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SUMMARY

This study was conducted to compare and estimate the genetic variability among durum wheat lines in response to
drought according to their grain yields and physiological traits. The use of fluorescence parameters as drought
selection criteria for durum wheat was investigated in a population of 249 recombinant inbred lines (RILs) derived
from a cross between two cultivars of durum wheat: ‘Svevo’ and ‘Kofa’. The durum wheat RILs considered were
analyzed to determine the relationship between their grain yields and chlorophyll fluorescence parameters at the
grain filling stage under drought stress (rainfed) and supplemental irrigation (irrigated) conditions during the 2004
and 2005 seasons at the ICARDA center. The results obtained show that the durum wheat line performance was
influenced by drought stress, indicating significant differences between the grain yields and fluorescence parameters
recorded under drought rainfed (RF) and irrigation (IR) conditions. Significant differences between the experimental
groups of durum wheat RILs (P<0.05) were only recorded under drought conditions, with the exception of leaf water
potential (Lwp). Under such conditions, nearly all the parameters examined were significantly increased in the high-
yielding group (with the exception of the Que parameter), thus revealing the genetic variability of the durum wheat
lines considered in response to drought stress. The potential quantum efficiency of photosystem Il (F,/F,) was found
to be positively associated with the grain yield parameter. The mean values of F,/F, in both the high- and low-
yielding groups significantly dropped under drought stress (0.71 and 0.68, respectively) compared to the Fv/Fm
values recorded under irrigated conditions (0.80 and 0.81). Under drought conditions, slopes were highly significant
(P<0.001) nearly for all the fluorescence parameters examined (with the exception of CHLSPAD) compared to those
recorded under irrigation conditions. It was concluded that chlorophyll content (SPAD), Fo, Fn, Fv, FJ/Fr, Lwp, and
Que could be used as additional indicators in screening wheat germplasm for drought tolerance.
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Abbreviations: GY - grain yield; HGY - high-yielding; IR - irrigated; Ks - kofasvevo; LGY — low-yielding; RILs -
recombinant inbred lines; RF - rainfed drought condition; CHLSPAD - Chlorophyll content SPAD

INTRODUCTION
Durum wheat (Triticum turgidum L. ssp durum) belongs to tetraploid species and is mainly cultivated in North

Africa and the great plains of North America (Habash et al., 2009). The durum wheat produced in the Mediterranean
basin accounts for 50% of the world durum wheat production (Sukumaran et al., 2018). However, durum wheat can
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potentially be a subject of many environmental constraints which can have adverse effects on its yield and yield
stability (Mohammadi et al., 2018). Over the past years, durum wheat production has been fluctuating significantly
due to climate change and drought in particular (Boussakouran et al., 2019). Drought stress affects the grain yield of
cereals around the word (Abou-Elwafa, 2016). Due to the irregularity of rainfall, water scarcity becomes a limiting
factor in the development cycle of cereals, causing yield losses in Mediterranean environments (Dolferus et al., 2011,
Honsdorf et al., 2017). A number of studies conducted in the Mediterranean regions subject to water stress were
based on the use of physiological traits as selection criteria to improve the yield of durum wheat (Gonzéalez-Ribot et
al., 2017). Inadequate environmental conditions such as drought can cause morphological, biochemical, molecular
and physiological disturbances in plants (Farooq et al., 2009; Yu et al., 2017). During the grain filling phase, drought
can inflict considerable durum wheat yield losses (Maccaferri et al., 2008). Numerous tools are used to assess the
drought tolerance of durum wheat. Chlorophyll content and fluorescence are alternative, non-destructive, simple,
inexpensive, and rapid methods for assessing the physiological state of crops (Kalaji et al., 2016). Chlorophyll
fluorescence is a good indicator of photosynthetic activity (Goltsev et al., 2016). Photosynthesis is sensitive to
environmental constraints (Kalaji et al., 2012). Chlorophyll fluorescence is mostly used as a parameter for assessing
the plant’s abiotic stresses tolerance. It is also an effective indicator of the photosynthetic process under stress
(Stirbet et al., 2018; Simeneh, 2020) as drought stress reduces the plant’s photosynthetic capacity by affecting its
productivity. Plant breeding should be based on identifying good performing genes by means of chlorophyll
fluorescence (Simeneh, 2020). Moreover, chlorophyll fluorescence is considered an important tool for examining the
photochemical efficiency of leaves, and represents an interesting new approach to the selection of plant breeding
programs (Baker & Rosenqvist., 2020). Under adverse environmental conditions such as drought, fluorescence
measurements estimate plant vitality by detecting changes in photosystem components (PSII), electron transport
chain, and photochemical reactions (Dabrowski et al., 2016). Drought acts on the PSII reaction centers of the
photosynthetic system and the stomata (Paknejad et al., 2007), thus inducing reductions in grain yields (Jedmowski
et al., 2013). Mohammadi et al. (2018) argue that fluorescence measurements can help improve the overall
agricultural productivity and grain yield of durum wheat under fluctuating climatic conditions. Direct and indirect
changes in fluorescence induction kinetics following abiotic stress have been studied in a number of crops (Baker et
al., 2001). In wheat, chlorophyll fluorescence is used as a suitable tool to understand photosynthetic metabolism and
examine drought tolerance (Guha et al., 2013). A decrease in chlorophyll content in stressed plants is considered one
of the major causes of reduced growth and productivity (Guerfel et al., 2009; Ghobadi et al., 2011). Under water
stress, chlorophyll content is linked to grain yield in durum wheat (Khayatnezhad et al., 2011). In breeding programs,
chlorophyll content has been used as an easy-to-use and cost-effective indirect breeding method for improving water
use efficiency in common wheat (Fotovat et al., 2007). According to Bogale-Gonfa et al. (2011), significant
differences were found between durum wheat varieties which are tolerant to water stress and those which are
sensitive to water stress. The varieties tolerant to water stress (characterized by high leaf water potential) exhibited
higher turgor potential, photosynthesis rates, grain yields and chlorophyll contents with decreased rates of
transpiration (Anjum et al., 2011; Tardieu et al., 2014).

The present study aims at using fluorescence as a breeding selection criterion based on drought tolerance in order to
improve durum wheat grain yields under water-limited Mediterranean conditions. The physiological responses of
durum wheat exposed to water stress were assessed (i), the performance of chlorophyll fluorescence kinetics was
evaluated under field conditions (ii), and a chlorophyll fluorescence parameter was identified as a drought tolerance
test for durum wheat (iii).

MATERIAL AND METHODS

Plant material

This study was carried out as part of the breeding program conducted throughout the Mediterranean basin, namely
“Project IDUWUE, Improving Durum Wheat for Use Efficiency and Yield Stability”. A population of 249
recombinant inbred lines (RILs), elaborated by Societa Produttori Sementi (Bologna, Italy, the generation F7 from a
cross of two cultivars of durum wheat ‘Kofa x Svevo’), were examined in the study. ‘Kofa’ and ‘Svevo’ are two
cultivars which are well adapted to the Mediterranean climate and characterized by early flowering.

The “Kofa’ cultivar is native to the Southwestern United States, published by Western Plant Breeders (Arizona,
USA). This cultivar is obtained from a population based on cross parents (dicoccum alpha pop-85 S-1).

The “Svevo’ cultivar originated in Italy and was produced in 1996 by Societa Produttori Sementi obtained from the
crossing of the advanced ‘CIMMYT’ line and the ‘Zenit’ cultivar developed from a cross between Italian and
American accessions.
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The “Vitron’ cultivar is a high-yielding cultivar adapted to the Mediterranean conditions, developed from
‘CIMMYT’ germplasm (cross Jori/Anhinga//Flamingo) and established in 1985 (Pfeiffer et al. 2000) (Maccaferri et
al., 2008).

Experimental design

Over a period of 2 years, a total of eight field trials were carried out (4 trials in 2004 and 4 trials in 2005) in two
Mediterranean countries: Syria and Lebanon (at the experimental station of the ICARDA centre (the International
Center for Agricultural Research in the Dry Area, Aleppo, Syria), Tel Hadya (Syria) and Terbol (Libanon)). All 249
lines considered were evaluated under irrigation (IR) and rainfed drought conditions (RF). The RILs of the ‘Kofa’,
‘Svevo’ and “Vitron’ cultivars were tested in unreplicated field trials, adopting an augmented design (Federer, 1956;
Peterson, 1985) as a field experimental scheme with three checks per each row of the field scheme. The experimental
plot size was 4 m? sown in 20 rows of 2.5 m in length, with an inter-row spacing of 30 cm. The experimental site
was characterized by two environments with different water regimes: rainfed (RF) and irrigated (IR). Prior to
sowing, seed viability was determined on a sample of 100 seeds/RIL. The seeds were treated with fungicides
(Vitavax FLO NF) in order to avoid contamination by external pathogens, whereas weeds were controlled according
to the standards of agricultural practice recommended for both environments. The sowing was performed using 100
grains of each line considered. During the critical phase of grain filling, a supplemental irrigation of 25-30 mm was
applied. The precipitation rates recorded were 277.6 mm and 245.5 mm in 2004 and 2005, respectively. Grain yields
(GY) (kg/ha) were estimated for two experimental groups of 40 lines each (namely high- and low-yielding groups) in
both irrigated and rainfed environments to assess differences in the fluorescence parameters between the two groups
considered.

Study site characteristics

Tel Hadya (Syria) is the main station at the ICARDA center, located in the southwest of the city of Aleppo in Syria
(Latitude 36°01’N, longitude 36°56’E, 284 m a.s.l.). The soil of Tel Hadya is composed of clay, montmorillonite
with a pH varying between 7.9 and 8, thermal (the average annual temperature at 5cm depth is 15 to 22 °C) and
Xerochrept Calcixerollique or Calcixerert chromic. According to the old classification of soil sciences, the soil is
classified as Terra Rosa (United States) or red Mediterranean soils (France).

Experimental analysis

Fluorescence parameters such as Fo, F,, Fr, and F,/F,, were obtained using a fluorimeter (Model Hansatech RS232C)
developed by Schreiber et al. (1986). Applying short pulses of red light (Lo) at a very low frequency determined the
initial fluorescence (F,), followed by a second-high intensity white light (L;). This light induces the induction of
Kautsky kinetics. The use of double illumination by sending short flashes of white light (pulse saturation) enables the
maximum fluorescence (F.,) to be determined.

The calculated parameters were as folows:

Variable fluorescence (Fv): F, = F, - Fo

Photochemical quenching (Que): Que = Fo/F,

Photochemical efficiency or quantum efficiency (EP): EP = F\/F

Leaf water potential (Lwp): Lwp = Fn/Fo

The chlorophyll content was determined on the Zadoks 70 scale using a chlorophyll meter (the MINOLTA model of
the SPAD type) (Zadoks et al., 1974).

Statistical analysis

The data obtained were analyzed using the analysis of variance (ANOVA) and the GLM procedure. Multiple
comparisons of the parameter means computed were performed using the smallest significant difference LSD at 5%
for all the parameters studied. These analyses were performed with the statistical software SAS version 9.1 (SAS
Institute Inc., Cary, NC., USA). A linear regression was calculated to determine the relationship between the grain
yield and chlorophyll fluorescence parameters. The linear regression lines were adjusted by Excel 2010. The
correlation analysis was used to assess the relationship between different fluorescence parameters (the Pearson
correlation coefficients). The correlations and distributions of the variables were obtained using the Genstat version
18 software.
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RESULTS AND DISCUSSION

Correlation between yield-related physiological traits

The present study confirmed that all of the correlation coefficients obtained for the grain yields (GY) and
fluorescence parameters of the durum wheat RILs considered were significant under drought conditions (Tab. 1),
which is consistent with the findings of Araus et al. (1998). In contrast to a study reporting a rather positive
correlation between grain yields and chlorophyll contents in bread wheat under drought conditions (Paknejad et al.,
2007), the results obtained herein show a positive and significant correlation between the quantum yield Fm/Fv and
the CHLSPAD (r = 0.146%*) (which is consistent with the findings of Avenson et al. (2005) and Almeselmani et al.
(2015). Chlorophyll contents were found to be in a positive correlation with photosynthetic rates. However, a strong
positive correlation was observed only between the GY and CHLSPAD values under irrigation conditions (r =
0.302***), whereas the CHLSPAD recorded was found to be negatively correlated with Que (-0.116*) (Tab. 3).

Tablel. Correlation coefficients of the fluorescence parameters considered under drought conditions during 2004 and 2005

seasons
Fo Fr F. Fu/Fm Que Lwp CHLSPAD
Frn 0.213™
Fy 0.009"™  0.979™
Fo/Fm -0.601"" 0638 0.778"
(DR”F);’ght Que 0.600™" 0617 -0.757" -0.993%%*
Lwp 05817 0.65777  0.7937"  0.972%** .0.944%**
CHLSPAD | 0.282™"  0.093™  0.037™  -0.146*  0.146* -0.147*
GY -0.230""  0.364™"  0.4207°  0.503*** .0.507** 0.468**  -0.062ns
Frn 0.230**
Fy 0.089ns  0.990%***
Fo/Fm -0.404%** (.768*** (,841%**
Irrigation (IR) Que 0.394%**  (0,734*** _0,806*** -0.990%**
Lwp -0.403%** (,795%** (.869%** (0.956*** -0,909***
CHLSPAD | -0.058ns 0.081ns 0.093ns  0.140ns -0.116  0.107ns
GY 0.091ns  0.017ns  0.004ns -0.019ns  0.017ns -0.043ns 0.302***

TEEFTF

Legend: ™ not significant at 5%, ~, ~, . Significant at 5%, 1%, 0.1% level probability, respectively

Significant positive correlations were found between GY and Fp, F,, F./Fn, Que, and Lwp under drought conditions,
whereas the correlation of GY with Que (-0.507**) and the aforementioned parameters was negative and significant
(Tab. 1). A recent study on triticale and wheat at anthesis and grain filling reported a positive and significant
correlation between GY and fluorescence parameters (Méndez-Espinoza et al., 2019).

Under drought conditions, Fo, Fr, Fy, Que, Lwp and GY were found to have the highest correlation with F/F, (r = -
0.601***, 0.638***, 0.778***, -0.993*** (0.972***and 0.503***, respectively). Balouchi (2010) and Mohammadi
et al. (2019) revealed that some parameters of fluorescence, such as the maximum quantum yield of PS Il (F,/F,) and
fluorescence (Fo), correlate with drought tolerance. However, the correlation between all fluorescence parameters
and GY was generally higher and more significant under drought stress than under irrigated conditions (Tab. 3). The
correlations between F,, Fy,, Lwp, and F,/F,, under irrigation conditions were similar to those obtained under drought
conditions. The correlative analysis of plant’s physiological and morphological traits can be used as the criteria for
selecting tolerant genotypes under water deficit stress (Farshadfar et al., 2013).

Grain yield and drought stress

The analysis of variance performed revealed significant differences (data not shown) between the RILs considered
relative to all the physiological parameters measured and grain yields (GY) produced under supplemental irrigation
(IR) and drought conditions (RF). The average mean values of grain yield under drought and irrigation conditions
were 3,558 and 5,844 kg/ha, respectively. The coefficient of variance (CV) computed under drought conditions
ranged from 4.35% (for Fv/Fm) to 23.08% (for grain yields). The highest value of CV under irrigation conditions
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was observed in the case of Que (28.07%), whereas the lowest value of 7.96% was obtained for grain yields (GY).
Our results show variability and genetic diversity in the durum wheat population considered under different water
status.

Under drought stress, the grain yields ranged from 1,154 to 5,913 kg/ha with a parental mean of 3,493 kg/ha. The
Ks237 and Ks232 RILs produced the highest grain yields under drought conditions: 5,587 and 5,913 kg/ha
respectively. However, the lowest grain yield of 2,667 kg/ha was recorded in the Ks095 RIL. A significant decrease
in grain yields under drought stress was reported by Gonzalez-Ribot et al. (2017), Etminan et al. (2019) and Qaseem
et al. (2019). Under irrigation conditions, grain yields ranged from 3,918 to 8,192 kg/ha with a parental mean of
5,846 kg/ha. The Ks239 RIL produced the lowest yield (3,918 kg/ha), whereas the highest yield of 7,800 kg/ha was
recorded in the Ks149 RIL. Under drought conditions, these RILs produced 1,954 kg/ha of grain yield more than the
parental mean calculated (Tab. 2). During the grain filling period, drought stress hinders photosynthesis, the
relocation of assimilates and the transfer of stored substances into grains, which significantly decreases the grain
yield (Ehdaie et al., 2006; Talebi et al., 2009; Dolferus et al., 2011; Pour-Aboughadareh et al., 2020).

Considerable RIL variations were found in both scenarios (rainfed and irrigated) for the highest and lowest yielding
groups (HGY and LGY) (Tab. 2). When the RILs were allocated to high-yielding and low-yielding groups, negative
effects of drought stress caused a significant reduction in a number of their physiological traits, thus exerting a
damaging effect on their grain yields (Tab. 2). Similar results were reported by Roostaei et al. (2011) and
Boussakouran et al. (2019). The mean values of grain yields under drought stress were 3,336 kg/h and 4,976 kg/h for
the LGY and HGY groups, respectively. Significant differences were recorded between the LGY and HGY groups
relative to all physiological traits considered under supplemental irrigation compared to susceptible groups affected
by drought stress (Tab. 2). The least significant difference (LSD) test confirmed that the RILs differed significantly
according to the traits examined. Therefore, the LSD test results for GY in the irrigated and drought environments
were 262 and 384.1, respectively. However, wheat growth under drought affects the plant’s physiological and
agronomic characteristics regardless of the genotype and the period of stress exposure (Talebi, 2011; Almeselmani,
2012; Liu et al., 2015; Méndez-Espinoza et al., 2019).

The relationship between physiological traits and grain yields relative to drought tolerance

The content of chlorophyll is a functional physiological trait used to estimate the effect of drought stress (Zhuang et
al., 2020). Under both rainfed and irrigated conditions (Tab. 2), the results obtained show significant differences
between the CHLSPAD and GY values recorded. As reported by other authors (Bijanzadeh & Emam, 2010;
Khayatnezhad et al., 2011; Almeselmani et al., 2012), one of the major causes of reduced growth and productivity is
a decrease in the chlorophyll content of stressed plants. However, a significant variability in CHLSPAD was found
between the HGY and LGY groups and the CHLSPAD mean value computed for the RILs considered. According to
Izanloo et al. (2008) and Khadka et al. (2020), water deficit leads to a decrease in the chlorophyll content of wheat,
which was also confirmed in our study. Under irrigated condition (Tab. 2), the RILs of both HGY and LGY groups
exhibited higher values of CHLSPAD than those recorded under drought conditions. Moreover, it was found that the
values of chlorophyll recorded under drought stress in both the HGY and LGY groups were 4,976 and 3,336 kg/ha,
respectively (Tab. 2). Low amounts of CHLSPAD were also recorded under drought stress in both the HGY and
LGY groups (49 and 40, respectively). Drought reduces the plant’s chlorophyll content and photosynthetic pigments.
Abdipur et al. (2013) and Allahverdiyev et al. (2015) showed that the content of chlorophyll is positively related to
the rate of photosynthesis. A reduction in chlorophyll content will directly lead to the inhibition of photosynthetic
potential, thus affecting the grain yield. Other studies have also reported that the loss in chlorophyll depends on the
reduced expression of genes encoding enzymes for chlorophyll biosynthesis (Liu et al., 2017).

Leaf water potential was used to estimate the plant’s water status. The values obtained show significant differences
between the HGY and LGY RILs under drought stress and under irrigation conditions (Tab. 2), ranging from 3 to 5
respectively. However, our results are consistent with the findings of Liu et al. (2015), who reported significant
reductions in leaf water potential in the seven durum wheat genotypes considered due to pre-anthesis water deficit
stress. The shortage of soil moisture diminishes the water potential of leaves, which causes a reduction in turgor and
photosynthetic activity, ultimately reducing plant growth and yield production. Siddique et al. (2000) argued that
changes in the plant’s Lwp are related to changes in osmotic pressure.

Fluorescence parameters (Fo, Fy, Fm, FJ/Fy and Que) can be used as essential physiological markers for assessing the
photosynthetic activity of PSII in plants under abiotic stress (Feng et al., 2017; Pour-Aboughadareh et al., 2020) and
as a tool to screen plant’s genotypes for drought tolerance (Paknejad et al., 2007; Kalaji et al., 2016).

In this experiment, differences between the RIL groups were significant (P < 0.05) only under drought conditions,
with the exception of leaf water potential (Lwp). Under these conditions, all the parameters observed increased
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significantly in the high-yielding group (with the exception of the Que parameter (Tab. 1), revealing a genetic
variability in response to drought stress. As shown in Table 2, there was no difference in the genetic variability
between the RILs of both HGY and LGY groups and the control in the supplemental irrigation environment. The
results obtained show that the greatest values of F, for both the high-yielding and control lines were recorded under
stress conditions compared to those recorded under irrigation condition (Tab. 2). These results are congruent with the
findings of Nori et al. (2011) and Wang et al. (2016). The study carried out by Schansker et al. (2014) showed that
reductions in the quantity of quinine (QA) at the level of PSII induce an increase in (F, and F,) fluorescence.
According to Havaux et al. (1998), the F, value variations reflect the destruction of the PSII reaction centers, thus
causing a decrease in the efficiency of the photochemical reactions of PSII under stress conditions. The high- and
low-yielding groups considered herein exhibited lower Fm values under drought conditions than the control Fm
values and those recorded under irrigation conditions (Tab. 2).

As reported by other authors, the measurement of fluorescence (Fn) is a complex trait associated with the
endogenous structure of the leaf (Kalaji et al., 2016). This structure possesses cellular and molecular characteristics
which can be used to determine the absorption of actinic light, the reflection and the emission of the reabsorption of
chlorophyll fluorescence in PSII, as well as the content of chlorophyll in the leaf. In the present study, the reduction
in Fm may be related to a reduction in chlorophyll concentration observed in the RILs under drought stress (Tab. 2).
Similar findings were reported by Khayatnezhad et al. (2011) and Paunov et al. (2018). The fluorescence parameters
(Fo, Fm, Fy, and F,/F,) decreased under water stress. The increase in the F, values and the decrease in the F,, values
occurred concomitantly with the decrease in the F,/F,, values, which is clearly visible in the highest and lowest
yielding lines under drought stress compared to same groups under irrigation conditions. Similar findings were
reported in previous studies by Roostaei et al. (2011), Papageorgiou & Govindjee (2011) and Wang et al. (2016).

Table 2. Fluorescence parameter means for all the genotypes, parents, and highest and lowest yielding groups under drought (RF)
and supplemental irrigation conditions (IR) during the seasons considered

Group/Genotype Fo Fm Fy Fo/Fm Que Lwp CHL GY

Means 670 3273 2603 0.79 0.26 4.95 54.18 3494
sD 485590  +420.94  +411.34 +0.03 +0.06 +0.76 +4.38 +1055

Maximum 1052 4079 3306 0.84 0.57 6.36 63.8 5480

Minimum 368 1373 1005 0.63 0.18 275 42 1154

Mean for 40 highest yielding lines 901° 3210™ 2309° 0.71% 0.39" 3.60° 49.34° 4976°
Drought ~ SD +12.01 +70.77 +71.52 +0.007 +0.014  +0.095 +0.54 +49.40
conditions Mean for 40 lowest yielding lines 873" 2740 1866™ 0.68° 0.46° 3.13° 40.2° 3336°
sD +8.51 +54.71 +53.13 +0.006 +0.005  +0.097 +0.60 +36.33

Svevo 808° 3106° 2298° 0.73% 0.35% 3.93° 53.24° 3428°

Kofa 714° 3439° 2726° 0.78° 0.27° 481° 55.12° 3559°

Vitron 749° 3262 2513% 0.77° 0.28% 4.85° 50.43° 3570°

C.V.% 12.07 12.38 15.37 435 22.85 15.04 7.62 23.08

LSD 5% 35.15 179.7 178.2 0.0153 0.026 0.33 2.22 384.1

Means 622 3099 2477.68 0.79 0.26 5.01 52.84 5846
sD 47125  +497.91  +486.50 +0.039 +0.07 +0.83 45.73 +1009

Maximum 855 4061 3386 0.85 0.43 6.59 63.3 8192

Minimum 393 1407 1014 0.70 0.18 3.35 32.8 4553

a a a a a ba a a

Mean for 40 highest yielding lines 648 3311 2663 0.80 0.25 5.16 55 6778
Irrigation SD +8.06 +49.24 +49.53 +0.004 +0.006 +0.13 +0.64 +51.33
a a a a a a C C

conditions Mean for 40 lowest yielding lines 624 3290 2665 0.81 0.24 528 50 4557
sD +0.78 +85.45 +84.81 +0.007 +0.011 +0.15 +1.148 #3359

Svevo 618° 2969° 2350° 0.79° 0.26° 4.80° 53 5888"°

Kofa 625° 3229® 2605% 0.80° 0.24° 5.16% 53.6™ 5804°

Vitron 621° 3240® 2619° 0.80° 0.24° 5.21% 51.8™ 6576°

C.V.% 11.32 15.21 18.49 4.92 28.07 16.06 10.38 7.96

LSD 5% 40.2 277.1 2712 0.02 0.04 0.47 3.07 262

Legend: Means values for each character followed by different letters (a, b, ¢) within a column are significantly different at P < 0.05. Notes: ™ not

Sk ek

significant at 5%, ", ™, ™ Significant at 5%, 1%, 0.1% level probability, respectively
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The increase in the Fy values and the decrease in the F,, values under drought stress can be attributed to chronic
photo-inhibition due to the photo-inactivation regulation of PSII reaction centers, and even the D1 protein damage
(Oxboroug, 2004; Roostaei et al., 2011; Almeselmani et al., 2015; Mohammadi et al., 2019). Moreover, all these
effects show that the photosynthetic process is strongly affected by drought stress (Paknejad et al., 2007). The
analysis of variance performed shows a significant difference between the F,/F,, values under drought and irrigation
conditions (Tab. 2). The mean values of F,/Fy, in the high- and low-yielding groups under drought stress dropped
markedly (0.71 and 0.68, respectively). The results obtained indicate that the effectiveness measured decreased in the
group with low-yielding RILs compared to the HGY group, suggesting that the processes of PSII in the low-yielding
group were injured by drought more than in the high-yielding group. Accordingly, the high-yielding group exhibited
a higher tolerance of the photosynthetic apparatus than the low-yielding group. This finding is in accordance with
previous experiments on drought tolerance of wheat (Roostaei et al., 2011; Benani et al., 2016; Parihar & Soni, 2016;
Pour-Aboughadareh et al., 2019). The decrease in F,/F,, follows the chlorophyll content degradation, which impedes
the photochemical process in the leaves (Tab. 2). Our results are consistent with the findings of Ahmadizadeh (2013)
and Kalmatskaya et al. (2016), who reported that drought stress can deteriorate the plant’s structure and inhibit the
photochemical activity of PSII.

Changes in the chlorophyll fluorescence parameters of the durum wheat genotypes examined were revealed by
means of a regression analysis under drought and irrigation conditions (Tab. 3, Fig. 1). The reduction of F,/F, was
found to be associated with chlorophyll concentration, thus affecting the processes of photosynthetic electron
transport and photo-phosphorylation (Fracheboud & Leipner, 2003; Zhuang et al., 2020). In non-stressed plants, the
optimal level of F./F, is approximately 0.834, which is considered essential for the plant’s photosynthetic
performance (Bjoérkman & Demmig, 1987). This discovery is in concordance with our results. However, the F/Fy
and CHLSPAD values obtained remained remarkably constant under irrigation conditions. The mean values of F./F
in the high- and low-yielding groups were similar (0.80 and 0.81, respectively), whereas no significant difference
was recorded in the chlorophyll contents (Tab. 2). The stability of the F,/Fy, values indicates that the PSII of the
high- and low-yielding groups is rather stable under supplemental irrigation compared to that recorded under drought
conditions. Therefore, a higher defensive ability of PSII was found to be a significant mechanism of tolerance in the
RILS considered.

Table 3. Regression parameters of fluorescence measurements for the grain yields of the wheat genotypes considered under
drought and supplemental irrigation conditions during 2004 and 2005 seasons

Parameter Drought Irrigated

Intercept Slopes R’ Intercept Slopes R’
Fo 5643.93 (P<.0001) -2.83P=0.0011) 0.53"  5029.94 (P<.0001) 1.29™ 0.08™
Frn 772.013ns 0.91(P<.0001) 0.13"™  5731.63 (P<.0001) 0.03™ 0.003"™
Fy 938.78 (P=0.0343) 1.08 (P=0.0011) 0.18""  5821.3 (P<.0001)  0.01™ 0.000™
Fo/Fm 8230.29 (P<.0001) 15071(P<.0001) 0.25""  6232.43 P=0.0005) -485.73" 0.000™
Que 6078.27 (P<.0001) -8938(P<.0001) 0.25°"  5783.05(P<.0001) 235.4™ 0.000™
Lwp 504.82ns 649 (P<.0001)  0.22”"  6115.8 (P<.0001)  -52.63™ 0.002"
CHLSPAD 4551.06(P<.0001) -14.93ns 0.004ns  3046.52 (P<.0001) 53.27 (P=0.0003) 0.092""

* xR

Legend: ™ not significant at 5%, , ~,” Significant at 5%, 1%, 0.1% level probability, respectively
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Figurel. Regression lines, data points, R? values for the fluorescence parameters
and grain yield under drought stress

Under drought conditions, the slopes obtained were highly significant (P < 0.001) for all the fluorescence parameters
examined, with the exception of the CHLSPAD parameter. The slopes exhibited positive values for the majority of
parameters, with the exception of the F, and Que parameters (Tab. 3). Furthermore, the regression analysis
performed showed a decrease in the Que parameter (Fig. 1), which could probably be accounted for by the PSI
system damage (Roostaei et al., 2011). Consequently, the Que reduction is linked to stress, which can adversely
affect the use of photosynthetic energy and cause alterations to the transfer of electron in the PSII. The intercepts
were also significant under drought conditions, with the exception of F, and Lwp. However, only the CHLSPAD
parameter was significant under irrigated conditions (P < 0.001) (Tab. 2). Our results are consistent with the findings
of Araus et al. (1998), and Mendez-Espinoza et al. (2019). As reported by Urban et al. (2017), water deficit can
induce changes in the fluorescence parameters. The reduction in Fv/Fm is associated with the reduction in
photosynthetic products, which can disturb the mechanism of osmotic adjustment and the capacity of plants to cope
with drought.

CONCLUSION

In general, our findings indicate that the slopes obtained for the fluorescence parameters considered under drought
stress were more significant than those obtained under irrigation conditions. The differences between durum wheat
genotypes tolerant and sensitive to water deficit stress are reported in this study. Chlorophyll fluorescence
measurements during the grain filling stage were found useful for the evaluation of grain yield performance. The
fluorescence parameters Fq, F,, and F,/F, are specific physiological indices of the photo-inhibition of photosynthesis
under drought conditions. They have a direct or indirect impact on the performance of the yield under the
Mediterranean conditions. The use of physiological traits such as fluorescence can facilitate the selection of durum

130



Larouk et al. Contemporary Agriculture, 70(3-4): 123-134, 2021.

wheat lines to improve the grain yield. They can also be used as additional indicators in screening wheat germplasm
for drought tolerance.
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