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Background. Knowledge about the genetic gain for fundamental traits over time is essential for a critical assessment and im-
provement of breeding programs, especially regarding staple crops like bread wheat.
Materials and methods. To estimate the genetic gain in bread wheat breeding in Morocco, grain yield (GY) and grain protein 
content (GPC) data were collected from 12 multi-environment field trials for 20 bread wheat cultivars released between 1980 
and 2022.
results and discussion. Analysis of variance highlighted a high significant variability between environments (E), cultivars (G), 
and a significant G × E interaction (P < 0.001). Based on stability analysis, the modern cultivars released during the two last de-
cades (2002–2012 and 2013–2022) showed the highest performances and wider stability than old ones, especially in low-yield-
ing environments. Genetic gain (GG) for GY was 21.4 kg ha−1 yr−1 (0.75% yr–1) over 4 decades of breeding. This progress was de-
clining when advancing in decades and ranged from 11% (from 1980–1990 to 1991–2001) to less than 7% (from 2002–2012 
to 2013–2022). The GG in low and intermediate yielding environments were the most important (17.34% and 6.88% yr–1 re-
spectively), while GG was nonsignificant in high-yielding environments (4.62% yr–1). Within the same period, GPC showed 
a nonsignificant negative trend of –0.007% (–0.002% yr–1), while derivative parameters from GY and GPC indicated high posi-
tive genetic progress. More efforts should be deployed to implement a good balance between yield performance and quality in 
the new released cultivars despite the negative correlation between these two traits (r = –0.36; P < 0.001).
Conclusion. Adopting advanced technologies, like genomic selection, adequate agronomic practices, and more efficient selec-
tion criteria are essential steps to further increase simultaneously grain yield and quality traits.
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Актуальность. Анализ наследственных изменении�  важнеи� ших агрономических показателеи�  в определенные перио-
ды необходим для оценки и улучшения селекционных программ основных культур, включая мягкую пшеницу.
Материалы и методы. Для оценки генетического эффекта селекции в Марокко получены и проанализированы дан-
ные по урожаи� ности (GY) и содержанию белка в зерне (GPC) у 20 сортов мягкои�  пшеницы, созданных в период с 1980 
по 2022 г., при выращивании в поле в 12 пунктах.
Результаты и обсуждение. Дисперсинныи�  анализ показал высокозначимое влияние на изучаемые показатели фак-
торов среды (E), генотипа (G) и значимое влияние их взаимодеи� ствия G × E (P < 0,001). По результатам анализа ста-
бильности созданные за два последних десятилетия (2002–2012 и 2013–2022 гг.) сорта характеризуется наивысшими 
показателями изучаемых признаков и их большеи�  стабильностью по сравнению с ранее созданными сортами, особен-
но в неурожаи� ные годы. За 40 лет генетическии�  эффект (GG) для урожаи� ности семян (GY) составил 21,4 кг/га за каж-
дыи�  год (0,75% в год). Этот эффект со временем снижался, варьируя в пределах от 11% (с 1980–1990 по 1991–2001 гг.) 
до менее чем 7% (с 2002–2012 по 2013–2022 гг.). Генетическии�  эффект в низко- и среднеурожаи� ных условиях был наи-
более выражен (17,34% и 6,88% за год соответственно) и оказался незначимым в высокоурожаи� ных условиях (4,62% 
за год). За тот же период показатель GPC показал статистически незначимое снижение: –0,007% (–0,002% за год), в то 
время как показатели, производные от GY и GPC, указывали на высокии�  положительныи�  генетическии�  эффект селек-
ции. Следует приложить больше усилии�  для достижения хорошего баланса между урожаи� ностью и качеством семян 
новых сортов, учитывая отрицательную корреляцию между этими двумя признаками (r = –0,36; P < 0,001).
Заключение. Внедрение передовых технологии� , таких как геномная селекция, соответствующая агротехника и более 
эффективные критерии отбора способны в будущем обеспечить одновременное повышение урожаи� ности зерна и его 
качества.

Ключевые слова: мягкая пшеница, анализ стабильности, генетическии�  эффект, урожаи� ность, содержание белка 
в зерне
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Introduction

Bread wheat (Triticum aestivum L.) is one of the most im-
portant staple food crops worldwide, playing a major role in 
food security. Wheat production is facing many challenges 
due to increased competition for arable land, depleting natu-
ral resources, degrading soil health, biotic and abiotic stresses, 
and has to be increased at an annual rate of 1.3% per year to 
feed 9 billion of the world’s population by 2050 (Woyann 
et al., 2019). 

The release of high-yielding and climate-resilient culti-
vars of appropriate quality has been the most efficient ap-
proach to meet these challenges. Although wheat breeding 
has experienced dramatic improvement during the last cen-
tury thanks to new technological advances, yield growth has 
been slowing more recently and has reduced from 2.19% per 
year for the period 1960–1990 to 1.07 from 1990 to 2010, 
and it is expected to be further reduced to 0.62 for the period 
2010–2050 (Rife et al., 2019; Woyann et al., 2019). Grain pro-
tein content (GPC) is another staple trait for consumers and 
industrials determining the end-use properties of wheat, as 
well as the nutritional value of derived products (Giancaspro 
et al., 2019). Grain yield and protein content are complex 
quantitative traits, making selection a major challenge in 
wheat breeding because of the large “genotype × environ-
ment” interaction and the negative relationship between 
these two primary traits (Iqbal et al., 2016; Giancaspro et al., 
2019). 

While the adoption of technological advances helps to 
achieve breeding objectives, it is of fundamental importance 
to determine and track the amount of genetic progress that 
has been made in a breeding program so that new processes 
and breeding techniques can be adopted to cover future de-
mands (Woyann et al., 2019). Genetic gain can be defined as 
the increase in average performance through genetic im-
provement after the environmental effect is excluded (Woy-
ann et al., 2019). Most studies about public plant breeding 
programs efficiency reported genetic gains for wheat grain 
yield under 1% over the last 30 years (Cobb et al., 2019). For 
quality traits, few studies have been undertaken to assess 
their genetic progress and revealed mostly a nonsignificant 

gain or even a decline over time (Laidig et al., 2017; Hu et al., 
2022). 

In Morocco, bread wheat is highly consumed every day, 
mainly as bread, at an important rate of 200 kg/person/year. 
A limited number of studies have evaluated the rates of wheat 
genetic gains in drylands areas, such as Morocco, especially 
under the current environmental challenges, and so far, there 
has not been a study on the breeding progress for grain qual-
ity of bread wheat cultivars in Morocco. The objectives of the 
present work were to (I) determine the performance and sta-
bility of grain yield and quality of genotypes released over the 
4 last decades from 1980 to 2022, and (II) quantify breeding 
progress over the main periods of release of bread wheat ge-
notypes in the public breeding program in Morocco to pro-
pose an efficient breeding strategy and promote sustainable 
agriculture.

Materials and methods

1. Genetic material and field trials
In this study, a total of 20 bread wheat lines and cultivars 

spanning four decades of breeding from 1980 to 2022 at the 
National Institute of Agricultural Research (INRA) were eval-
uated under 12 Moroccan environments representative of the 
main bread wheat growing areas in Morocco. Genotypes were 
classified into 4 groups (decades) according to the year of re-
lease. A total of 4, 6, 2 and 8 lines/cultivars were respectively 
assigned to the decades 1980–1990, 1991–2001, 2001–2012, 
and 2013–2022. The last group comprises the latest regis-
tered cultivars in addition to the elite lines submitted for re-
lease. The full list is displayed in Table 1. 

A randomized block design of three replications was used 
as the experimental design. Each entry was planted in plots of 
6 m2 at six experiment stations over the three seasons 2017, 
2018, and 2020 in Morocco, for a total of 12 environments 
(sites × seasons). Planting was conducted between the 1st 
and the 10th of December. Agronomic management was per-
formed according to recommended local practices at each lo-
cation. None of the trials was subjected to insecticide or fun-
gicide treatment to assess the genotypic performances and 
behavior under real environmental conditions. 

Cultivar/line year of release
Decade of 

release

Marchouch 1984 1980–1990

Kanz 1987 1980–1990

Achtar 1988 1980–1990

Tilila 1989 1980–1990

Massira 1992 1991–2001

Amal 1993 1991–2001

Mehdia 1993 1991–2001

Rajae 1993 1991–2001

Arrehane 1996 1991–2001

Aguilal 1996 1991–2001

Cultivar/line year of release
Decade of 

release

Kharroba 2010 2002–2012

Khadija 2012 2002–2012

Malika 2016 2013–2022

Snina 2017 2013–2022

Lina 2020 2013–2022

BT175 2022 2013–2022

BT155 Under submission 2013–2022

AV04 Under submission 2013–2022

AV21 Under submission 2013–2022

BTG Under submission 2013–2022

Table 1. list of the 20 cultivars and elite lines of bread wheat used in the study and their year of release

Таблица 1. Список 20 сортов и элитных линий мягкой пшеницы, находившихся в изучении, 
и годы их создания
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2. Climatic conditions of cropping seasons
The 2017 /2018 cropping season showed regularity and 

good distribution of rainfall in space and time, despite the late 
arrival of the autumn rains. The 2018/2019 and 2019/2020 
seasons were characterized by restrictive rainfall, poorly dis-
tributed during the crop cycle (Table 2).

Rainfall was highly correlated with yield performance 
(r = 0.70; P = 0.011), while a nonsignificant correlation linked 
rainfall to GPC (r = 0.09; P = 0.77). The environments were 
categorized depending on their yield performance in three 
groups: low-yielding environments (< 2 t ha–1); intermediate 
yielding environments (> 2 and < 4 t ha–1) and high-yielding 
environments (> 4 t ha–1). 

3. Trait measurements and statistical analysis
Grain yield (GY) was driven from 4.5 m² of harvested plot 

and converted to the standard unit of metric ton per hectare 
(t/ha). Grain protein content (GPC) was assessed using an in-
franeo NIR grain analyzer as a percentage of dry weight 
(% DW).

At the first stage, an analysis of variance (ANOVA) was 
performed for each trait and environment independently us-
ing the SAS software. Then, a combined analysis of variance 
was carried out to assess the effects of the genotype, environ-
ment, and genotype × environment. Significant differences at 
the 5% confidence limit were identified by the Bonferroni 
mean comparison. Based on mean data, the AMMI analysis 
(Yan et al., 2000) and superiority index (Pi) calculation (Lin, 
Binns, 1988) were used for the stability and adaptability anal-
ysis. Grain-yield protein (GYP) was calculated for each envi-
ronment as the product of GPC and GY and corresponded to 
the grain protein harvested per area (Koekemoer et al., 1999). 
The absolute (AGG, trait unit/time unit) and relative genetic 
gain (RGG, %/time unit) were calculated for all traits. A re-
gression analysis, with a standard linear model applied to de-
cade cultivar means, was used to calculate rates of change 

within and across environments per decade. The genetic gain 
per year was then measured by dividing this value by 10 
(years). The Pearson correlation analysis was used to high-
light the relationships between all the studied traits, and de-
cades. All those analyses were performed using the Genstat 
software (18th edition). 

Results

1. field trials – Combined and individual analyses of 
variance

The combined ANOVA showed very highly significant dif-
ferences between environments, genotypes, and environ-
ment × genotype interactions for both grain yield (GY) and 
grain protein content (GPC) (P < 0.001). The environmental 
component was the predominant source of variation, ac-
counting for 87% and 90% of the total sum of squares of GY 
and GPC, respectively, while the genotypic effect was almost 
four times that of the genotype × environment interaction (2 
and 1% respectively) (data not shown). The average GY and 
GPC were respectively 2.98 t ha–1 and 14.24% DW across all 
12 environments. The newly submitted lines BTA21 
(4.41 t ha–1), BTA04 (4.31 t ha–1), and BTG (3.90 t ha–1) pre-
sented the highest mean GY values, while the least perfor-
mances were manifested by the old cvs. ‘Kanz’ (2.28 t ha–1), 
‘Rajae’ (2.55 t ha–1), ‘Marchouch’ (2.67 t ha–1), and ‘Tilila’ 
(2.68 t ha–1). Regarding quality, cv. ‘Marchouch’ had the high-
est mean value of GPC (15.3%), followed by ‘Massira’ (15.1%), 
‘BT155’ (15.2%), and ‘Kharouba’ (15.1%), whereas the low-
est values were attributed to the new lines BTA04 (11%), 
BTA21 (11.1%), and BTG (12%) (Table 3). 

The combined ANOVA revealed highly significant differ-
ences between groups in terms of GY, and nonsignificant dif-
ferences for GPC. The groups 2013–2022 (3.19 t ha–1) and 
2002–2012 (2.98 t ha–1) showed the highest performances in 
terms of GY (Table 3). The one-way ANOVA showed signifi-

Table 2. Description of environments and experiment sites used for field evaluation 

Таблица 2. Погодные условия и пункты проведения полевого изучения

Environment Coordinates
Mean rainfall* 

(mm)
T min* T max*

Cropping
season

rainfall
(mm)

Allal Tazi (AT18)

34°31’ N / 6°19’ W 514 5 33

2017–2018 274

Allal Tazi (AT19) 2018–2019 139

Allal Tazi (AT20) 2019–2020 349

Douyet (DYT18)
34°00’ N / 5°00’ W 410 5 31

2017–2018 426

Douyet (DYT19) 2018–2019 318

Marchouch (MCH18)
33°34’3.1” N / 

6°38’0.1” W 375 7 32

2017–2018 512

Marchouch (MCH19) 2018–2019 113

Marchouch (MCH20) 2019–2020 354

Sidi El Aidi (SEA18) 33°9’36” N / 
7°24’0” W 300 1 43

2017–2018 305

Sidi El Aidi (SEA20) 2019–2020 199

Jemaat Shaim (JSH18) 32°40’ N / 10°0’ W A 256 8 35 2017–2018 232

Khemiss Zemamra (KHZ18) 32°37’ N / 8°42’ W 250 12 28 2017–2018 340

* – Annual average rainfall and temperature during the last five cropping seasons
* – Среднегодовая сумма осадков и температура за последние пять вегетационных периодов 
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cant to very highly significant differences between decades 
for GY under all the environments, except DYT18, KHZ18 and 
SEA18. The quality trait presented less variability within each 
environment between genotypes and groups. The highest 
GPC value belonged to the group 2002–2012, with 14.7%, in-
stead of a mean value of 14.3% for the other groups (see Ta-
ble 3). 

2. Stability analysis
The GGE analysis showed a number of intercrossings be-

tween environments, making difficult to generate indepen-
dent megaenvironments (Figure). 

Based on the superiority index (Pi), the lowest value cor-
responded to the decade 2013–2022, showing dynamic sta-

bility and high performance (3.2 t ha–1; Pi = 0.135) over envi-
ronments. The new cvs. ‘Lina’, ‘BT175’, and ‘BTA21’ exhibited 
the lowest values of Pi, ranging from 0.097 to 0.331, and were 
among the highest-yielding cultivars varying from 3.3 to 
4.4 t ha–1. For GPC, the group 2002–2012 was the best per-
forming (14.71% DW) and stable (Pi = 0.096), followed by 
2013–2022 (14.54% DW; Pi = 0.229). Cvs. ‘Marchouch’, ‘Khar-
roba’, and ‘Massira’ showed the lowest values of Pi, ranging 
from 0.842 to 1.337, and GPC values from 15.08 to 15.28% DW 
(see Table 3). 

When evaluating performances across different types of 
environments, the group 2013–2022 was the most stable 
and the highest-performing under low-yielding environ-
ments in terms of GY (Pi = 0.007; GY = 1.72 t ha–1); while it 
ranked second in terms of quality (Pi = 0.10; GPC = 
16.09% DW) after the group 2002–2012. Cvs. ‘BT175’, 
‘Snina’ and ‘Malika’ presented stable (0 > Pi > 0.13) and high 
yields, ranging from 1.73 to 2.07 t ha–1. These cultivars also 
expressed a good level of GPC, ranging from 15.37 to 
16.08% DW, in comparison with ‘Kharroba’, ‘BT155’ and 
‘Marchouch’ (16.57 > GPC > 17.06% DW). Under intermedi-
ate yielding environments, the groups 2002–2012, followed 
by 2013–2022, manifested the highest yields (3.45 and 
3.54 t ha–1, respectively) and the lowest Pi values (0.02 and 
0.27, respectively). These groups expressed also the best 
quality performances: 12.99% DW (Pi = 0.12), and 12.44 
(Pi = 0.03). The lines Lina, BT175 and Kharroba were the 

best stable (0.0 > Pi > 0.38) and high-yielding genotypes, 
ranging from 3.75 and 4.99 t ha–1; while their GPC values 
ranged from 12.18 to 12.92% DW. The highest-performing 
cultivars in terms of quality were ‘Marchouch’, ‘Snina’ and 
‘Massira’, with the lowest Pi values and the highest GPC val-
ues (13.59–14.03% DW). Finally, for high-yielding environ-
ments, the group 2013–2022 was the most stable and the 
most high-yielding group (GY = 4.96 t ha–1; Pi = 0.013), while 
it recorded a mean GPC value of only 13.40% DW. The new 
Lina, BT155, BTA04 and BTG lines were the most stable, 
with Pi values ranging from 0 to 0.06 and GY varying from 
5.12 to 5.46 t ha–1. For GPC, ‘Kharroba’ was the best cultivar 
in terms of GPC and stability (GPC = 16.59; Pi = 0.43) (see Ta-
ble 3).

3. Genetic gain of grain yield
A combined analysis across environments showed a de-

cade-wise GG for GY of 21.4 kg yr–1, corresponding to 0.75%/
year, with about 28% of yield increase through four decades 
of breeding efforts. A vast majority (8) of the environments 
had significant GG for GY, with genetic gains varying from 
16.7 kg ha–1 yr–1 at MCH19 (1.33% yr–1) to more than 
71 kg ha–1 yr–1 (1.39% yr–1) at MCH18 (Table 4). 

When evaluating within types of environments, the 
low-yielding ones showed the most significant and highest 
genetic gain of 22.84 kg ha–1 yr–1 (1.73% yr–1) compared to in-
termediate yielding (21.88 kg ha–1 yr–1; 0.69% yr–1) and high 
yielding environments (21.2 kg ha–1 yr–1; 0.46% yr–1) (see Ta-
ble 4). The genetic gain for high-yielding environments was 
nonsignificant (P = 0.208).

When comparing the individual genetic gain from a group 
to another, the results of regression analysis showed an obvi-
ous advantage of the group 1991–2001 compared to the group 
1980–1990 with a positive significant slope of b = 1.05 and 
a nonsignificant constant a = 0.16 corresponding to an average 
yield increase of 11%, varying from 29 up to 93 kg ha–1. The 
progress is less apparent from 1991–2001 to 2002–2012, with 
a highly significant slope (b = 0.96) and a positive nonsignifi-
cant constant (a = 0.17), and an average gain of 2.4%. The slope 
of regression from 2002–2012 to 2013–2022 was much less 
important but highly significant (b = 0.76), while the constant 
was nonsignificant (a = 0.92), with an average gain of 7.2%. 

figure. GGE analysis per decade of release for grain yield and protein content
Рисунок. Анализ факторов «генотип» и «генотип × среда» для урожайности и содержания белка 

по годам создания сортов/линий
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4. Genetic gain of grain protein content and grain 
yield protein

The evolution for GPC remained stable and nonsignificant 
(0.0007% DW yr–1; P = 0.950) from 1980–1990 to 2013–
2022, regardless of the environment type. Only 2 out of 12 en-
vironments (MCH19 and DYT19) manifested significant GG 
with 0.07% DW yr–1 and 0.032% yr–1, respectively (see Ta-
ble 4). 

The results showed a highly positive significant negative 
trend of GYP (276 kg ha–1 % DW yr–1) over time per decade. 
Considering each type of environments, there was a highly 
significant progress especially under low-yielding environ-
ments (P < 0.001) and to a lesser extent under intermediate 
yielding environments; while high-yielding environments 
showed a nonsignificant progress over time (P > 0.05) (see 
Table 4). 

5. relationship between protein content, grain yield, 
and derivatives 

Overall, a highly significant negative correlation linked GY 
and GPC (r = –0.36 ; P < 0.001). The regression analysis of GPC 
on GY showed a negative slope (b = –0.587) with a coefficient 
of determination of 0.12. Regarding the types of environ-

ments, there was a significant negative correlation between 
GPC and GY under high-yielding (r = –0.384; P < 0.001), inter-
mediate (r = –0.325; P < 0.001); and low-yielding environ-
ments (r = –0.351; P < 0.001). 

The correlation analysis showed a highly significant 
relationship between GY and decades of release (r = 0.14; 
P < 0.001). Within the types of environments, this correla-
tion was significant for intermediate (r = 0.281; P < 0.001) 
and low-yielding environments (r = 0.407; P < 0.001); while 
it was nonsignificant for high-yielding environments 
(r = 0.151; P = 0.11). The correlation analysis showed 
a nonsignificant positive association between GPC and the 
four decades of release (r = 0.013 ; P = 0.779). The correla-
tion between GPC and decades was weakly significant un-
der intermediate (r = –0.142; P = 0.045) and low-yielding 
environments (r = –0.165; P = 0.034); while it was nonsig-
nificant for high yielding environments (r = –0.147; P = 
0.119). 

The correlation between GY and GYP was the most impor-
tant (r = 0.948; P < 0.001); with Pearson values ranging from 
0.88 (P < 0.001) for high-yielding environments, 0.89 
(P < 0.001) for low-yielding environments, to 0.92 (P < 0.001) 
for intermediate yielding environments. 

Table 4. Absolute and relative genetic gain for Gy, GPC, and GyP

Таблица 4. Абсолютные и относительные показатели генетического эффекта для урожайности зерна, 
содержания белка в зерне и сбора белка с единицы площади

Absolute genetic gain 
relative genetic gain 

(% yr–1)

Environments

Gy
(kg ha–1 yr–1)

GPC content 
(% yr–1)

GyP 
(kg ha–1 % Dw) Gy GPC 

Fpr GG Fpr GG Fpr GG

AT18 0.349 22.5 0.829 –0.005 0.552 140 0.69 –0.039

DYT18 0.717 21.1 0.338 0.043 0.474 487 0.51 0.23

JSH18 0.016 21.6 0.648 –0.014 0.037 217 1.26 –0.096

KHZ18 0.757 3.6 0.302 0.031 0.333 117 0.17 0.22

MCH18 0.003 71.0 0.699 0.00+ 0.003 788 1.39 0.06

SEA18 0.347 –5.42 0.533 –0.013 0.369 -85 –0.16 –0.09

AT19 < 001 32.5 0.742 –0.004 < 0.001 397.5 2.07 –0.035

DYT19 < 001 32.4 0.009 0.032 < 0.001 586.2 3.81 0.18

MCH19 0.001 16.7 < 001 0.069 < 0.001 391.2 1.33 0.38

AT20 0.012 27.1 0.386 0.01 0.005 375 0. 80 0.08

MCH20 0.036 21.8 0.648 –0.010 0.088 211 0.47 –0.08

SEA20 0.001 54.4 0.644 0.009 0.003 276 1.59 0.05

Low-yielding 
environments < 0.001 22.84 0.330 0.326 < 0.001 377 1.73 0.21

Intermediate yielding 
environments 0.005 21.88 0.266 –0.177 0.001 277.5 0.69 –0.14

High-yielding 
environments 0.208 21.20 0.281 –0.367 0.44 147 0.46 –0.26

Combined data 0.001 21.40 0.950 –0.0007 0.003 276.4 0.75 –0.002
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Discussion

Grain yield (GY) and grain protein content (GPC) are criti-
cal traits in wheat breeding programs, determining the eco-
nomic value of this crop worldwide and the nutritional value 
of derived products. The aim of this research was to evaluate 
the genetic gain of GY and GPC in 20 bread wheat cultivars re-
leased during four decades of breeding in Morocco from 1980 
to 2022 in order to improve the efficiency of breeding strate-
gies. 

1. Genotype, environment, and genotype × environ-
ment effects

The analysis of variance showed highly significant differ-
ences between environments (E) and genotypes (G), with 
a highly significant G × E interaction for grain yield (GY) and 
grain protein content (GPC). The environmental component 
explained the highest portion of the total source of variation 
(> 80%). This result reflects the diversity of contrasted multi-
locational agroclimatic conditions in terms of biotic and abi-
otic stress intensity and occurrence, and their influence on 
the performance and ranking of genotypes (Guzmán et al., 
2016; Bassi, Sanchez-Garcia, 2017; Giancaspro et al., 2019; 
Woyann et al., 2019). In Morocco, rainfall is the main environ-
mental driver of genotypic performances (Jlibene, 2011), as 
supported by the correlation between yield and rainfall data. 
Genotypic effect was also significant for GY and GPC in most of 
environments, showing that cultivars react differently to wa-
ter restrictions. Multilocational data and stability analysis 
demonstrated the superiority of the lines released during the 
period of 2013–2022, especially Lina and BT175, which com-
bined high yield, better yield stability, and adequate protein 
content across all types of environments. Therefore, modern 
cultivars had both improved yield potential and tolerance to 
moisture stress, resulting in an overall higher and stable grain 
yield and more responsiveness to environmental changes. On 
the other hand, the cultivars released during the 2002–2012 
decade demonstrated the highest GPC values with the best 
stability across environments. Most of the new cultivars re-
cently released or under registration process from 2020 to 
2022 incorporated genes from wild species like Aegilops 
squarrosa, resulting in longer spikes and higher 1000 kernel 
weight. Wheat progenitors constitute a wide gene pool for 
relevant climate-responsive traits (Leigh et al., 2022). 

2. Genetic gains for grain yield
The wheat yield exhibited a continuous positive increase: 

from 2.57 t ha–1 in 1980–1990 to 3.28 t ha–1 in 2013–2022. 
This means that the new released cultivars are a key for im-
proving yields, especially that more than half of the test envi-
ronments used for the analysis faced severe to moderate 
drought (Hu et al., 2022). The significant average annual ge-
netic gain (GG) in GY since 1980 was found to be 21.4 kg yr–1 
(0.75%/year), establishing the efficient contribution of 
breeding activities carried out in the last four decades to-
wards improving the wheat yields in Morocco. M. Jlibene 
(2011) reported a lower mean genetic gain of 17 kg yr–1 using 
a set of Moroccan cultivars released from 1973 to 2006 and 
evaluated in 19 environments, varying from 13 kg yr–1 in rain-
fed unfavorable areas to 22 kg yr–1 in rainfed favorable envi-
ronments. The GG obtained was within the range reported in 
Spain (0.88% yr–1 from 1931 to 2000) (Sanchez-Garcia et al., 
2013), and France (0.66% yr–1 from 1962 to 1988) (Bran-
court-Hulmel et al., 2003). Other studies reported higher val-
ues of GG, ranging from 1.1% yr–1 in the United States Central 
Plains from 1903 to 2014 (Rife et al., 2019) to 1.17% yr–1 in 

Argentina from 1940 to 1999 (Lo Valvo et al., 2018) and 
1.29% yr–1 in China during the period of 1950–2015 (Hu 
et al., 2022). J. N. Cobb et al. (2019) reported that most public 
wheat breeding programs realized less than 1% of GG over 
the last 30 years.

GY is a result of yield potential of cultivars and their re-
sponse to a combination of several environmental stresses 
(Bassi, Sanchez-Garcia, 2017). Great differences between en-
vironments were noted in genetic gain rates. The highest GG 
was recorded for the driest Moroccan environments, reflect-
ing the superiority of climate-resilient cultivars released re-
cently, incorporating many efficient resistance genes against 
the main biotic and abiotic stresses. Furthermore, the annual 
genetic gain was significantly more important under 
low-yielding and intermediate environments (15.9% and 
17.3% yr–1, respectively); while it was nonsignificant for 
high-yielding environments (6.8% yr–1). In Morocco, the 
drought frequency has risen to 5 or 6 events every 10 years 
since the beginning of the 21st century. Since the Mediterra-
nean area has been identified as a hot spot of climate change, 
the most important wheat-producing regions are suffering 
continuously from increasing intensities of drought and heat. 
Therefore, low-yielding and intermediate environments, 
where this crop is mainly cultivated under a rainfed system, 
account for more than 85% of the whole wheat production in 
Morocco during the two last decades (Verner et al., 2018). Re-
cently, the national bread wheat breeding program at the Na-
tional Institute of Agricultural Research (INRA) has focused 
on enhancing yield stability through incorporating drought 
tolerance, and resistance to Septoria tritici, yellow rust, and 
the Hessian fly as major selection traits to overcome the cur-
rent environmental challenges even at the expense of yield 
potential.

However, the progress from a decade to another high-
lighted the limited rate of gain from 2001–2012 to 2013–
2022, indicating a trend toward a plateau or potential stagna-
tion of genetic gain, resulting from the negative impact of cli-
mate change on wheat yields and the narrowed genetic diver-
sity with the development of breeding (Woyann et al., 2019; 
Hu et al., 2022). This stagnation has been reported by several 
earlier studies (Lo Valvo et al., 2018; Woyann et al., 2019), and 
makes it more urgent to develop a more efficient breeding 
strategy. 

3. Genetic gains for grain protein content
Regarding quality, the data set showed a nonsignificant 

negative linear regression for GPC and, therefore, a nonsig-
nificant progress in Morocco from 1980 to 2022. The newly 
bred wheat cultivars have maintained stable protein concen-
tration in the last 40 years. However, the 2002–2012 and 
2013–2022 decades exhibited respectively the highest values 
(> 14% DW). According to the classification of wheat quality, 
all cultivars exhibited a medium (11 > GPC > 13.5% DW) or 
high (GPC > 13.5% DW) grade of protein content depending 
on the environment. This finding was in line with other stud-
ies which noted a slight deterioration or nonsignificant prog-
ress of quality traits (Laidig et al., 2017; Hu et al., 2022). 

Wheat grain quality has received much less attention and 
is often overlooked in the efforts to improve yield (Hu et al., 
2022). This stagnant progress may result from the significant 
increase in grain yield, which enhances starch accumulation 
in the wheat grain that accounts for approximately 70% of 
grain dry weight, and therefore dilutes other grain compo-
nents, including protein (Hu et al., 2022). In fact, even if qual-
ity has been considered as an important selection trait in 
bread wheat breeding, affecting the nutritional quality and 
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the end use value and baking properties of wheat flour, breed-
ers struggled to combine high-yielding cultivars with a high 
grade of quality. Furthermore, premium prices are not ap-
plied for high-quality wheat, like in some developed coun-
tries, i.e., the U.S. and Canada, resulting in farmers’ reluctance 
to lose a margin of their yield in favor of better quality 
(Tadesse et al., 2019). 

4. Grain yield and grain quality relationships
The environmental component had different effects on 

the two studied traits. Severe drought had heavy negative im-
pact on GY during dry seasons, contrary to GPC which reached 
its highest values under dry conditions, as stated by many re-
searchers (O� zturk, Aydin 2004; Bennani et al., 2018). Al-
though the underlying reasons for this negative relationship 
is still ambiguous, N. G. Munier-Jolain and C. Salon (2005), 
and M. Bogard et al. (2010) explained this behavior through 
fertilization, nitrogen uptake, and the interrelationship be-
tween carbon and nitrogen metabolism at the canopy level. 
Contrary to wet conditions, yield response to available nitro-
gen is low under dry conditions, while high-protein grain is 
achieved easily with little or no nitrogen fertilizer. However, 
the importance of climatic factors, especially drought stress, 
may lessen nitrogen uptake on GPC and result in alteration of 
the bread wheat quality in response to the reduction in N ac-
cumulated (Bogard et al., 2010 ; Guzmán et al., 2016). 

The correlation analysis confirmed the negative relation-
ship between GY and GPC in low-yielding, intermediate and 
high-yielding environments, making difficult the simultane-
ous improvement of grain yields while maintaining a good 
level of protein content (Bogard et al., 2010; Laidig et al., 
2017; Hu et al., 2022). This finding is in line with many re-
search studies (Oury, Godin, 2007; Iqbal et al., 2016; Geyer 
et al., 2022) and is explained by the multiple genes control-
ling these complex traits and the interactions that each gene 
has with the environmental component (Bassi, Sanchez-Gar-
cia, 2017; Giancaspro et al., 2019). However, this relationship 
is not always true and depends on the environment reflecting 
the importance of genotype × environment interactions for 
GY and GPC that hide the GY/GPC relationship (Oury, Godin, 
2007; Bogard et al., 2010).

In order to improve GY and GPC simultaneously, various 
methods were reported, including statistical parameters 
combining yield and protein. Grain-yield protein (GYP) was 
applied to better evaluate the GY/GPS relationship and to 
identify superior cultivars with the best balance between GY 
and GPC without concurrent reduction for any trait 
(Monaghan et al., 2001; Geyer et al., 2022). Our findings re-
vealed significant genetic and environmental effects of this in-
dex, as stated by other studies (Monaghan et al., 2001; Oury, 
Godin, 2007). GPD showed a highly significant correlation 
with GY and GPC and the highest positive values for the geno-
types released during the two last decades. These findings 
were in line with other studies (Koekemoer et al., 1999; Rapp 
et al., 2018). 

5. Improvement of the breeding strategy to increase 
genetic gains 

Taking into account the key findings of our study, several 
suggestions might help to improve the current breeding stra-
tegy for sustainable genetic improvement.

1. The substantial effect of climatic variables on the esti-
mated GG and the stability results should drive the new 
breeding strategy to focus on specific adaptation through se-
lecting elite stable lines for each megaenvironment (product 
profiles) in order to mitigate G × E interaction effects. 

2. A significant improvement and progress have been 
achieved in Moroccan bread wheat productivity till now, 
while GPC remained relatively stable over time. Simultaneous 
improvement of both traits becomes pressing within the in-
creasing of dry seasons in recent years to enhance consum-
ers’ income and living health standards (Giancaspro et al., 
2019). J. Monaghan et al. (2001) and F. X. Oury and C. Godin 
(2007) suggest to undertake selection programs based mainly 
on GY, while at the same time adopting appropriate cropping 
practices for enhancing GPC, like zero tilling, water supply, 
and targeted N fertilization management, or selecting for in-
creased efficiency in nitrogen partitioning in improved germ-
plasm. 

3. Improving the nutritional value of new cultivars may 
be realized through the use of wild germplasm which holds 
a high quality grade in comparison with common bread wheat 
cultivars. Advanced genetic tools such as speed breeding and 
genomics in line with high throughput phenotyping provide 
a more precise combination of beneficial traits and accelerate 
breeding gains in the field (Tadesse et al., 2019). 

4. Strengthening networking at the national and interna-
tional levels (CIMMYT and ICARDA) would help to have ac-
cess to new technologies and a wide range of germplasm with 
higher yield potential and stability, and end-use qualities to 
reach farmers’ and manufacturers’ needs for a sustainable na-
tional wheat production. 

5. Determining periodically the rate of genetic gain in key 
traits within breeding programs helps to adopt new pro-
cesses and breeding techniques for better efficiency. Other 
yield components and quality traits should be assessed for 
their progress to better guide the selection of secondary traits 
and achieve more efficient simultaneous improvement. 

Conclusion

The present study was aimed to measure the impact of 
more than 4 decades of the INRA bread wheat breeding pro-
gram from 1980 to 2022. Huge environmental effects had 
a pressing impact on genetic gains. Great achievements have 
been made in grain yield improvement during the last four 
decades in Morocco, while there was no significant progress 
in protein content. The national breeding strategy should 
combine simultaneously better quality and enhanced genetic 
gains for yield in the new released cultivars through using ad-
vanced technologies, wild genetic resources and landraces, 
and incorporating adequate management practices like ze-
ro-till planting and targeted N fertilization management, com-
bined with the product profile approach. 
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