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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 x 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 ! yr~! (0.75% yr') 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' re-
spectively), while GG was nonsignificant in high-yielding environments (4.62% yr). Within the same period, GPC showed
a nonsignificant negative trend of -0.007% (-0.002% yr'), 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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U KayeCTBa 3epHA y COPTOB MATKOM NMIIEHULbI, CO3JAHHbIX
B Mapokko 3a 40 s1eT ceJieKIiMU
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AKTya/IbHOCTb. AHAJIM3 HaC/1eJCTBEHHBIX H3MEHEHUH BaXKHEHIMX arpOHOMHUYECKUX [TOKa3aTeJslell B onpe/ieJIeHHble IEPHO-
JIbl HEO6XOZMM JIJIs1 OLIEHKH U YJIYy4IIeHHUs CeJIeKIIMOHHBIX TPOrpaMM OCHOBHBIX KyJIbTYD, BKJII0Yask MATKYO MILEHUILY.
MaTtepuaJjibl U MeTOABIL. /lJ1s1 OLleHKH FeHeTHYeCKoro a¢pdeKTa cesieKIui B MapOKKO M0JIy4yeHbl U IPOaHAIN3UPOBaHbI J1aH-
Hble 1o ypoxkaitHoctu (GY) u comepkaHuio 6eska B 3epHe (GPC) y 20 copToB MATKOH MIIEHUI[bI, CO3/JaHHBIX B Iepuoj ¢ 1980
no 2022 r.,, npu BblpalljMBaHUU B 1oJie B 12 NyHKTax.

Pe3ysnbTaThl M 06CyXKAeHUe. [UCIepCHHHBIN aHa/IM3 T0Ka3a/l BbICOKO3HAUYMMOe BJIMsSIHUE Ha U3y4aeMble NI0Ka3aTeau dpak-
TopoB cpeabl (E), reHoTuna (G) u 3HaunMoe BiusiHMe UX B3aumogeiictBus G x E (P < 0,001). Ilo pe3yspbraTam aHau3a CTa-
OUJILHOCTH CO3/IaHHbIE 3a IBa MocJeJHUX fecsiTuietus (2002-2012 u 2013-2022 rr.) copTa XapaKTepuU3yeTCcsl HAUBBICIIUMU
NoKa3aTeJsIMU U3y4aeMblX IPU3HAKOB U UX 60JIbIIEN CTAaGUIBHOCTBIO 110 CPAaBHEHHIO C paHee CO3/1aHHbIMHU COPTaMH, 0COGEH-
HO B HeypoxKalHble roAibl. 3a 40 jieT reHeTHYeckuit a¢pdekT (GG) A ypoxaiiHocTH ceMsiH (GY) coctaBui 21,4 Kr/ra 3a Kax-
abiii rof (0,75% B roa). dToT addeKT co BpeMeHeM CHUXKaJICS, BapbUupys B pesesax oT 11% (c 1980-1990 mo 1991-2001 rr.)
Jio MeHee yeM 7% (c 2002-2012 mo 2013-2022 rr.). leHeTHYeckHii 3pHEKT B HU3KO- U CPeJHEYPOKANHBIX YCIOBUSAX ObLI HAH-
6oJiee BoipaxkeH (17,34% u 6,88% 3a roJj COOTBETCTBEHHO) U 0Ka3aJICsl HE3HAYUMbBIM B BLICOKOYPOXKaWHbIX ycI0BUAX (4,62%
3aroj). 3a TOT e nepuo/ nokasaresb GPC mokasas ctaTUCTHYeCKH He3HauuMoe cHikeHue: —0,007% (-0,002% 3a roa), B TO
BpeMsl KaK [ToKa3aTeJsH, npousBojHble oT GY u GPC, ykasbiBasu Ha BbICOKUH MOJIOKUTENbHbIN reHeTHYeCKUN 3ddeKT ceek-
nuu. CieflyeT NpUIOKUTD 60JIblIe YCUIMH JJIS1 JOCTHKEHUS XOpOolIero 6asaHca Mex/y YpoXKaiHOCTbIO U Ka4eCTBOM CEMSIH
HOBBIX COPTOB, YYUTbIBasl OTPULIATEIbHYIO KOPPEJALHI0 MEX/TY ITUMU AIBYMs pu3Hakami (r = -0,36; P < 0,001).
3ak/n04eHHe. BHe/ipeHue nepe/JOBbIX TEXHOJIOTMH, TAKUX KaK FeHOMHasl CesIeKIHs, COOTBETCTBYIOLIAs arpOTEXHHUKA U 6oJiee
3¢ deKTUBHbIE KDUTEPUH 0TGOPA CIIOCOOHBI B GyAyILEM 06ECIeYUTh OJHOBPEMEHHOE NOBbIIIEHNE YPOXKAHHOCTH 3epPHA U €r0
KayecTBa.

Kiwuesvwle cio06a: MsArkas NMIEHUIA, aHAJAU3 CTaOUJIbHOCTH, FeHeTHUYeCKUH 3QPeKT, ypokallHOCTh, coZiepkaHue 6eska
B 3epHe

baazodapHocmu: HacTosilasi paboTa peaju3oBaHa 6sarofaps TOMy BKJaAy, KOTOPbIM BHECIH TEXHUYECKHE COTPYAHUKH
BCEX OMNBITHBIX cTaHIui MHPA.
ABTOpBI 6J1ar0AAPAT PELleH3eHTOB 32 UX BKJIaJ, B 9KCIEPTHYIO OL[EHKY 3TOH PaGoThI.

Jna yumupoeanus: bennanu C., Tarytu M., [abyH ®. [eHeTHUecKoe yIyyllleHUe IoKa3aTesel ypoKalHOCTH U KayecTBa 3ep-
Ha y COPTOB MSATKOH ITIIEHHUI[bI, CO3/IaHHbIX B Mapokko 3a 40 sieT cesiekuuu. Tpydsl no npuk1adHoli 6omaHuKe, 2eHemuke u ce-
sexkyuu. 2023;184(3):21-31. DOI: 10.30901/2227-8834-2023-3-21-31
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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, bioticand 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
etal, 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
etal, 2019). Grain yield and protein content are complex
quantitative traits, making selection a major challenge in
wheat breeding because of the large “genotype x environ-
ment” interaction and the negative relationship between
these two primary traits (Igbal 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 etal., 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 m? at six experiment stations over the three seasons 2017,
2018, and 2020 in Morocco, for atotal of 12 environments
(sites x 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.

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

Ta6suna 1. Cnucok 20 cOPTOB U 3JIMTHBIX JIMHUM MATKO#U MIIEHUIIbI, HAXOAUBIINXCS B U3yYEeHUH,
W FOJbl UX CO3/JaHUS

Cultivar/Line Year of release D:;z‘;‘;:f Cultivar/Line Year of release D::li:i:f
Marchouch 1984 1980-1990 Kharroba 2010 2002-2012
Kanz 1987 1980-1990 Khadija 2012 2002-2012
Achtar 1988 1980-1990 Malika 2016 2013-2022
Tilila 1989 1980-1990 Snina 2017 2013-2022
Massira 1992 1991-2001 Lina 2020 2013-2022
Amal 1993 1991-2001 BT175 2022 2013-2022
Mehdia 1993 1991-2001 BT155 Under submission 2013-2022
Rajae 1993 1991-2001 AV04 Under submission 2013-2022
Arrehane 1996 1991-2001 AV21 Under submission 2013-2022
Aguilal 1996 1991-2001 BTG Under submission 2013-2022
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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).

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).

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

Taﬁjmua 2. nOI‘O,L[H]:le yC/I0BUA U IYHKTHI IPOBEAE€HUA I10/IEBOr0 U3YYECHUA

Environment Coordinates Mean rainfall T min* | T max* Cropping Rainfall
(mm) season (mm)
Allal Tazi (AT18) 2017-2018 274
Allal Tazi (AT19) 34°31'N / 6°19° W 514 5 33 2018-2019 139
Allal Tazi (AT20) 2019-2020 349
Douyet (DYT18) 2017-2018 426
34°00'N / 5°00'W 410 5 31
Douyet (DYT19) 2018-2019 318
Marchouch (MCH18) 2017-2018 512
33°34’3.1"N/
Marchouch (MCH19) 6°38°0.1” W 375 7 32 2018-2019 113
Marchouch (MCH20) 2019-2020 354
Sidi El Aidi (SEA18) 0q'2E” 2017-2018 305
3;34%(6) \17\// 300 1 43
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
* - CpeAHeroJoBasi CyMMa 0Ca/IKOB M TeMIlepaTypa 3a [ocJie/JHHe [SITh BereTallMOHHBIX IEPHO/I0B
Rainfall was highly correlated with yield performance Results

(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™); intermediate
yielding environments (> 2 and <4 t ha) and high-yielding
environments (>4 t ha™).

3. Trait measurements and statistical analysis

Grain yield (GY) was driven from 4.5 m? 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 x environment. Significant differences at
the 5% confidence limit were identified by the Bonferroni
mean comparison. Based on mean data, the AMMI analysis
(Yan etal,, 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

1. Field trials - Combined and individual analyses of
variance

The combined ANOVA showed very highly significant dif-
ferences between environments, genotypes, and environ-
ment x 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 x environment interaction (2
and 1% respectively) (data not shown). The average GY and
GPC were respectively 2.98 tha™ and 14.24% DW across all
12 environments. The newly submitted lines BTA21
(4.41tha™), BTAO4 (4.31tha™), and BTG (3.90 tha™) pre-
sented the highest mean GY values, while the least perfor-
mances were manifested by the old cvs. ‘Kanz’' (2.28 tha™),
‘Rajae’ (2.55tha™), ‘Marchouch’ (2.67 tha?), and ‘Tilila’
(2.68 t ha™). 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 tha™) and
2002-2012 (2.98 t ha') showed the highest performances in
terms of GY (Table 3). The one-way ANOVA showed signifi-
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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-
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best stable (0.0 >Pi>0.38) and high-yielding genotypes,
ranging from 3.75 and 4.99 t ha™; 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™*; 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 tha. For GPC, ‘Kharroba’ was the best cultivar
in terms of GPC and stability (GPC = 16.59; Pi = 0.43) (see Ta-
ble 3).
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Figure. GGE analysis per decade of release for grain yield and protein content

PucyHok. AHa/In3 paKTOpPOB «IeHOTHUII» U «T€HOTHII X cpeja» AJIA YPOKAHHOCTH U COAepPKaHUA Geska
10 rojaM co3JaHus COPTOB/JIUHUNA

bility and high performance (3.2 t ha'; 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 tha™. 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); 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™. These cultivars also
expressed agood 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 tha™, 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

3. Genetic gain of grain yield

A combined analysis across environments showed a de-
cade-wise GG for GY of 21.4 kg yr™!, 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 kgha?yr? at MCH19 (1.33%yr?') to more than
71kghayr? (1.39% yr') 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™! yr™ (1.73% yr™) compared to in-
termediate yielding (21.88 kg ha™ yr; 0.69% yr!) and high
yielding environments (21.2 kg ha! yr%; 0.46% yr?) (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
anonsignificant constant a = 0.16 corresponding to an average
yield increase of 11%, varying from 29 up to 93 kg ha™. 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%.
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Table 4. Absolute and relative genetic gain for GY, GPC, and GYP

Ta6ummna 4. AGCOIIOTHbIE U OTHOCUTEJ/IbHbIE IOKa3aTe/ U reHeTu4ecKoro a¢dekra [ ypo:KailHOCTHU 3epHa,
coAeprkaHuA 6eJiKa B 3epHe U c60pa 6eJiKa € e AUHHMIbI IO

Absolute genetic gain Relatn;t(e’ /f‘;:g;lc gain
GY GPC content GYP
Environments (kg ha™' yr') (% yr?) (kg ha™ % DW) GY GPC
Fpr GG Fpr GG Fpr GG
AT18 0.349 225 0.829 -0.005 0.552 140 0.69 -0.039
DYT18 0.717 21.1 0.338 0.043 0.474 487 051 0.23
JSH18 0.016 216 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 0533 -0.013 0.369 -85 -0.16 -0.09
AT19 <001 325 0.742 ~0.004 | <0.001 397.5 2.07 -0.035
DYT19 <001 324 0.009 0.032 <0.001 586.2 3.81 0.18
MCH19 0.001 167 <001 0.069 <0.001 391.2 133 0.38
AT20 0.012 27.1 0.386 0.01 0.005 375 0.80 0.08
MCH20 0.036 218 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
zg“ZerE:;f;’S <0001 | 2284 0.330 0326 | <0.001 377 1.73 0.21
L?ﬁrr‘::ii:;‘:syiddi“g 0.005 21.88 0.266 -0.177 0.001 2775 0.69 -0.14
?;%}l‘rg'ﬂde‘:é 0.208 21.20 0.281 -0.367 0.44 147 0.46 -0.26
Combined data 0.001 21.40 0950 | -0.0007 | 0.003 276.4 0.75 -0.002

4. Genetic gain of grain protein content and grain
yield protein

The evolution for GPC remained stable and nonsignificant
(0.0007% DW yr%; 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* and 0.032% yr!, respectively (see Ta-
ble 4).

The results showed a highly positive significant negative
trend of GYP (276 kg ha! % DW yr') 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 alesser 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)
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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 x environ-
ment effects

The analysis of variance showed highly significant differ-
ences between environments (E) and genotypes (G), with
a highly significant G x 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 (Guzman etal,
2016; Bassi, Sanchez-Garcia, 2017; Giancaspro etal., 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 tha? in 1980-1990 to 3.28 tha™ 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!
(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! using
a set of Moroccan cultivars released from 1973 to 2006 and
evaluated in 19 environments, varying from 13 kg yr-!in rain-
fed unfavorable areas to 22 kg yr! in rainfed favorable envi-
ronments. The GG obtained was within the range reported in
Spain (0.88% yr from 1931 to 2000) (Sanchez-Garcia et al,,
2013), and France (0.66% yr! from 1962 to 1988) (Bran-
court-Hulmel et al., 2003). Other studies reported higher val-
ues of GG, ranging from 1.1% yr~' in the United States Central
Plains from 1903 to 2014 (Rife etal.,, 2019) to 1.17% yr! in

Argentina from 1940 to 1999 (Lo Valvo etal, 2018) and
1.29% yr in China during the period of 1950-2015 (Hu
etal, 2022).]. 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 aresult 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!, respectively); while it was nonsignificant for
high-yielding environments (6.8% yr). 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 etal,,
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 amargin 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-
pacton GY during dry seasons, contrary to GPC which reached
its highest values under dry conditions, as stated by many re-
searchers ((")zturk, Aydin 2004; Bennani etal, 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 ; Guzman 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 etal, 2010; Laidig etal,
2017; Hu etal, 2022). This finding is in line with many re-
search studies (Oury, Godin, 2007; Igbal etal,, 2016; Geyer
etal, 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 x 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 etal, 2001; Geyer etal., 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
etal, 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 x E interaction effects.

2. Asignificant 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 etal,
2019). J. Monaghan etal. (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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