular variance (AMOVA) among 16 Algerian Saharan bread wheat (Triticum aestivum L.)
accessions using 13 SSR markers.

Source Df SS MS Est. Var. %
Among Pops 1 16.313 16.313 0.588 12
Among Indiv 14 96.563 6.897 2.683 56
Within Indiv 16 24.500 1.531 1.531 32
Total 31 137.375 4.803 100
e X ‘ abyadh
g n Mang el Ades
E |
8 B Tamanrasse?
Beimebre i "B &
= ang

Coord. 1

Figure 1. Principal Coordinates Analysis (PCoA) of 16 Saharan bread wheat accessions based on SSR data and Nei’s
genetic distance. The first three axes explained 46.86% of the total variation, revealing a partial separation among
accessions from different regions

3.1.4 Genetic
structure

Bootstrapping analysis of the neighbor-joining (NJ)
tree revealed clear differentiation among all
accessions, with genetic identity values ranging from
0.023 to 0.93. The highest similarity was observed
between Manga and Labyadh, while the lowest was
between Hribcha and El Farh. The neighbour-
joining dendrogram (Figure 2) revealed three main
clusters, supported by bootstrap values ranging from
20% to 100%. Cluster I included three subclusters:
Manga3 with Bent M’barakl, Tarouzi with
Bourabraa, and Bahamoud with Belmebrouk.
Cluster Il consisted of four subclusters: Manga with
Labyadh, Manga ElI Beyda, Hribcha, and
Omroukba. Cluster 111 comprised ElI Menea with
Amouch, Bemmebrouk, El Farh, and Sabagha.

Regarding population structure, the Bayesian
clustering analysis performed in STRUCTURE
provided complementary insights. Consistent with
the clustering approach described by [32] and using
the method of [31], a clear peak in AK was observed
at K =2 (Figure 3). Support for higher K values was
substantially lower, as AK dropped sharply beyond
K =2, suggesting no further significant substructure.

relationships and population
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This indicates that the optimal number of genetic
clusters is two. This result was supported by the bar
plot of population structure (Figure 4), where
individuals were assigned to two distinct gene pools.
Group 1 (red), predominantly representing the Adrar
region, included Omroukba, Sabagha, El Farh,
Bemmebrouk, Amouch, and ElI Menea, along with
three accessions from Tamanrasset (Belmebrouk,
Bahamoud, and Hribcha), suggesting potential gene
flow. Group 2 (green) consisted exclusively of
accessions  from  Tamanrasset,  comprising
Bourabraa, Bent M’barakl, Manga3, Tarouzi,
Manga El Beyda, Labyadh, and Manga. Overall, this
clustering pattern was largely consistent with the
groupings observed in PCoA and NJ analyses,
although Omroukba and Hribcha showed the most
atypical positions across the different methods.

3.2 Discussions

3.2.1 Genetic diversity patterns and marker
utility

Understanding the genetic structure and diversity of
Saharan bread wheat landraces is essential for
conserving adaptive variation and supporting
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Figure 2. Neighbor-joining (NJ) tree of 16 Saharan bread wheat accessions based on Jaccard’s genetic distances
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Figure 3. Determination of the optimal number of genetic clusters (K) based on the method of [31]. The clear peak in
AK observed at K = 2 indicates the most probable number of genetic groups within the studied accessions
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Figure 4. Bar plot of population structure for 16 Saharan bread wheat accessions inferred by STRUCTURE analysis at
K=2. Each vertical bar represents a single individual, and the colors indicate the proportional membership to the two
identified gene pools (Group 1: Red; Group 2: Green).

700



Mohamed Adel Berrezoug, Amina Bellatreche, Sameh Rahmani Mnasri, Abdel llah Amrouche, Yassine Moustafa Mahdad / IJCESEN 12-1(2026)694-704

breeding efforts aimed at improving drought
resilience [33] ; [34]. The findings of this study
reveal that despite the harsh environmental
conditions of the Algerian Sahara, marked by
prolonged drought and extreme temperatures, local
wheat populations maintain a remarkably high level
of genetic diversity.

The analysis revealed a moderate level of genetic
diversity across the population, with a mean number
of alleles (Na) of 5.54, a mean effective number of
alleles (Ne) of 3.34, and a mean expected
heterozygosity (He) of 0.573. However,
considerable variation was observed among
markers, with some loci such as Gwm111 reaching
high values (He = 0.878). Gwm111 has previously
been identified as highly informative in wheat
genotypes  evaluated under  drought-prone
environments  [35], confirming its  high
discriminatory power. These diversity levels are
higher than those previously reported for Saharan
germplasm [36] ; [37] and align with recent findings
in similar marginal environments [38], suggesting
that these landraces have retained substantial allelic
richness. This may be attributed to traditional
farming practices, such as seed exchange among
farmers, which counteract the effects of regional
isolation and genetic drift [39]. It is worth noting that
the genetic diversity observed in this study (He =
0.573) is comparable to, or even higher than,
diversity levels reported in some global collections
of bread wheat. This implies that while modern elite
cultivars often suffer from genetic erosion due to
intensive selection [40], Saharan oases act as
reservoirs of allelic variation. Regarding marker
utility, the Polymorphism Information Content (PIC)
indicated that the selected SSRs were highly
informative, with a mean value of 0.57. This mean
PIC value is slightly lower than values reported for
larger, multi-country panels [41] ; [42], but reflects
the high genetic differentiation of local populations.
While Gwm174 is generally regarded as weakly
polymorphic in broader wheat collections, it
exhibited notable variability in the present study.
This suggests that specific loci may be hyper-
variable in Saharan populations due to local
adaptation or distinct evolutionary histories, making
them particularly useful for discriminating
germplasm in arid regions [43].

The fixation index (F) varied significantly across
loci. As expected for a predominantly self-
pollinating species like wheat, many markers (e.g,
Gwm129, Barcl0l) showed high levels of
homozygosity (F ~1). However, the negative F
values observed for other loci indicate an excess of
heterozygotes. This heterozygosity might be
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maintained by occasional outcrossing events, which
are known to occur in landraces, or could be a
signature of artificial selection favoring specific
heterozygous genotypes in traditional farming
systems.

3.2.2 Population structure and local adaptation
The analysis of molecular variance (AMOVA) and
Bayesian clustering revealed a clear genetic
structure organized into two main gene pools,
largely corresponding to the geographic regions of
Adrar and Tamanrasset. Comparable spatially
structured patterns have been reported in other
stress-prone environments [44], supporting the idea
that environmental gradients play a major role in
shaping genetic diversity. This geographic
differentiation was further supported by the presence
of private alleles specific to each region,
highlighting the unique contribution of each
population to the overall genetic diversity. However,
the AMOVA also revealed a substantial proportion
of variation within individuals (32%). Although
bread wheat is primarily autogamous, this result
suggests the presence of residual heterozygosity,
likely resulting from the heterogeneous nature of
landrace seed stocks rather than recent mutation.
Interestingly, the genetic clustering observed here
mirrors morphological differentiation reported in
previous studies, where Adrar and Tamanrasset
populations differed in spike architecture and grain
size [45]. This congruence between molecular and
phenotypic divergence suggests that the observed
genetic structure is not merely a result of isolation by
distance, but likely reflects genetic isolation and
potentially selection pressures exerted by specific
local micro-environments and farmers in these two
oases. The identification of admixed individuals
(e.g, Hribcha) further points to historical or recent
seed exchange routes between these seemingly
isolated regions.

3.2.3 Implications for conservation and breeding
Given the distinct genetic structure identified
between Adrar and Tamanrasset, a conservation
strategy focusing on a single location would
arguably fail to capture the total diversity of
Algerian Saharan wheat. Therefore, our results
support an in situ conservation approach to maintain
these landraces in their respective oases, allowing
continued evolution under changing climatic
conditions and preventing the genetic erosion
threatening traditional germplasm [40].From an
applied perspective, these results provide valuable
insights for wheat improvement programmes. The
identification of private alleles and structured gene
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pools offers opportunities for the development of
pre-breeding populations that incorporate drought
resilience traits. Integrating molecular markers such
as Gwmlll and Gwml74 into breeding pipelines
could accelerate the selection of superior genotypes
[46]. However, further work is required to confirm
marker-trait associations through phenotyping under
controlled water-deficit conditions [47] and to
determine whether these allelic patterns are region-
specific or reflect broader adaptation mechanisms
[48]. Finally, since SSR markers are neutral, future
research should prioritize genotyping with high-
density markers, such as SNPs, to enable Genome-
Wide Association Studies (GWAS). Integrating
these genomic tools with precise phenotypic data,
such as the agronomic evaluations by [45] under
drought stress, will be crucial to pinpoint the
genomic regions responsible for adaptation and to
facilitate marker-assisted selection for climate-
resilient cultivars [46].

3.2.4 Limitations and future perspectives

Finally, we acknowledge certain limitations of this
study. The sample size (16 accessions) and the
number of markers (13 SSRs), while sufficient for a
baseline assessment of diversity, limit the power of
fine-scale  population  structure inference.
Additionally, the use of agarose gel electrophoresis,
although cost-effective, has lower resolution than
capillary electrophoresis, potentially
underestimating the total number of alleles. Future
studies should prioritize high-throughput genotyping
(e.g., SNPs) and exhaustive sampling to validate
these findings. Furthermore, while the observed
structure correlates with geographic origin, the link
to drought adaptation remains hypothetical and
requires validation through physiological assays.

4. Conclusions

This study provides a comprehensive assessment of
the genetic diversity and population structure of
Saharan bread wheat (Triticum aestivum L.)
landraces. The results reveal substantial allelic
richness and moderate genetic diversity. In
particular, the marker Gwm174, often reported as
low-polymorphic in global collections, exhibited
high informativeness in this study, highlighting the
specific genetic variability maintained in these
Saharan populations. The Bayesian clustering
analysis (K=2) identified two distinct gene pools
largely corresponding to the Adrar and Tamanrasset
regions, suggesting that environmental gradients and
traditional seed management play a major role in
shaping genetic differentiation. While the observed
variation reflects population history rather than
proven functional adaptation, these landraces
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represent a crucial genetic reservoir. Conserving this
germplasm is essential to prevent genetic erosion,
and future research integrating high-density
genotyping with phenotypic screening will be key to
unlocking their potential for breeding drought-
resilient varieties.
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