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ABSTRACT
Keywords: This experiment was conducted at the Field Crops Institute, Agricultural Experimental Station of Setif
Correlation (ITGC-AES), Eastern semi-arid areas of Algeria, during two successive cropping seasons, 2010/11
Durum wheat and 2011/12. The aim of the study was to evaluate the association of yield and yield-related traits
Selection and determine the direct and indirect effects of yield-related traits on grain yield. The plant materials
Stepwise regression consisted of 330 F, and 174 F, durum wheat lines along with their four parents and one control
Variability cultivar, which were evaluated under rainfed conditions in a semi-arid region. Data on nine agronomic

traits were recorded. Sufficient genetic variability was observed among wheat traits as indicated by
the minimum and maximum mean values and confirmed by the phenotypic and genotypic coefficients
of variation that took intermediate and high estimates for most of the traits evaluated both in F, and
F, generations. A high heritability (>60%) was observed for almost all the traits studied indicating the
involvement of the additive action of genes in their genetic determinism. Results of stepwise regression
and path analysis showed that biological yield, harvest index and number of spikes were the most
determinant components of grain yield, exhibiting high positive direct effects (0.697, 0.683 and 0.293
in F, vs 0.695, 0.205 and 0.560 in F,, respectively) coupled with positive and significant correlations
(r=0.696", r=0.778" and r=0.127* in F, vs r=0.686", r=0.628" and r=0.491* in F,, respectively) with this
trait. These three yield-contributing traits can be considered as suitable indirect selection criteria to
improve grain yield in the subsequent generation of the wheat breeding program.

RESUMEN
Palabras clave: Este experimento se llevé a cabo en el Instituto Cultivos de Campo, Estacidon Experimental Agricola
Correlacion de Setif (ITGC-AES), areas semiaridas del este de Argelia durante dos temporadas de cultivo
Trigo duro sucesivas, 2010/11 y 2011/12. El objetivo de este estudio fue evaluar la asociacion de rendimiento y
Seleccion rasgos relacionados con el rendimiento y determinar los efectos directos e indirectos de los rasgos
Regression escalonada  relacionados con el rendimiento de grano. El material vegetal consistio en lineas de trigo duro 330 F,
Variabilidad y 174 F, junto con sus cuatro padres y un cultivar testigo que se evaluaron en condiciones de secano

en una region semiérida. Se registraron datos sobre nueve caracteristicas agrondmicas. Se observo
suficiente variabilidad genética entre los rasgos del trigo segun lo indicado por los valores medios
minimo y maximo y confirmado por los coeficientes de variacion fenotipicos y genotipicos que tomaron
estimaciones intermedias y altas para la mayoria de los rasgos evaluados tanto en las generaciones
F, como F,. Se observé una alta heredabilidad (> 60%) para casi todos los rasgos estudiados, lo que
indica la participacion de la accion aditiva de los genes en su determinismo genético. Los resultados
de la regresion escalonada y el andlisis de ruta mostraron que el rendimiento bioldgico, el indice de
cosecha y el nimero de espigas revelaron efectos directos positivos elevados junto con correlaciones
positivas y significativas con el rendimiento de grano, exhibiendo grandes efectos positivos directos
(0.697, 0.683 y 0.293 en F3 vs 0.695, 0.205 y 0.560 en F4, respectivamente) acoplados con
correlaciones positivas y significativas (r=0.696* r=0.778* y r=0.127* en F3 vs r=0.686", r=0.628" y
r=0.491* en F4, respectivamente) con este rasgo.. Estos tres rasgos que contribuyen al rendimiento
se consideran como los mejores criterios de seleccion indirecta para mejorar el rendimiento de grano
en la generacién posterior de este programa de mejoramiento de trigo.
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urum wheat ( Triticum durum Desf.) is the most

important staple crop in Algeria. Annually, it is

cultivated over 1.2 million ha with an average

production of 2.2 million t in the last decade
(MADRP-DSASI, 2017). It is mainly grown under
rainfed conditions where its productivity is profoundly
affected by abiotic stresses. In national wheat breeding
programs, improving yield taking into account adaptation
to environmental variation is a primary aim after the
foreseeable effects of climate change, which will
accentuate the action of abiotic stresses in the conditions
of southern Mediterranean countries (Annicchiarico et
al., 2005; Rabti et al., 2020; Xynias et al., 2020). Under
these limiting conditions of growth, where water scarcity
is highly frequent, it is necessary to select adapted
plant material that possesses high-yield qualities. In this
context, several researchers such as Slafer et al. (2005),
Oulmi et al. (2017) and Fellahi et al. (2020) suggested
to look for genotypic variation, including the response
of genotypes to abiotic such as, water deficit and end-
of-season heat stress. Although genetic improvement
has been responsible for 50% of yield increase under
relatively less favorable conditions (Reynolds and
Tuberosa, 2008), adaptation appears as a necessary
characteristic to stabilize the crop production (Fellahi et
al., 2018; Sallam et al., 2019). In this context, duration
of the vegetative growth cycle, plant height and above-
ground biomass have proven their significant direct
effects on the yield potential achievement.

Breeding cereals for yield potential via the classical
approach is based on crosses between complementary
parental lines and the follow-up of hundreds or even
thousands of segregant derived lines, to identify the
most suitable for specific environments (Martin and
Geraldi, 2002). This approach resulted in improved yield
performance, particularly in favorable environments,
using the grain yield as a direct selection criterion.
However, it is time consuming and expensive in addition
to the complexity of the genetic system that controls
grain yield. Breeders are actually looking for other
selection assistance methods more effective and easier
to handle. Indeed, it is very interesting that the indirect
selection method rapidly and efficiently identifies the
best genotypes after the screening a sufficiently large
number of segregating lines (Fellahi et al., 2018; 2020).
Applying the morphological and/or physiological traits as

selection criteria is an interesting approach that attracts
the attention of breeders and physiologists (Bennett
et al, 2011; Mihleisen et al., 2013; Ben-Amar et al.,
2020). Limitation of indirect selection lies by the fact that
the relationship between these morpho-physiological
characteristics and yield is sometimes weak, complex
and depends on the genetic background and the
environment (Oulmi et al., 2014; Haddad et al., 2016).
The existence of sufficient variability of physiological
responses of the plant to abiotic stresses is necessary
for the breeder to make any progress in improving
tolerance. The main goals of the study were to study the
phenotypic variability within F, and F, filial generations,
analyze the association between grain yield and yield-
related traits, and to identify traits that have the most
direct and indirect effects on grain yield. These traits
will be used as criteria of selection that can lead to the
improvement of durum wheat yield under water-limited
conditions.

MATERIALS AND METHODS

This study was conducted at the Agricultural Experimental
Station of the Technical Field Crops Institute (ITGC-AES)
in Setif (Eastern Algeria) 36°15'N, 5°87°E at 1081 masl,
during two successive cropping seasons, 2010/11 and
2011/12. It focused on evaluation of F, and F, populations
of durum wheat generated from three crosses made
between Ofanto, Mohammed Ben Bachir (MBB), Waha
and Mrb, varieties.

The plant material consisted of the four parents, F, and
F, breeding lines and a control cultivar Boussalem, which
were planted in November, each in two rows of 5 m
long, 0.2 m apart. The plant material was set up in an
augmented design, parents and control were replicated
four times while the 330 F, and 174 F, breeding lines
were not replicated. The seeding rate was 200 seeds m™.
All cultural practices (soil management, fertilization, ...
etc.) followed for the durum wheat growing, from sowing
to harvest, were those practiced by the ITGC-AES as
described by Chennafi et al. (2011a).

The measurements were made on the duration of the
vegetative phase (DVP, days), plant height (PHT, cm),
above-ground biomass (BIO, g m?), number of spikes
(NS, m?), number of grains (NG, m?) and grain yield
(GY, gm?2).
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The straw yield (Str.Y, g m?) was determined by the
difference between the BIO and GY. Harvest index
(HI, %) was estimated as the ratio of GY and BIO. The
economic yield (Econ.Y, m?) was calculated according
to Annicchiarico et al. (2005) by using the equation (1):

Econ. Y =GY +0.3Str. Y (1)

Where: GY is the grain yield and Str.Y is the straw
yield. The economic assessment was simply expressed
in terms of grain-equivalent value (Annicchiarico and
Pecetti, 2003).

The measured variables were analyzed using descriptive
statistics to obtain means, extreme values, variances
and frequencies. The relationships between measured
variables were studied by analyzing the phenotypic
correlation coefficients. The variables that determine
GY and BIO were derived by stepway regression and
path analysis (Fellahi et al., 2013a). The coefficients of
phenotypic (CV,) and genotypic (CV,) variation were
calculated by using the equations (2) and (3) proposed
by Acquaah (2007):

CV,(%) =100 (/o?, /Y) @
CV, (%) =100 (/52,1 Y) 3)

Where: 6% and ¢% are the phenotypic and genotypic

variances, respectively. 6%, was calculated based on the

phenotypic values of the traits measured in the F, and
F, lines and 6%, was calculated as the difference 0%,- 0%
in which 6% was obtained from the values of the traits
measured in the replicated parents and control cultivar.
Y is the mean of the measured trait.

Broad-sense heritability (%) is calculated according to
the equation (4) by Acquaah (2007).

2. (%) = 100(c? / &7) @

Where: o,and o, are, respectively, the genotypic and
phenotypic variances.

Descriptive statistical analyzes were done by using CropStat

7.2.3 software (IRRI, 2009), PAST a Paleontological
statistics software package (Hammer et al., 2001) was
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used to estimate the correlation coefficients, while LazStats
(Miller, 2013) was employed to run the path analysis
and stepwise regression. The least significant difference
was calculated at 5% level (Lsds,) based on the residual
variance for all the variables measured in the parental
lines that are repeated.

RESULTS AND DISCUSSION

Variability and heritability of the traits of the F, and
F, generations

The means, minimum and maximum values, genotypic
and environmental variances, broad-sense heritability,
phenotypic and genotypic correlation coefficients of the
measured variables are given in Table 1. For BIO and
Str.Y produced at maturity, the mean values of the F,
generation ranged widely from minima of 202.0 g m2and
108.0 g m? to maxima of 860.0 g m? and 608.9 g m?,
around general mean estimates of 398.6 g m? and
265.4 g m?, respectively. This information showed that
there was sufficient genetic variability to justify selection
for improvement in the durum wheat genotypes studied.
Candidate lines for selection with high biomass and
straw are located in the right fraction of the distribution
curves of BIO and Str.Y. Fellahi et al. (2013a) and
Hannachi et al. (2013) also reported that considerable
progress in wheat breeding program could be achieved
by exploiting these traits in semi-arid environment.
In this research study, lines selected within wheat
populations could induce a significant genetic gain since
this selection concerns individuals that perform better
phenotypically (and therefore, genetically) than the rest
of the F,lines (Fellahi et al., 2020). In F, generation,
the characteristic values of BIO and Str.Y produced at
maturity took relatively lower values than those recorded
in F3 generation ranging from minima of 159.7 g m?,
97 g m?, up to maxima of 521.7 g m? and 328.7 g m*
with overall means of 319.0 g m? 203.3 g m?
respectively. Compared to F, breeding lines, means of F,
generation were reduced by 20.0 and 23.4% for BIO and
Str.Y, respectively. Similarly, the minimum values were
reduced by 20.9 and 10.2%, while the maximum values
were reduced by 39.3 and 46.0% in the same order. The
decrease of phenotypic variability of BIO and Str.Y in
F, could be explained by the fact that the F, generation
was subjected to a visual selection that resulted in the
elimination of undesirable individuals considering some
important traits such as diseases, excessive height,




dwarfism, lardivity and threshing. Other studies have
reported that segregation of breeding generations may
fluctuate in performance from year to year (Ahmad et
al., 2018). According to Brown and Caligari (2008),

Table 1. Variables and traits measured in F, (n=330) and F, (n=174).

Parameters Gen Mean Min Max
BOGMY  F ai60 1507 5217
SLY@m)  F ms s0 aee7
PHTlm E e 0 1215
VPR F st 1100 1220
NS me o smo 0 %00
NG m?2 F, 3489.4 16494 8371.0

F, 24958 961.6 4647.8
GY (gm?) Ej {57 430 2148
Econ.Y (g m?) Ej f}é? 151323:3 gggg
HI (%) : %2 198 577

environmental variation is always unpredictable and the
highest yielding progeny lines derived from F, and F,
generations may at the some point fail to produce the
highest yielding segregants.

o, @, W, CV, CV, Lsdg,
30304 121313 800 309 276 389
24173 37995 611 247 154 926
3104.7 54414 637 348 278 304
747.7 19753 725 257 134 515
13.9 3042 956 198 194 26
42 2084 980 155 22 39
03 17 88 11 10 036
06 75 @29 25 07 14
239.0 7215 751 311 269 109
271.0 5049 651 282 166 810
2466592 10356746 808 325 202 3512
1719015 3399722 664 287 166 7806
2795 12680 819 205 267 118
520.1 5897 531 288 197 429
452.8 33843 882 291 273 150
668.7 14014 677 257 146 487
96 228 703 167 140 22
49 225 80 145 6.1 42

BlO=above-ground biomass, Str.Y=straw yield, PHT=plant height, NS=number of spikes m2, NG=number of grains m?, GY=grain yield, Econ.
Y=economic yield, HI=harvest index, DVP=duration of the vegetative growth phase.

PHT in F, populations ranged from 56.0 to 133.0 cm,
with a general mean of 90.1 cm. Close values in F, were
found, varying from 64.0 to 93.8 cm with a mean of 127.5
cm. A7 days range (128.0 to 135.0 days) of the duration
of the vegetative growth phase was observed in the
F, population with a general mean of 130.3 days. This
amplitude suggests the possibility of removing part of the
plant cycle of the crop subjected to the terminal drought
and heat stress. In such a situation, the elimination of
subsequent breeding lines on the basis of their DVP
estimates during the early segregating generations
before selection for yield performance is justified as
indicated by Mekhlouf et al. (2006) and Mansouri et
al. (2018). In F,, the duration of the vegetative growth
phase varied from 110.0 to 122.0 days with a general
mean of 115.1 days. DVP distribution values of F, had a

greater amplitude than that observed in F, populations,
indicating that the selection pressure applied in F,
did not seem to affect the variability of this trait, as
for BIO and Str.Y. Compared to F, generation, the F,
generation showed a substantial change in the mean
position of this characteristic suggesting a shortening of
the duration of this phase compared to that of the F,
generation. This acceleration of development rate which
induced a reduction in the DVP of 15 days between F,
and F, generations might suggest more intense effect of
drought, and especially heat stress during the second
year of the experiment. Also, the reduced number of
breeding lines in F, compared to F, generation due to
selection pressure might reflect on the average of DVP
since late lines were discarded. It is well known in the
literature that early headed wheat genotypes under
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rainfed south Mediterranean environment are more
productive and early generation selection based on
DVP as an indirect selection criterion to improve GY
is commonly used by wheat breeders (Haddad et al.,
2021). Under the same environmental conditions of the
present study, Rabti et al. (2020) evaluated 58 durum
wheat genotypes grown in Algeria and noted that recent
varieties produced a higher yield 7.05 days earlier,
on average, than landraces. The variation in NS per
square meter is rather wide, ranging from 49.0 to 219.0
spikes m?, with a general mean of 99.7 spikes m?
in F, generation. These values remain much lower
than those usually observed in the region where this
experiment was conducted. Values of this characteristic
varied in the F, generation from 48.0 to 190.0 spikes m®,
with an overall mean of 98.9 spikes m. NG per unit area
varied from 1649.4 to 8371.0 grains m* in F, and from
961.6t04647.8 grains m2in F, with an average estimated
of 3489.4 and 2495.8 grains m?, respectively. The same
pattern was observed for GY in which lower performances
were recorded for F, when compared to F, populations
(115.7 vs. 133.2 g m?). GY ranged between 61.0 and
260.2 g m? in F, and between 43.0 and 214.8 g m?
in F, filial generation. These results suggest that the
environment was less favorable to the expression of this
characteristic for F, than for F,. Amein and Atta (2016)
also revealed that the magnitude of phenotypic and
genotypic variances was decreased through generations
(F,, F; and F,) when analyzing the variability and
relative response to selection in bread wheat crossing
over three seasons. Ahmad et al. (2018) also found
that segregants lost their superiority in F, generation.
According to Mather and Jinks (1971), superiority of F,
and F, segregants are mainly due to additive x additive
and dominant x dominant interactions. Bernardo (2003)
stated that early generation selection in different self-
pollinated crops, including small grains, is sometimes
effective and sometimes ineffective. This selection
approach is expected to be effective partly because
these species have only low levels of dominance gene
action. In the current study, the decreasing trend of
the generations of selfed means suggests that the
genes are preponderantly dominant or epistatic (Salmi
et al., 2019). According to Brown and Caligari (2008),
genotype x environment interaction also affects the
segregating performance throughout the breeding
stages due to uncontrollable environmental conditions
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from one year to next year. The Econ.Y ranged, for F,
populations, from a minimum of 111.6 to @ maximum of
433.8 g m?, with a general mean of 212.8 g m?. Values
of this trait were lower in F, generation varying from 85.7
to 298.5 g m? with an average of 176.7 g m? HI was,
on average, higher for F, as compared to F, populations
(34.1% vs. 36.2%). The range varied from 18.0 to 49.3
for F, and from 19.8 to 57.5% for F, generation. In
autogamous species as wheat, breeders often discard
inferior segregants in an early selfing generation so that
more resources can be devoted to further testing and
selection of the most promising lines (Bernardo, 2003).
These results revealed that the selection applied in F, in
which elimination of low performance segregants were
carried out, reduced the range of variability for Econ.Y
and HI but increased, on average, HI mean value of the
F, populations. Donmez et al. (2001) indicated that the
improvement in the yield of wheat varieties released from
1873 to 1995 was associated with increase in harvest
index and biomass. Likewise, Haddad et al. (2021)
investigated the performance of a set of 16 durum wheat
varieties, released during the past 67-years, under
rainfed conditions of the eastern high plateaus of Algeria
and concluded that high yielding varieties headed early,
exhibiting high spike weight, number of spikes, number
of kernels m2 as well as increased Econ.Y.

This hypothesis of variability is supported by the values
of the phenotypic (CV ) and genotypic (CV,) coefficients
of variability. In F,, a high CVp was observed along with
high CVg estimates for BIO, Str.Y, NS, NG, Econ.Y
and GY and at a lesser degree PHT. These findings
suggest the presence of great variability for these traits,
which implies that genotype contributed more than the
environment in their expression and selection based
on phenotypic values is feasible. Similar finding was
obtained by Mansouri et al. (2018) and Salmi et al.
(2019). Intermediate values for HI comprised between
10.0 and 20.0%, and low values for the duration of the
vegetative growth phase were also recorded. In F,, the
CV, estimates were high (above 20%) for almost all the
traits except for PHT and DVP. CV, were medium for
BIO, Str.Y, NS, NG, Econ.Y and GY and HI. The lowest
CVg were recorded for PHT and DVP, indicating the
difficulty of improvement these traits through selection.
The rather large difference between the CV, and CV,
values for some traits is due to the greater contribution of




the environmental variance to the phenotypic variability.
The above statement is fully supported by Gerema
(2020) who observed moderate and low GV, and CV for
plant height and days to maturity, respectively. The CV,
and CV values observed were much higher in F, when
compared to their respective estimates in F, generation,
except for CV, and DVP. This result proves that the
pedigree selection applied on F, generation negatively
impacted the variability on F,. Practically, the increase
in_ homozygosity in advanced generations results in a
decrease in the observed variability. Because the CV, is
a combination of additive and environmental variances,
any increase observed in CV, value in next generation
may be due to environmental factors, not strictly due to
additive or dominant gene action (Amein and Atta 2016;
Ahmad et al., 2018).

The broad-sense heritability in F, ranged from 63.7% for
Str.Y to 95.6% for PHT. These values, calculated in a
single generation, were quite high, suggesting that these
parameters were less affected by the environmental
factors and/or under the control of additive genetic effects
where an early selection in F, should lead to a rapid
genetic improvement of the plant material. In F,, broad-

sense heritability estimates were high (>60%) for all
traits, except for GY. The difference in heritability values
observed between F, and those of F, could be attributed
to the influence of environment on the expression of
traits in both populations with a better contribution of
the genotype to the phenotype expression within each
generation. Wiggins (2012) attributed the different
estimates of heritability between generations to the large
genotype x environment interaction and to differences in
the way the equations calculated heritability.

Correlations of the F, and F, generation traits

The phenotypic correlation coefficients between the
variables measured in the F, and F, generations are
given in Table 2. Regarding F, generation, the BIO
significantly correlated to Str.Y (r=0.973), NS (r=0.829),
NG (r=0.755), GY (r=0.843) and Econ.Y (r=0.971).
However, no significant correlations of BIO with the DVP
were indicated. These results suggest that selection
of BIO should be effective and lead to appreciable
improvements, in the positive sense, in at least five traits
(Str.Y, NS, NG, GY and Econ.Y). This selection, based
on BIO, is expected to result in a lesser improvement in
PHT and HI.

Table 2. Phenotypic correlation coefficients (only significant correlations at 5% probability level are displayed) between F, generation (n=330,

below the diagonal) and the F, generation (n=174, above the diagonal).

Parameters BIO Str.Y PHT NS m?
BIO 0.952 0.680
Str.Y 0.973 0.187 0.627
PHT 0.333 0.373
NS m?2 0.829 0.774
NG m?2 0.755 0.619 0.826
GY 0.843 0.697 0.166 0.777
Econ.Y 0.971 0.890 0.272 0.840
HI -0402 0590 -0.367  -0.195
DVP

NG m?2 GY Econ.Y HI DVP
0.857 0.876 0.969
0.679 0.686 0.846 -0.273
0.290
0.675 0.628 0.676 -0.204
0.964 0.940 0.457
0.910 0.968 0.491
0.855 0.947 0.266
0.144 0.127 -0.183
-0.101 -0.180 -0.116  -0.213

BlO=above-ground biomass, Str.Y=straw yield, PHT=plant height, NS=number of spikes m?, NG=number of grains m?, GY=grain yield,
Econ.Y=economic yield, HI=harvest index, DVP=duration of the vegetative growth phase.

Str.Y exhibited significant correlations with PHT
(r=0.373), NS (r=0.774), NG (r=0.619), GY (r=0.697)
and Econ.Y (r=0.890). Straw-based selection induced
indirect improvement in PHT, NS, NG, Econ.Y and GY
and decreased in HI. GY had fairly strong correlations

with the BIO (r=0.843), NG (r=0.910) and Econ.Y
(r=0.968). Its correlations with Str.Y produced (r=0.697)
and NS (r=0.777) were less strong. However, it had weak
associations with PHT (r=0.166), HI (r=0.127) and DVP
(r=-0.180). The analysis of these correlations indicates
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that GY-based selection leads to improvements in BIO,
Econ.Y, and NG. It is well known in the literature that GY
is polygenic complex trait, its measurement is subject
to errors that makes the direct selection on the basis of
this character less effective due also to the presence of
genotype x environment interactions, which leads to a
change in the ranking order of genotype performances
from one environment to another and from generation
to generation (Meziani et al., 2011; Bendjamaa et al.,
2014; Haddad et al., 2016; Fellahi et al., 2018, Mansouri
et al., 2018; Fellahi et al., 2020; Rabti et al., 2020).

The Econ.Y showed quite strong correlations with
the BIO (r=0.971), Str.Y (r=0.890), NS (r=0.840), NG
(r=0.855) and GY (r=0.947). Correlations with PHT
(r=0.272), HI (r=-0.183) and DVP(r=-0.160) were rather
low. Str.Y is strongly influenced by the environmental
variations and selection on the basis of this trait is less
efficient. Therefore, it can only be used as an indirect
selection criterion if its correlation with GY is high
(Joshi et al., 2019). Under the conditions in which the
experience was carried out, the cereal-livestock farming
system is largely adopted; thus, varieties with high Str.Y
without penalty on GY are sought (Annicchiarico et al.,
2005; Chennafi et al., 2011b; Benider et al., 2017). This
is not always the case under constraining conditions,
such as those that characterize the eastern high
plateaus of Algeria where water stress causes variation
in the decrease of BIO and/or HI (Haddad et al., 2016;
Rabti et al., 2020). NS was significantly correlated with
BIO (r=-0.829), Str.Y (r=-0.774), NG (r=0.826), GY
(r=0.777) and Econ.Y (r=0.840). The correlation of this
trait with HI (r=-0.195) was rather negative and low.
The measurement of NS is relatively less laborious and
time consuming than those of the variables discussed
above. As a visual selection criterion, NS is widely
used by experienced wheat breeders in the field to rank
segregating populations. Fellahi et al. (2015) illustrated
that any increase in NS improved both BIO and GY. HI
had positive associations with NG (r=0.144) and GY
(r=0.127). Correlations with the other traits, including
BIO, Str.Y, PHT and NS, Econ.Y were negatives. These
results indicate that, within the F, generation, HI-based
selection significantly improved the HI itself and NG in
a short genetic background. NG, GY and Econ.Y, in
addition to the high correlations between them (r=0.910,
r=0.855, r=0.947), they also exhibited very high
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relationships with BIO (r=0.755, r=0.843, r=0.971), Str.Y
(r=0.619, r=0.697, r=0.890) and NS (r=0.826, r=0.777,
r=0.840). These results indicate that BIO, Str.Y and NS
positively influenced both grain yield and Econ.Y as well
as NG produced per unit area. It was observed that DVP
had the least influence on the other traits measured,
probably because this characteristic had low genetic
variability within the plant material studied as previously
indicated by the CVp and CVg. Overall, the analysis of
the correlations between the measured variables of the
F, generation suggests that the traits influencing GY,
NG and Econ.Y were BIO and NS. These characters are
taken into consideration when screening this generation
to improve the traits of interest, either individually or
as a combination of characters as an index. Mekhlouf
and Bouzerzour (2005) analyzed the efficiency of direct
and indirect early selection based on grain yield-related
traits in two durum wheat populations. According to their
findings, the multitraits selection based on BIO and HI
was as efficient as direct selection based on GY itself.
They concluded also that indirect selection based on
BIO and NS was more efficient than indirect selection
based on NG.

The phenotypic correlation coefficients in F, confirmed
what it was discussed in F,. The six traits. BIO, Str.Y,
NS, NG, GY and Econ.Y had very high correlations
between them. Relationships of HI, DVP and PHT
with the other traits were weak or insignificant. The
findings of this study are in line with the work of
researchers previously reported. Terrile et al. (2017)
and Boussakouran et al. (2021) pointed out that the
best GY in semi-arid areas are the result of the genetic
ability to produce more spikes per unit area associated
with good spikes fertility. Slafer et al. (2005) as well as
Fellahi et al. (2017) mentioned that the contribution' to
NS was more pronounced than that from NG which is
formed in a more favorable period. In contrast, Banyai
et al. (2020) reported that mean grain weight played
an important role in determining GY in semi-arid
environments. Bensemane et al. (2011) and Meziani
et al. (2011) reported that the improvement of NS was
a cause of the increase in GY of new varieties, as the
changes in this plant material for NG were due more
to NS produced. Of the nine variables measured in
this study, only BIO and GY are of great interest in
selection for the targeted region.
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Direct and indirect effects intra generation

Determinants of grain yield in F,. The multiple
regressions including five traits significantly explained
the variation of the GY of the F, generation GY with
a coefficient of determination of 96% (Table 3). The
analysis of the partial regression coefficients indicated
that among the five traits included in the model, the

contribution of DVP was not significant (P>0.05) to
the explanation of GY variation of the F, generation as
indicated by the partial regression coefficient (b=0.149)
of DVP on GY (Table 3). On the other hand, the retained
model showed the significant contribution of the three
yield related components, namely Str.Y, PHT and Hl on
the GY.

Table 3. Regression of grain yield on the relevant variables of the F, generation (n=330).

Source of variation df Sum of squares
Regression 7 488710.51
Residual 322 20407.14
Total 329 509117.65
r R? F.ratio
0.98 0.96 1101.89
Traits B b
BIO 0.697 0.169
PHT 0.034 0.075
NS m? 0.683 0.867
HI 0.293 2.027
DVP 0.005 0.149

Constant=-268.220

Mean square F.ratio Prob.>F.ratio
69815.78 1101.89 0.000
63.37
Prob.>F.ratio DF1 DF2
0 7 322
SE, t Prob.>t
0.023 7.397 0.000
0.032 2.341 0.020
0.058 14.858 0.000
0.265 7.637 0.000
0.333 0.447 0.655

BlO=above-ground biomass, PHT=plant height, NS=number of spikes m?, Hi=harvest index, DVP=duration of the vegetative growth phase.

The direct and indirect effects of the determinant variables
of GY in the F, generation are given in Table 4. The results
indicate that the most important direct effects come from
the BIO produced (0.697), followed by NS (0.683) and
HI (0.293). BIO, in addition to its important direct effect,
acted indirectly through NS (0.528) and HI (-0.173). These
results are in agreement with the findings of Hannachi
et al. (2013) and Mekaoussi et al. (2021) who pointed
out that BIO, HI, spike fertility and NS are the most yield
determinants traits in the wheat breeding program in
eastern semi-arid areas of Algeria. PHT acted indirectly
via Str.Y (0.148) and HI (-0.108). In addition to its positive
direct effect, the number of spikes acted indirectly via BIO
(0.307). Harvest had negative indirect effects on grain yield
via BIO (-0.234) and NS (-0.133) even though its direct
effect on grain yield was positive. These results indicate
that, apart from the DVP, which does not seem to have
an effect on the expression of GY of the F, generation,
PHT, Str.Y and HI played an important role, directly and/

or indirectly, in grain yield determination. Mekaoussi et
al. (2021) found positive direct effect of HI on GY and
negative indirect effects through BIO and NS. The same
authors also showed that PHT exhibited sizeable indirect
effects, positive via NS and negative via NG. In a previous
study by Fellahi et al. (2013a), it was demonstrated that
the highest positive indirect effects on yield were observed
for Str.Y followed by NS per plant and thousand kernel
weight (TKW) via BIO.

GY appears to be more complex and as the result of direct
and indirect effects of several traits including NS, PHT,
HI and Str.Y. These results suggest that indirect single-
trait selection to improve yield may not be effective, as
well as direct selection, because of the large number of
variables that determine this trait. Selection-based index
appears to be more effective. Indeed, according to Menad
et al. (2011), the selection of GY is effective only if the
environmental conditions that allowed the achievement
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Table 4. Direct (diagonal) and indirect effects of the determinants of grain yield of the F, generation (n=330).

Variables BIO PHT NS m? HI DVP Fiey
BIO 0.697 0.013 0.528 -0.173 0.000 0.696
PHT 0.148 0.034 0.054 -0.108 0.000 0.167
NS m? 0.307 0.003 0.683 -0.057 0.000 0.778
HI -0.234 -0.012 -0.133 0.293 -0.001 0.127
DVP -0.001 -0.003 -0.060 -0.062 0.005 -0.181

BlO=above-ground biomass, PHT=plant height, NS=number of spikes m?, Hl=harvest index, DVP=duration of the vegetative growth phase.
r,ey=correlation coefficient of grain yield (GY) with the other measured traits. Significant direct effects are indicated in bold.

of a given GY, are repeated regularly. In this context,
Baye et al. (2020) showed that the direct effects of yield
components on GY are positive. This indicates that if the
means of the components not taken as selection criteria
are kept constant, the yield can be improved by increasing
the component used as a selection criterion. However,
according to Benmahammed et al. (2010), it is practically
difficult to control the variation of the components not
taken into account in the selection process, following
the presence of the genotype x environment interaction.
Indeed, according to Fellahi et al. (2018), the selection-
based index appears, theoretically and practically, more
efficient, given that it offers the possibility of evaluating
the role of characters, individually or combined to each
other, in randomly matched genetic backgrounds. Fellahi
et al. (2013b) reported that the different methods used

(correlations, step way regression, path analysis,
selection index and principal component analysis) to
identify selection criteria, indicate that NS, NG and TKW
as determinants of GY. This finding is consistent with
the results of this study.

Determinants of grain yield in F,. The multiple regressions
including five traits significantly explained the variation of
GY of the F, generation with a coefficient of determination
of 99% (Table 5). The analysis of the partial regression
coefficient indicated that among the five variables included
in this model, PHT did not contribute significantly to the
modification of grain yield variation. The partial regression
coefficient did not significantly differ from zero (Table 5).
The imported model showed that BIO, DVP, NS and HI
significantly affected the GY formation (Table 5).

Table 5. Regression of grain yield on relevant F, generation variables (n=174).

Source of variation df SS
Regression 7 186004.61
Residual 165 4894.06
Total 172 190898.67
R R? F.ratio
0.987 0.974 895.88
Traits p b
BIO 0.695 0.443
PHT -0.027 -0.062
NS m2 0.205 0.246
HI 0.560 3.562
DVP -0.042 -0.495

Constant = 126.849

MS F.ratio Prob.>F.ratio
26572.08 895.88 0.000
29.66
Prob.>F.ratio df1 df2
0.000 7 165
SE, t Prob.>t
0.032 13.96 0.000
0.033 -1.898 0.059
0.063 3.900 0.000
0.265 13.427 0.000
0.165 -2.991 0.003

BlO=above-ground biomass, PHT=plant height, NS=number of spikes m?, HI=harvest index, DVP=duration of the vegetative growth phase.
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The direct and indirect effects of the F, generation
variables are given in Table 6. The highest direct effects
on GY were obtained from the BIO (0.695), HI (0.560)
and NS (0.205). BIO also affected GY via NS (0.129)

and HI (-0.153). NS acted indirectly via BIO (0.436). HI
(-0.190) and PHT (0.130) also contributed indirectly via
BIO on yield formation with negative and positive indirect
effects, respectively.

Table 6. Direct (diagonal) and indirect effects of the determinants of grain yield of the F, generation (n=174).

Variables BIO PHT
BIO 0.695 -0.005
PHT 0.130 -0.027
NS m? 0.436 0.005
HI -0.190 0.003
DVP -0.033 -0.008

NS m? HI DVP Fiey
0.129 -0.153 0.002 0.686
-0.038 -0.072 -0.012 0.032
0.205 0.049 0.009 0.628
0.018 0.560 -0.002 0.491

-0.042 0.027 -0.042 -0.057

BlO=above-ground biomass, PHT=plant height, NS=number of spikes m?, Hi=harvest index, DVP=duration of the vegetative growth phase.
Significant direct effects at 5% probability level are indicated in bold. r,,=correlation coefficient of grain yield (GY) with the other measured traits.

As in F,, the results suggest that in F,, indirect single-
trait selection to improve yield may not be effective due
to the large number of variables determining this trait.
Index selection is likely to be more effective. When
using path analysis, Fellahi et al. (2013a) attributed
an important role to BIO and HI as indirect criteria for
improving GY of an incomplete diallel of bread wheat.
These authors reported direct effect values of 1.051 and
0.364 for these two variables, respectively. Hannachi et
al. (2013) reported in a half diallel cross of durum wheat
that GY was significantly and positively related to BIO,
Str.Y and HI. The stepwise regression analysis filtered
only BIO and HI as determinants of GY. Mecha et al.
(2017) reported positive and significant direct effects
of BIO (1.14) and HI (0.780) on GY. These authors
suggested taking into account the variation of these
variables during selection to improve the yield of bread
wheat. The results of this study are also consistent with
those of Dabi et al. (2016) who reported significant and
positive direct effects of BIO and HI on wheat GY. These
authors recommended that the constitution of genetic
backgrounds, the choice of parents to be crossed and
selection method to increase the yield must be based on
these two characteristics.

CONCLUSIONS

Selection can only be effective when significant genetic
variability exists in breeding nurseries. In this study,
sufficient genetic variability was observed for most
of measured variables as indicated by the phenotypic

and genotypic coefficients of variability that were found
to be high in magnitude both in F, and F, generations.
These results demonstrated the existence of candidate
lines for selection, considering both desired senses of
selection (increase or decrease of the traits of interest).
Grain yield showed significant and positive correlations
with all the traits measured except PHT and HI in F,.
Moreover, these results showed that BIO, HI and NS
had the highest direct effects associated with significant
and positive correlations with GY. These did not change
significantly their effects over generations. The true
relationship between these traits and GY suggests
that selection based on high BIO, NS and HI together
is recommended as selection method for further GY
improvement in future generations of this breeding
program.
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