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Abstract In the Saharan regions of Algeria wheat is
cultivated by farmers in small areas of the oases. Saha-
ran wheat landraces that are the result of natural and
human selection in hostile environments for several
centuries could represent an interesting material to
improve abiotic stress tolerance in breeding programs.
Indeed, a high level of drought, heat and salt tolerance
has been reported in this germplasm. Very little infor-
mation is however available on the morphological
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characteristics of these landraces. In the present study,
a total of 58 bread wheat landraces originating from
ten oases of the Adrar and Tamanrasset regions were
characterised, together with two commercial varieties,
for 21 quantitative traits related to plant, spike, grain,
glume and lemma. A wide morphological variation
was noted among landraces, as well as differences
related to their environments of origin. Altitude was a
determining factor of variation, landraces originating
from low altitude exhibiting shorter stems and less fer-
tile tillers and producing more grain, compared to lan-
draces originating from high altitude. The landraces
of Adrar with very dense spike of normal type were
opposed to the varieties with spikes of speltoid type
originating from Tamanrasset. High heritability was
recorded for thousand grain weight, number of grains
per spike, number of fertile tillers per plant, spike
length and spike width, suggesting the possibility of
using these traits in wheat breeding programs.

Keywords Algerian Sahara - Altitude - Breeding -
Heritability - Morphological traits - Oasis wheat

Introduction

Wheat cultivation in Algeria is concentrated in semi-
arid regions, characterized by irregular and insufficient
rainfall and high temperature amplitudes. Drought,
heat and frost are the main constraints limiting pro-
duction (Benbelkacem 1996). Moreover, Schilling

@ Springer


http://orcid.org/0000-0002-9630-0803
http://crossmark.crossref.org/dialog/?doi=10.1007/s10722-022-01429-z&domain=pdf
https://doi.org/10.1007/s10722-022-01429-z
https://doi.org/10.1007/s10722-022-01429-z

236

Genet Resour Crop Evol (2023) 70:235-250

et al. (2020) and Mrabet et al. (2020) described a neg-
ative impact of climate change in North Africa. Alge-
ria’s geographical situation and climatic specificities
make it very vulnerable to climate change (Sahnoune
et al. 2013; Chourghal et al. 2016) reported that wheat
yields would tend to decrease in the following years.

Saharan wheat landraces, resulting from natural
and human selection for several centuries in hostile
environments, could represent an interesting genetic
material to meet these current and future agricultural
concerns. In the Saharan oases, wheat is frequently
facing drought problems because of the high evapora-
tive demand (Sekkoum et al. 2012) and the limitation
of water resources (Touitou and Abul Quasem 2018).
High temperatures represents another stress as tem-
perature can reach 45°C during the day. Finally, oases
soils are frequently saline (Chevalier 1932). The wheat
landraces of the Saharan oases, probably introduced
long time ago and submitted during centuries to strong
selection pressures related to these physical constraints,
are expected to exhibit a high level of abiotic stresses
tolerance (Zaharieva et al. 2014). A high level of toler-
ance to drought (Ducellier 1920; Toutain 1977), heat
(Ducellier 1920; Rodriguez 1932; De Arana 1934) and
salinity (Erroux 1952; Toutain 1977) was effectively
reported in this germplasm. In-situ conservation and
management of genetic resources carried out by farm-
ers allowed maintaining varieties that could represent
a valuable source of abiotic stress tolerance. The fur-
ther use of this germplasm in breeding programs how-
ever requires morphological characterization. Ducel-
lier (1929), Erroux (1962) and Oumata et al. (2020)
reported huge differences among landraces for plant,
spike and grain chracteristics, but the quantative varia-
tion of these traits has never been analyzed.

The objective of this study was consequently to (i)
describe the variation for plants, spike, grains, glumes
and lemmas traits, (ii) estimate their genetic variance and
heritability, (iii) evaluate the distribution of this variation
at different geographical scales (region, oasis) and (iv)
analyze its relationship with agro-climatic conditions.

Materials and methods
Plant material

A total of 58 Saharan bread wheat landraces was
assessed in this study. Their morphological traits
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were compared to those of Anza and HD 1220, two
commercial varieties widely cultivated in Algeria.
Anza was selected by the Technical Institute of Field
Crops (Institut Technique des Grandes Cultures,
ITGC) of Sétif (Algeria) in 1998 from a variety
from the United States. HD 1220 (or Hiddab) was
selected by the same Institute in 1997 from mate-
rial created at the International Wheat and Maize
Improvement Center (Centro Internacional de Maiz
y Trigo, CIMMYT) in Mexico. The Saharan wheat
landraces were collected from farmers’ fields in six
oases of the Adrar region (Adrar, Bouda, Timmi,
Tamantit, Tsabit and Timimoun), at altitudes com-
prised between 220 and 283 m, and in four oases of
the Tamanrasset region (Abalessa, Ideles, In Amguel
and Tamanrasset), at altitudes comprised between
889 and 1478 m (Table 1). These two regions
are classified among the warmest of the Algerian
Sahara. Low annual rainfall (74.0 mm) and high
annual minimal and maximal temperatures (17.1 and
33.3°C, respectively) characterize the Adrar region.
Negative temperatures are exceptionally registered
in this location. The Tamanrasset region, located in
the Hoggar Mountains, is characterized by slightly
higher rainfall (139.7 mm) and lower minimal and
maximal temperatures (15.2°C and 29.1°C, respec-
tively), compared to the Adrar region. Absolute min-
imal temperatures over the 1980-2020 period were
comprised between 1.7 and —19.5°C. Temperatures
below 0°C are common in March and can occur in
April and May.

Field experiment

The bread wheat landraces and commercial varieties
were sown in November 2012 at the Adrar experi-
mental station of the National Institute for Agricul-
tural Research of Algeria (INRAA), located in South-
West Algeria (27° 49’ N, 00° 11° W, 278 m a.s.l.).
The experimental site is located in a desert climate.
Annual rainfall is less than 50 mm year~! and aver-
age temperature is around 25.4° C. The soil texture is
sandy (92% sand). Irrigation was performed by sub-
mersion once a week. Fertilization was applied at the
doses recommended by ITGC. Harvest was carried
out at the end of April 2013.

The experimental design was a complete rand-
omized block design with three replications. For each
landrace collected, 15 spikes were randomly selected.
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Table 1 List of the Saharan
bread wheat landraces

with their code and origin
(region, oasis and altitude)

Local name Code Region Oasis Altitude (m)
1 Bahmoud A08 Adrar Timimoun 240
2 Bahmoud TIO1 Adrar Timimoun 240
3 Bel Mabrouk Al8 Adrar Tamantit 246
4 Chater A23 Adrar Timmi 235
5 El-Farh A27 Adrar Timmi 258
6 Moumna A30 Adrar Adrar 250
7 Guemh Lahmar TIO2 Adrar Timimoun 240
8 Mekkaouiya A43 Adrar Timimoun 220
9 Mekkaouiya Ad44 Adrar Bouda 241
10 Oum M’rakba A47 Adrar Tsabit 255
11 Oum M’ rakba A48 Adrar Adrar 250
12 Oum M’rakba TIO3 Adrar Adrar 250
13 Sebaga AS3 Adrar Adrar 258
14 Touatia A62 Adrar Timimoun 240
15 Zeghloul A63 Adrar Timimoun 220
16 Baida TO1 Tamanrasset In Amguel 970
17 Baida TO2 Tamanrasset Ideles 1427
18 Baida TO3 Tamanrasset In Amguel 1042
19 Baida TO4 Tamanrasset In Amguel 990
20 Baida TOS Tamanrasset Ideles 1478
21 Baida TO6 Tamanrasset Ideles 1280
22 Baida TO7A Tamanrasset Ideles 1280
23 Baida TO7B Tamanrasset Ideles 1280
24 Baida TO8 Tamanrasset Ideles 1427
25 Baida TO9 Tamanrasset In Amguel 1042
26 Bent el Hamra T11 Tamanrasset Tamanrasset 1379
27 Bent el Hamra TI12 Tamanrasset Tamanrasset 1379
28 Bent M’Barek T13 Tamanrasset Tamanrasset 1283
29 Chouitar T16 Tamanrasset Tamanrasset 1205
30 H’bircha T18 Tamanrasset In Amguel 990
31 Hamra T19 Tamanrasset Ideles 1280
32 Hamra T21 Tamanrasset Abalessa 994
33 Hamra T23 Tamanrasset Abalessa 1059
34 Hamra T24 Tamanrasset Tamanrasset 1283
35 Hamra T25 Tamanrasset In Amguel 1042
36 Hamra T26 Tamanrasset In Amguel 1042
37 Hamra T27 Tamanrasset Ideles 1280
38 Hamra T58 Tamanrasset Ideles 1478
39 Hamra Lakhfifa T28 Tamanrasset Abalessa 918
40 Hanafi T29 Tamanrasset InAmguel 1042
41 Houiya T30 Tamanrasset Ideles 1418
42 Manga T22 Tamanrasset Abalessa 918
43 Manga T31 Tamanrasset Ideles 1418
44 Manga T32 Tamanrasset Tamanrasset 1379
45 Manga T33 Tamanrasset Abalessa 1059
46 Manga T34 Tamanrasset Tamanrasset 1379
47 Manga T37 Tamanrasset In Amguel 1042
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Table 1 (continued)

Local name Code Region Oasis Altitude (m)
48 Manga T38 Tamanrasset In Amguel 990
49 Manga T39 Tamanrasset In Amguel 1042
50 Manga T41 Tamanrasset Ideles 1478
51 Manga T42 Tamanrasset Abalessa 1059
52 Manga T43 Tamanrasset Tamanrasset 1283
53 Manga T51 Tamanrasset Abalessa 1059
54 Ras el Mouch T50 Tamanrasset Ideles 1418
55 Guemh T54 Tamanrasset Tamanrassset 1283
56 Skandria TS5 Tamanrasset Abalessa 994
57 Skandria T56 Tamanrasset Abalessa 1059
58 Terouzi T57 Tamanrasset Ideles 1478

Table 2 Mean square value, mean value of regions, oases and Saharan bread wheat landraces

Traits Mean Square Mean value Mean Square Mean Square
Region (df=1) Oasis (df=9) Landrace

Adrar Tamanrasset df
Plant height 2864.40 *** 89.20 98.70 549.50 ** 306.4%** 56
Stem length 1830.70 *** 79.80 87.40 362.80 * 248.4 * 56
Number of fertile tillers per plant 1781.45 *** 10.51 18.06 348.12 #** 94.22%** 56
Number of internodes 3.92 *** 4.34 4.69 0.55 *#%* 0.21%%* 56
Internodes length 65.76 ns 36.42 37.87 52.87 ns 48.07 ** 56
Last internode length 2.21 ns 16.57 16.30 39.40 ns 33,3k 56
Spike length 3934.90 #** 87.30 100.60 1125.00 *3** 532.14%** 57
Face spike width 109.97 *** 14.79 12.56 29.82 *#* 8.94 %% 57
Profile spike width 129.42 % 13.97 11.54 32.38 ##* 7.99%** 57
Spike weight 41.13 *** 4.16 2.76 7.04 #H* 1.65%%* 56
Number of spikelets per spike 21.50 * 20.80 2.76 6.21 * 5.65%%%* 58
Number of grain per spike 4017.20 *** 74.00 60.20 937.80 *** 314.26%** 56
Thousand grain weight 2066.64 *** 46.40 36.45 304.28 *** 67.77%%* 56
Grain length 5.95 6.72 6.20 0.70 *** 0.17%%* 57
Grain width 3.27 Hokok 3.44 3.06 0.58 *#* 0.27%%* 57
Grain thickness 2.66 #k* 3.15 2.81 0.48 *#* 0.10%#* 57
Glume length 1.14 ns 9.16 8.93 0.65 ns 0.78%** 58
Glume width 0.40 * 4.87 4.73 0.23 Hkk 0.12%%#:* 58
Glume beak length 0.84 ns 1.85 2.04 0.40 ns 1.61%%* 58
Lemma length 1.18 * 10.47 10.24 0.36 ns 0.48##:* 58
Lemma width 0.14 ns 4.94 4.86 0.12 * 0.10%** 58

MS : mean square, df : degree of freedom, significance level ns : non significant ; * : p<0,05 ;
**:p<0,01; ***:p<0,001

Five spikes were used in each replication. The grains Morphological characterization
of each spike were sown on a 1.5 m row with grain
spacing of 15 and 20 cm between rows. At maturity, plants were harvested and twenty-

one morphological traits were measured (Table 2).
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Measurements were performed on 5 plants per row.
Data analysis

An analysis of variance (ANOVA) was carried out
on all the studied traits in order to analyse the distri-
bution of the variation between regions, and among
oases and landraces. The comparison of means was
performed using the Fisher’s PLSD (protected least
significant difference) test at 5% (P <0.05). Pearson
correlations were calculated to determine the exist-
ence and level of correlations (p <0.05) between the
different traits studied. The data was analyzed using
GenStat 15th edition. A Principal Component Anal-
ysis (PCA) was also performed on 55 Saharan lan-
draces and 15 morphological traits of the plant (stem
length, number of fertile tillers per plant, internodes
length, number of internodes, and last internode
length), spike (length, profile and face width, weight,
number of spikelets and number of grains) and grain
(length, width, thickness and weight) as well as a sup-
plementary variable (altitude). The PCA was com-
puted using the FactoMineR (L& et al. 2008) and Fac-
toshiny (Vaissie et al. 2017) packages in R software.
Genotypic variance, phenotypic variance and envi-
ronmental variance were estimated respectively as
0%, = [(MSG) - (MSE)] / 1, 6%, = [6?, + (c%/ 1)] and
o2, = error mean square, with MSG=mean square
of landrace; MSE =error mean square; r=number of
replications (blocks) (Singh and Chaudhary 1985).
The genotypic and phenotypic coefficients of varia-
tion were calculated respectively as GCV = [(\/ ng
/ X)] x100 and PCV = [(v/o?, / X)] x100, with X =
grand mean of a trait. The coefficients of variation
was classified, according to Singh and Chaudhary
(1985) as low (0-10%), moderate (10-20%) and high
(>20%). Broad sense heritability (h?,,) was calcu-
lated as h* = [(c°,) / (6%)] x 100, with h?, =herit-
ability in broad sense, 62, =genotypic variance and
o2, =phenotypic variance. Broad sense heritability
was classified, according to Allard (1960) as low
(0-30%), moderate (30—60%) and high (> 60%).
Genetic advance as percentage of the mean (GAM)
and genetic advance (GA) were calculated according
to Johnson et al. (1955) as GAM (%) = (GA/ X) x100
where GA=K (op) h?, with K=constant 2.06 at 5%
selection pressure, op=phenotypic standard devia-
tion and X = grand mean of a trait. Genetic advance
as percentage of mean (GAM) was classified as low

(0<GAM <£10); moderate (10<GAM <20) and high
(GAM >20%).

Results

Effects of regions, oases and landraces on plant, spike
and grain characteristics

Significant region and oasis effects were noted for
the majority of the traits (Table 2). The coefficient of
variation varied from low to high depending on the
trait. The region effect was highly significant for plant
height, stem length, number of fertile tillers per plant,
number of internodes, spike length, spike width, spike
weight, number of grains per spike, thousand grain
weight, grain length, width and thickness. It was sig-
nificant for the number of spikelets per spike, glume
width and lemma length. No significant region effect
was noted for the length of the internode, last inter-
node length, glume length, lemma width and glume
beak length. The oasis effect was highly significant
for the number of fertile tillers per plant, number of
internodes, length of the spike, spike width (face and
profile), spike weight, number of grains per spike,
thousand grain weight, grain length, width and thick-
ness, and glume width. It was significant for plant
height, stem length, number of spikelets per spike
and lemma width. Significant differences were noted
among landraces for all quantitative traits (Table 2).

Distribution of the variation for plant traits between
regions and among oases and landraces

A significant variation in plant height was noted in
the collected material and significant differences were
recorded for this trait between the two prospected
regions. Landraces from the Tamanrasset region were
taller. The highest plants (115.45 cm) were observed
in Manga T51 from the Abalessa oasis of the Taman-
rasset region while the shortest plants (77.51 cm)
were noted in Moumna A30 from the Adrar oasis.
The longest stems were also observed in landraces
collected in the Tamanrasset region. Manga T43 from
the Tamanrasset oasis was characterized by the long-
est stem (101.57 cm). Among landraces, the shortest
stems were recorded in those from the Tsabit oasis of
the Adrar region. The commercial varieties Anza and
HD 1220 showed the shortest stems (65.03 cm).
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The number of fertile tillers per plant ranged from
5.81 for Moumna A30 from the Adrar oasis to 26.77
for Hamra T25 from the In Amguel oasis (Tamanras-
set region) and Bent el Hamra T12 from the Taman-
rasset oasis. Three groups of oases were distin-
guished, based on this trait. The first group, composed
by the oases of In Amguel, Tamanrasset and Ideles
(Tamanrasset region) included landraces with the
highest number of fertile tillers per plant, followed by
the group composed by landraces from the oases of
Timimoun (Adrar region) and Abalessa (Tamanras-
set region) with average values (Table 3). The lowest
number fertile tillers per plant was observed in lan-
draces from the Adrar region. Commercial varieties
were characterized by low values (9.61 for HD 1220
and 14.09 for Anza).

Landraces originating from Tamanrasset region
had the highest number of internodes per plant (4.69),
while those originating from Tsabit (Adrar region)
had the lowest ones. Among of the landraces from
Tamanrasset region, Bent el Hamra T11 and Manga
T41 had the highest number of internodes (4.99). The
commercial variety HD 1220 has the lowest number
of internodes per plant (3.93).

No significant differences were noted between the
two regions and among oases for the length of the
internodes. However, highly significant differences
existed among landraces. The length of the internodes
varied from 28.57 cm for Sebaga A53 from the Adrar
oasis to 45.52 cm for Manga T42 and T31 from the
Abalessa and Ideles oases, recpectively, both located
in the Tamanrasset region.

Similarly, regions and oases did not differ signifi-
cantly for last internode length, while highly signifi-
cant differences were noted among landraces, even
within a same oasis. Manga T42 had the longest last
internode (23.58 cm) and Skandria T56 had the short-
est (9.25 cm) while both landraces were collected in
the Abalessa oasis of the Tamanrasset region. The
commercial varieties showed values equal to or lower
than the general mean (16.33 cm).

Distribution of the variation for spike traits between
regions and among oases and landraces

The longest spikes were observed in landraces
from the Tamanrasset region (100.60 mm) and,
among them, in landraces from the Abalessa oasis
(111.78 mm). Conversely, the shortest spikes
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(72.48 mm) were found in landraces from Tsabit
(Adrar region). The length of the spike varied from
68.86 mm for Chater A23 from the Timmi oasis
(Adrar region) to 139.65 mm for Manga T33 from
the Abalessa oasis (Tamanrasset region). The com-
mercial varieties HD 1220 and Anza showed average
values of 112.41 mm and 102.87 mm, respectively
(Table S1).

Landraces originating from the oases of the Adrar
region, with the exception of those from the oasis of
Timimoun, were characterized by the widest spike
face. Moumna A30 from the oasis of Adrar has the
widest spike face (18.19 mm). The narrowest spikes
face (9.02 mm) was recorded in the oasis of Taman-
rasset and in Bent el Hamra T12. The commercial
varieties Anza and HD 1220 had a wide spike face
(15.2 mm). Landraces originating from the oases of
the Adrar region, with the exception of those from the
oasis of Timimoun, were also characterized by the
widest spike profile. The profile width of the spikes
varied considerably among landraces, ranging from
8.98 mm for Bent el Hamra T12 originating from the
Tamanrasset oasis to 17.91 mm for Mekkaouiya A44
from the Bouda oasis (Adrar region). The commercial
varieties had narrow spike profile (less than the aver-
age of 12.11 mm).

Landraces from the Adrar region had the high-
est spike weight (4.16 g) and those from the Ideles,
In Amguel and Tamanrasset oases in the Tamanras-
set region had the lowest one. A wide variation for
this trait was noted among landraces. Spike weight
varied from 1.64 g for Bent el Hamra T12 to 5.60 g
for Mekkaouiya A44. The commercial varieties Anza
and HD 1220 had average weights (2.91 and 2.93 g,
respectively).

Higher number of spikelets per spike (22.5) was
observed in landraces from the Bouda oasis, com-
pared to landraces from other locations. The high-
est number of spikelets per spike (25.0) was noted in
Bent M’Barek T13 from the Tamanrasset oasis. The
varieties HD 1220 and Anza were characterized by
the lowest number of spikelets per spike (17.1 and
18.9, respectively).

The number of grains per spike varied consider-
ably. Mekkaouiya A44 had the highest number of
grains per spike (94.7) and Bent el Hamra T12 the
lowest (41.3). Landraces from the Adrar region were
among those with the highest number of grains per
spike (74.0). Among them, those from the Bouda
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oasis exhibited the highest values (94.7). The com-
mercial varieties showed mean values of 58.2 for
Anza and 54.9 for HD 1220.

Distribution of the variation for grain traits between
regions and among oases and landraces

Landraces with the highest thousand-grain weight
originated from the Adrar region (46.40 g). Among
them, those from Timmi, Tamantit, Bouda, Tsabit and
Adrar had heavier grains. Landraces from the oases of
Tamanrasset and In Amguel had the lowest thousand-
grain weight (35.23 g). Thousand grain weight ranged
from 26.97 g for Hanafi T29 from the In Amguel
oasis (Tamanrasset region) to 55.26 g for Chater A23
from the Adrar oasis. Anza and HD 1220 presented
respectively average values of 39.05 and 41.16 g.

The longest grains were observed in landraces
from the oases of the Adrar region (6.72 mm) and the
shortest grains in landraces from the In Amguel oasis
of the Tamanrasset region (6.16 mm). Zeghloul A63
from the Timimoun oasis (Adrar region) had the long-
est grains (7.35 mm) and Bent el Hamra T13 from
the Tamanrasset oasis the shortest ones (5.94 mm).
Anza and HD 1220 had fairly long grains (6.31 and
6.43 mm).

The landraces from the Timmi oasis (Adrar region)
had the largest grains (3.66 mm) and those from
the oases of Ideles and Tamanrasset (Tamanrasset
region) the narrowest (2.96 mm). The widest grains
(3.82 mm) were observed in Chater A23 from the
Timmi oasis (Adrar region). Anza, T50, T57 and T54
have the narrowest grains (2.34 mm) (Table S1).

The landraces from the oases of the Adrar region
had, in average, thickest grains (3.15 mm) than those
from the oases of the Tamanrasset region (2.81 mm).
Chater A23 and El-Farh A 27 from the Timmi oasis
had the thickest grains (3.51 mm) and Hanafi T29
from In Amguel the thinnest ones (2.53 mm). Grain
thickness of the commercial varieties HD 1220 and
Anza was 2.66 and 2.69 mm, respectively.

Distribution of the variation for glume and lemma
traits between regions and among oases and landraces

Regions and oases did not significantly differ for the
length of the glume. However, highly significant dif-
ferences existed among landraces. The length of the
glume varied from 7.95 mm for Baida T09 from
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In Amguel (Tamanrasset region) to 11.06 mm for
Zeghloul A63 from Timminoun (Adrar region).

Significant variations between regions and oases
were noted for the width of the glume. Landraces
from the Tamantit oasis (Adrar region) had, in aver-
age, the widest glumes (5 mm). Manga T22 from
the Abalessa oasis (Tamanrasset region) however
presented the highest value for this trait (5.10 mm).
The narrowest glumes were recorded in the Taman-
rasset oasis landraces (4.54 mm). Hanafi T29 from In
Amguel oasis had the narrowest glumes (3.95 mm).
The varieties Anza and HD 1220, with a width of
4.80 mm, were grouped together.

No significant differences were found between the
two regions and among the oases for the beak length
trait. Nevertheless, significant differences among
landraces were recorded. The longest glume beak
(7.4 mm) was observed in the commercial variety HD
1220. Among Saharan wheat landraces, the highest
value (3.4 mm) was found in Ras el Mouch T50 from
the Ideles oasis of the Tamanrasset region. The short-
est beak (1.05 mm) was observed in Mekkaouiya A43
from the Timimoun oasis of the Adrar region.

No significant differences were noted between
oases for the length of the lemma. However, sig-
nificant differences (P<0.001) among landraces
were observed. The commercial variety HD 1220
as well as Zeghloul A63 from the Timimoun oasis
(Adrar) were characterized by the longest lemma
length (11.50 mm). The shortest lemma (7.95 mm)
was noted in Baida TO9 from In Amguel oasis
(Tamanrasset).

The widest lemmas were observed in landraces
from the Adrar oasis (4.94 mm). The narrowest
(4.69 mm) were found in the Tamanrasset oasis. The
commercial variety HD 1220 presented the widest
lemmas (5.65 mm) while the narrowest (4.20 mm)
were noted in Bent el Hamra T12 from the Tamanras-
set oasis.

Correlations among traits

The phenotypic correlations among the different traits
are presented in Table 4. Thousand grain weight was
highly positively correlated with weight spike, num-
ber of grains per spike, spike widths (face and pro-
file), grain length, grain width and thickness, glume
width and width lemma and highly negatively asso-
ciated with number of fertile tillers per plant and
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number of internodes. Stem length, internodes length
and last internode length were closely associated.
However, Manga T22 and Manga T42 from the Aba-
lessa and Ideles oases, respectively, showed a slightly
higher last internode to stem height ratio (data not
shown). The number of grains per spike showed a
highly significant positive association with spike
width, grain width, grain thickness, lemma width
and highly significant negative association with num-
ber of fertile tillers per plant and stem length. Highly
significant negative correlations were noted between
the number of fertile tillers per plant and spike width,
grain length, grain width, grain thickness, glume
width, lemma width. The number of fertile tillers per
plant and the number of internodes were highly sig-
nificantly positively associated.

Relationship between the morphology of landraces
and altitude of their origin

Altitude was highly significantly and negatively cor-
related with spike weight, number of grains per spike,
thousand weight grains, spike width, grain length,
grain width and thickness grain, and significantly
positively associated with stem length, number of fer-
tile tillers per plant, number of internodes and spike
length (Table 4).

The first two principal components of the Prin-
cipal Component Analysis explained 72.3% of the
total variation (Table 5). The first component (PC1)
explained 51.17% and the second component (PC2)
21.14% of this variation. The first axis was positively
correlated with spike weight, number of grains per
spike, thousand grain weight, spike profile width,
spike face width, grain length, grain width, grain
thickness, and negatively with the number of fertile
tillers per plant, stem height, number of internodes,
and altitude (Fig. 1). PC1 mainly opposed landraces
from the Adrar region (low altitudes) which more
grains per spike, and higher spike weight and thou-
sand grains weight, compared to the landraces from
the Tamanrasset region (high altitudes) (Fig. 2). The
landraces from low altitudes were also characterized
by wider spikes (face and profile), very long, wide
and thick grains, short stems and a low number of fer-
tile tillers per plant and internodes. Landraces from
Adrar (low altitudes) Bel Mabrouk A18, Chater A23,
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Table 5 Principal Component analysis for morphological
traits in Saharan bread wheat landraces

PC1 PC2 PC3 PC4 PC5

Eigen value 7.68 3.17 1.55 0.87 0.49
% of variance 51.17 21.14 10.37 5.82 3.26
Cumulative % 51.17 72.32 82.68 88.50 91.76

Traits

PEP 0.92 0.28 022 -0.06 0.09
NGE 0.87 0.02 042 -0.10 0.12
PMG 0.88 035 -0.10 0.13 —0.06
NTP -0.86 -028 -0.27 0.19 -0.05
HTG -0.62 0.58 0.17 0.41 0.15
LEN - 042 0.85 0.09 0.21 0.12
LCE —0.30 0.92 -0.04 0.17 -0.02
NEN -0.62 -0.37 043 0.04 0.11
LGE - 042 0.60 042 —-0.49 0.06
LAE 0.86 —-025 -0.11 0.39 0.03
EPE 092 -0.05 0.04 -0.01 0.10
NEP 0.15 -0.52 0.70 0.29 0.18
LGG 0.65 0.14 -050 -0.19 0.43
LAG 0.74 0.30 029 -0.04 -041
EPG 0.88 023 —-0.06 0.21 -0.08
ALT -072 -022 026 —0.01 0.03

El-Farh A27, El Moumna A30, Mekkaouiya A44,
Oum Mrakba A47, Sebaga A53 and Oum Mrakba
Ti03 were opposed to Bent-Hamra T11, Bent el
Hamra T12 and Manga T43 from the oasis of Taman-
rasset. The second axis was positively correlated
to internodes, last internode and spike lengths, and
negatively correlated to the number of spikelets per
spike. It opposed landraces from Tamanrasset with
long spikes, a reduced number of spikelets and long
internodes and last internode as Manga T22, T31,
T32, T42 and T51, to the landraces Bent M’Barek
T13, Skandria T56, Houiya T30 and Baida T09 also
originating from Tamanrasset.

Traits heritability

Genetic parameters and variance for the 21 traits
are presented in Table 6. Genotypic variance ranged
from 0.04 (width lemma) to 250.14 (spike length)
and phenotypic variance ranged from 0.05 (thickness
grain, width lemma) to 266.07 (spike length). Both
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Fig. 1 Graphical represen-
tation of the correlations
between the quantita-

tive variables of Saharan
bread wheat landraces

and the first two axes of
the principal component
analysis. SW: spike weight;
NGP: number of grains
per spike; TGW: thou-
sand grains weight; NTP:
number of fertile tillers per
plant; STL: stem length;
IL: internodes length; LIL:
last internode length ; NI:
number of internodes; SL:
spike length; SWP: spike
width (profile); SWEF: spike
width (face); NSS: number

of spikelets per spike; GRL:

grains length; GRW: grain
width; GRT: grain thick-
ness; ALT: altitude

Fig. 2 factor coordinate
for PC1 and PC2 for 15
morphological traits of

55 Saharan bread wheat
landraces originating from
oases of the Adrar and
Tamanrasset regions
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the phenotypic and genotypic coefficients of variance from 38.8% (stem length) to 94.0% (spike length). It
were low to high. Broad sense heritability ranged was high (>60%) for number of internodes, number
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Table 6 Genetic parameters and variance for 21 traits of Saharan bread wheat landraces

Trait Range Mean o?%g o?p h?, (%) GCV PCV  GA GAM
(%) (%) (%)
Plant height 77.51-115.45  95.78 50.00 102.13  48.96 738 1055 10.19 10.64
Stem length 65.03-101.57  84.8 32.13 82.90 38.76 6.68 10.74 7.27 8.57
Internodes length 28.57-45.52 37.35 7.23 16.02  45.14 720 10.72 3.72 9.96
Number of internodes 3.89-4.99 4.59 0.05 0.07 71.43 4.87 5.76 0.39 8.50
Last internode length 9.25-23.58 16.33 5.86 11.10  52.76 14.82 2040 3.62 2217
Number of fertile tillers per plant ~ 5.81-26.77 15.99 28.58 3141  91.00 3343 3505 1051 65.73
Spike length 68.86-139.65 97.24  250.14 266.07 94.01 1626 1677 3159 3249
Spike width (face) 9.02-18.19 13.27 3.95 447 88.26 1498 1593 3.84 28.94
Spike width (profile) 8.98-17.91 12.11 3.68 4.00 91.99 1584  16.52 379 3130
Number of spikelets per spike 17.14-24.98 21.41 2.08 285 73.11 6.74 7.89 254  11.86
Spike weight 1.64-5.60 31.1 0.69 0.83 83.64 2.67 293 1.57 5.05
Number of grains per spike 41.34-94.72 63.45 120.18 157.13  76.48 17.28 19.76  19.75 31.10
Thousand grains weight 26.97-55.26 39.03 28.14 33.89 83.03 1359  14.92 9.96 25.52
Length grain 5.94-7.35 6.34 0.08 0.09 88.24 4.46 4.73 0.55 8.68
Width grain 2.34-3.82 3.14 0.08 0.14  59.26 9.01 11.92 0.46  14.65
Thickness grain 2.53-3.55 2.89 0.05 0.05  90.00 7.74 7.74 041 14.19
Length glume 7.95-11.06 9.03 0.32 0.39  80.77 6.26 6.92 1.04  11.52
Width glume 3.95-5.10 471 0.05 0.06  75.00 4.69 5.14 0.38 797
Beak length of the glume 1.05-7.40 2.08 0.73 0.81  90.06 41.08 4327 1.67  80.29
Length lemma 9.50-11.50 10.32 0.15 0.24  62.50 3.75 475 0.63 6.10
Width lemma 4.20-5.65 4.89 0.04 0.05  70.00 4.09 4.57 0.32 6.54

o2, genotypic variance, 62, phenotypic variance, h? , (%) broad sense heritability, GCV (%) genotypic coefficients of variation, PCV
(%) phenotypic coefficients of variation, GA genetic advance, GAM genetic advance as percentage of the mean

of fertile tillers per plant, spike length, width and
weight, number of spikelets per spike, number of
grains per spike, thousand grain weight, grain length
and thickness, glume length and width and glume
beak length. Genetic advance as percentage of mean
ranged from low (5.05) for spike weight to high
(80.3%) for glume beak length. Genetic advance as
percentage of mean was high (>20) for last inter-
node length, number of fertile tillers per plant, spike
length, spike width, number of grains per spike, thou-
sand grains weight and beak length of the glume.

Discussion

A huge variation was observed among landraces for
all the studied traits. These results confirmed previ-
ous studies from Ducellier (1920, 1929) and Erroux
(1952, 1958, 1962 and 1991) which emphasized the
high number of forms grown in the Saharan oases. A
high number of botanical forms associated to different

@ Springer

morphological characteristics has also been reported
by Zaharieva et al. (2014) and Oumata et al. (2020).
This morphological variation is likely to be due to
the high diversity of wheats introduced in the oasis
as well as from interspecific crosses (Zaharieva et al.
2015). Compactoid wheat is expected to derive from
crosses between bread wheat and compact wheat (7.
aeastivum ssp. compactum (Host) MacKey). The old-
est remains of compact wheat were found in the site
of Tell Ramad in Syria (7,000 BCE) (Renfrew 1969).
The presence of this sub-species was reported in
Egypt from the 5th Millenium BCE (site of Merimdah
Beni Salame) (Renfrew 1969) and was cultivated in
this country probably until 2,500 BCE (site of Afyeh)
(Chowdhury and Buth 1971). Saharan speltoid forms
have many traits in common with spelt wheat (7riti-
cum spelta L.). The speltoid wheat landraces present
in the Saharan oasis could consequently have origi-
nated from intermediate forms, with semi-adherent
glumes and spikes difficult to thresh, already reported
in Turkestan, Iran and Afghanistan by Vavilov (1987).
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Internode, glume and glume beak length did
not vary between regions and among oases. Con-
versely, a high genetic variance was observed for
plant height, stem length, number of fertile tillers per
plant, spike length, number of grain per spike and
thousand grains weight, suggesting a broad varia-
tion for these traits. Biomass and grain yield related
traits like plant height, number of fertile tillers per
plant, spike weight, spike length, number of grains
per spike and thousand grain weight highly differed
between regions and among oases. The distribution of
this variation between the two considered regions and
among oases is likely to be due to the selection made
by farmers among these introductions, according to
the specific climatic conditions of the environment
(Pecetti and Damania 1996).

Saharan wheat landraces are generally tall. Farm-
ers in the oases are highly interested by long stems, as
straw is generally used for livestock feeding (Erroux
1962). Some few short statured forms were found, in
agreement to Zhukovsky (1964). Some Saharan lan-
draces have heavy grains, compared to commercial
varieties. Erroux (1962) already reported high thou-
sand grain weight in the Saharan landraces Fartass
and El Hamra. In the present study, high thousand
grain weight was mainly noted in landraces from the
Adrar region, as already reported by Merdas (2012).
The number of grains per spike was high, in good
agreement with observations of Ducellier (1920),
Erroux (1962) and Merdas (2012) in Algeria and
Ciferri and Garavini (1941) in Libya. Interestingly,
among the landraces, number of grains per spike and
thousand-grain weight were positively associated.

Several associations between the traits related to
the yield components were noted, some of them hav-
ing been reported in other conditions. Stem length
was significantly and negatively correlated with thou-
sand grain weight as reported by Mahmood and Sha-
hid (1993). The number of spikelets per spike was
positively correlated with the number of grains per
spike, in accordance with Akram et al. (2008) and
Baye et al. (2020). However, spike length was not
correlated with yield components in contrast to what
was reported by Ali et al. (2008), Uddin et al. (2015)
and Xhulaj et al. (2019). This is likely to be due to
the presence, among Saharan wheat, of two differents
forms, with different spike compacity and fertility.

Principal component analysis revealed that the
morphological variation was influenced by altitude.

Landraces originating from the Adrar region (low
altitudes) are opposed to landraces originating from
the Tamanrasset region (high altitudes). Climatic fac-
tors of these regions could have contributed in a non-
negligible proportion in the arrangement of this intra
and inter-regional variability (Oumata et al. 2020).
Interestingly, Saharan landraces from low altitudes
oases of Adrar had short stems and less fertile tiller-
ing but very wide, short and heavy spikes with more
grains per spike and higher thousand-grain weight.
These landraces included the compactoid landrace
Bel Mabrouk previously mentioned by Erroux (1962)
for its high yield. Acccording to Sattar et al. (2010)
and Altuhaish et al. (2014) reduced plant height and
number of tillers in low altitude areas could be due to
higher temperatures. Conversely, landraces from the
high altitude Tamanrasset oases were tall, with fer-
tile and had long lax spikes. They included the spel-
toid landraces El Hamra and Manga. Erroux (1962)
already distinguished within the Saharan landraces,
“speltoid” and “compactoid” forms differing for their
spike characteristics.

The phenotypic coefficient of variance (PCV) was
higher than the genotypic coefficient variance (GCV)
for plant height, stem length, internodes length, last
internode length, number of grains per spike and
thousand grain weight, suggesting that environmen-
tal factors strongly influenced the expression of these
agronomical traits. Sareen et al. (2018) found similar
results for thousand grain weight. Spike weight, grain
length and thickness, glume length and lemma width
were much less affected by environmental conditions.
Moderate heritability was observed for plant height,
stem length and internodes length. High heritability
coupled with high genetic advance as percentage of
mean were recorded for number of fertile tillers per
plant, spike length and width, number of grains per
spike, thousand grain weight and beak length of the
glume. This indicated that the genotypic component
was highly responsible for the total variation and
suggested that these traits could be easily transmit-
ted by selection from parents to the progeny. High
heritability coupled with high genetic advance was
also reported for both traits by number of grains per
spike and thousand grain by Meena et al. (2014), Bal-
kan (2018), Farooq et al. (2019) and Yacoubi et al.
(2020). It was also noted for number of grains per
spike by Balkan (2018) and for thousand grain weight
by Singh et al. (2018).
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Oumata et al. (2020) reported that the maintenance
of highly diverse landraces by oases farmers meets
social, economic, cultural and environmental needs.
These landraces also represent a tremendous source
of germplasm for breeding programs. In addition to
their earliness (Erroux 1962) and tolerance to abi-
otic stresses (Zaharieva et al. 2014), the oases wheats
exhibit a serie of useful morphological traits.

Landraces from the Adrar region could represent a
particularly valuable source of germplasm to improve
number of grains per spike and thousand grain weight
in breeding programs. Mekkaouiya A44 from the
Bouda oasis and Chater A23 from the Adrar oasis
appear to be promising progenitors to increase num-
ber of grains per spike and thousand grain weight,
respectively. Both traits are of interest to improve
yield in modern varieties (Munir et al. 2007; Khan
and Hassan 2017). Moreover, the use of these traits in
breeding programs should be facilitated by their high
heritability coupled with high genetic advance.

Genetic advance as percentage of mean was also
high for last internode length, a trait that was reported
to be closely associated to yield under drought stress
conditions (Modarresi et al. 2010; Schnyder 1993;
Wang et al. 2001) considered that last internode has
an important role in CO? assimilation. Ehdaie et al.
(2006) and Merah et al. (2018) mentioned that remo-
bilization of photosynthates stored in last internode
has an important participation in grain filling under
terminal drought conditions. Mursalova et al. (2015)
and Farooq et al. (2018) suggested the use of this
trait as an indirect selection criterion for improving
drought tolerance.

Manga T22 and Manga T42 from the Abalessa and
Ideles oases, respectively, which had a high last inter-
node to stem height ratio could be used for manipu-
lating this trait in breeding programs. The Manga
landraces were reported to have a good lodging resist-
ance (Erroux 1962, 1991) and to be resistant to wind
and birds attacks (Oumata et al. 2020).

Conclusions

The study confirmed the high variation of morpholog-
ical traits in wheat landraces from the Saharan oases,
a consequence of crosses that occurred over time
between different forms (an even different species)
introduced in these environments. High heritability
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and genetic advance were recorded among Saharan
oases landraces for yield components like spike fer-
tility and thousand grain weight, suggesting a possi-
ble use of this germplasm to improve those traits in
breeding programs. It also emphasizes the key role of
Saharan farmers in the maintenance and conservation
of wheat adapted to the harsh conditions of the oases
and the importance of improving our knowledge of
this germplasm that could help to mitigate the effects
of climate change on the wheat production.
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