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Abstract

The yield of durum wheat extremely reduces in response to salinity stress because of several varia-
tions in biochemical, physiological and molecular traits in this unfavorable condition. According to
the agro-physiological traits under salinity stress, the most resistant and sensitive cultivars were
selected from 10 genotypes of durum wheat over a period of 2 years. Afterwards, the molecular,
biochemical, and physiological traits in these two genotypes were evaluated. The seedlings (3—4
leaves) were exposed to salinity through irrigating with 0.5 x Hoagland solution containing 200 mM
Nacl until physiological maturity. Principal components analysis for the agronomic characteristics
and stress resistance index led to identifying Behrang and Arya as the most tolerant and sensitive
genotypes, respectively. In these two genotypes in response to salinity stress, osmolyte contents
(proline, total soluble carbohydrates and total soluble proteins) and enzymatic antioxidant defence
system activities (ascorbate peroxidase, catalase and guaiacol peroxidase) were much higher in the
most tolerant genotype than those of the sensitive cultivar. Moreover, the most tolerant genotype
showed less amount of oxidative stress parameters (hydrogen peroxide, electrolyte leakage, malon-
dialdehyde and other aldehydes) than the sensitive one. Pyrroline-5-carboxylate reductase (P5CR)
and delta-1-pyrroline-5-carboxylate synthase (P5CS) genes expression increased under salinity
stress (considering much higher increase in the most tolerant cultivar). Also, proline content was
shown to have a significant positive correlation with P5CS and P5CR genes expression levels.
Our result not only identified Behrang cultivar as a superior genotype for durum wheat breeding
programs, but also represented several efficient mechanisms involved in salt tolerance.

Keywords: agronomic traits, durum wheat, molecular responses, P5CR, P5CS, physio-
biochemical mechanisms

Introduction

Durum wheat is one of the most important crops in the
world that has 734 million tons of production, annually
(Fao, 2018); however, the production of this valuable
crop has considerably reduced because of salinity stress.
Salt stress (SS) is one of the main abiotic stresses which
can reduce plant yield (Kandil et al, 2012; Sharma,
2015). Salinity extremely affects the physio-biochemical
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traits (Jamshidi Goharrizi et al., 2019; Jamshidi Goharrizi
et al., 2020a, ¢ and also can change the gene expression
pattern (Jamshidi Goharrizi et al., 2018) and proteomic pro-
file of plants (Jamshidi Goharrizi et al., 2020b). All of these
changes under salinity stress will eventually reduce the
plant yield. There are some approaches to enhance
wheat yield under the saline regions and in salt-tolerant cul-
tivars that are known as the most efficient procedures for
overcoming the grain yield (GY) losses under SS conditions
(Munns and Filmer, 2007). Plant yield decreases when the
pH or electrical conductivity (EC) of soil goes up to 8.5 or
4 dS/m, respectively (Sairam and Srivastava, 2002). Salinity
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induces water deficit stress even in the soils that have been
well-irrigated because of the reduced osmotic potential of
the soil. Therefore, it makes it hard for roots to take out en-
ough water from their surroundings (Sairam et al., 2002;
Goudarzi and Pakniyat, 2008). The outcome of salinity on
plants could be observed such as reducing economic yield
and performance (Parida and Das, 2005). Under salinity
stress, some mechanisms are activated in plants which
lead to an acceptable yield and performance such as
stability of cell membrane, enzymatic, and non-enzymatic
defence systems (Flowers, 2004; Roy et al., 2014). Thus,
SS affects many physiological and biochemical processes
(Munns and Tester, 2008) and results in a lot of changes
in cellular and organelle level responses. Several physio-
logical, biochemical and molecular characteristics have
been known and utilized as indicators to assess the salt tol-
erance in plants, including salt-responsive genes, antioxi-
dant systems, K" and Na* content, relative water content,
chlorophyll and carotenoids quantification, photosynthesis
rate, dry and fresh weight of roots and shoots, spike num-
ber, leaf number and length, and germination rate
(El-Hendawy et al., 2005; Tajbakhsh et al., 2006).

Proline has been known as a balancing factor for redu-
cing the harmful effect of salinity and water deficit stresses.
Also, it serves as an organic nitrogen source that could be
used in the recovery period after salinity (Sairam and Tyagi,
2004). Proline accumulates in a higher amount than other
amino acids in plants which suffered from stress (Munns
and Tester, 2008), and its accumulation mainly is resulted
from increasing glutamate synthesis through two sequen-
tial reactions catalysed via pyrroline-5-carboxylate reduc-
tase (P5CR) and pyrroline-5-carboxylate synthesis (P5CS).

According to the agro-physiological traits, from 10 geno-
types, for 2 years and under salinity stress, this study aimed
to select the most resistant and sensitive durum wheat gen-
otypes. Afterwards, we assessed physiological, biochem-
ical and molecular responses of these two genotypes (the
most resistant and susceptible durum wheat genotypes)
under salinity.

Material and methods
Plant materials and growth conditions

A total of 10 durum wheat genotypes including Shabrang
(cultivar, No. 1), Dehdasht (cultivar, No. 2), DW11 (prom-
ising line, No. 3), Behrang (cultivar, No. 4), Yava (cultivar,
No. 5), DW18 (promising line, No. 6), Dena (cultivar, No.
7), DW7 (promising line, No. 8), Karkhe (cultivar, No. 9)
and Arya (cultivar No. 10) were used in this study. These
genotypes have been procured by the Plant Improvement
Institute (SPID. Seeds of these genotypes were carefully
surface-sterilized (Singh et al., 2015) and then they were
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cultured in the pots (15 cm height) and filled up with farm-
yard manure, sand, and soil in equal proportions. In each
pot, five seeds were cultured and all traits were calculated
based on the average of these five plants achieved from
those seeds. The pots were placed in the control condition
(16 h photoperiod, 60 +5% relative humidity and 25°C)
in a greenhouse at SPII until the 4-leave-seedlings were
achieved. These 4-leave-seedlings in pots were trans-
ferred to the free environment (outside of the green-
house) and kept until physiological maturity. This
experiment was repeated in 2 years. Different concentra-
tions of salinity including 200 mM Nacl (for treated plants)
and 0 mM Nacl (for untreated plants) were selected as sal-
inity stress levels (Tammam et al., 2008; Kumar et al.,
2017). The salinity treatment started from the 4-leave-
seedlings and continued until the physiological maturity
(Nazari et al., 2019). The seedlings were irrigated using
0.5 X Hoagland solution containing 200 mM NaCl every
7 d. After 3 times irrigation (Hoagland solution + NaCD),
all pots were completely irrigated with distilled water to
remove the accumulated NaCl. At the appointed time
(physiological maturity), flag leaf samples of untreated
and treated plants were collected from the three repli-
cates, rapidly frozen in liquid nitrogen and then stored
at —80°C for the next measurements. All physio-
biochemical traits and gene expression levels were mea-
sured on the most tolerant and sensitive genotypes, which
were selected based on agronomic traits and stress resist-
ance indexes. In order to measure physio-biochemical
and molecular traits in the most resistant and sensitive
genotypes, flag leaves were used.

Agronomic and physio-biochemical
measurements

The data on GY, seeds per spike (SS), thousand kernel
weight (TKW), number of fertile tillers per plant (NT) and
plant height (PH) were measured by field observations.

Photosynthetic pigments

For evaluation of carotenoid and chlorophyll contents,
0.1 g of flag leaf was ground in a mortar containing 3 ml
of 80% acetone. Afterwards, the volume of the extract
reached 15 ml. The extract was centrifuged at 5000 rpm
for 10 min, then the absorbance was recorded at 480, 645
and 663 nm, using a UV-visible Spectrophotometer to
quantify carotenoids (Car), chlorophyll a (Chl @) and
chlorophyll b (Chl &) content, respectively. Total chloro-
phyll was achieved by this equilibrium; Chl a+Chl b
(Arnon, 1949). The photosynthetic pigments were reported
as mg pigment per fresh weight sample (g).
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Osmolyte contents

To extract the proline content, 0.2 g flag leaf was placed in
10 ml sulfosalicylic acid (3%) and the resulting mixture was
completely homogenized in a mortar (Bates et al., 1973). In
the next step, 2 ml of the filtered mixture was mixed with
2 ml of ninhydrin and then 2 ml of acetic acid was added
to each tube. The samples were placed in the hot bath
100°C for 1 h and immediately placed in the ice bath for a
few minutes. Then, 4 ml of toluene was added to each tube
and the samples were mixed for 15 s to become completely
uniform. Finally, the supernatant was used to determine the
proline concentration according to the proline standard
curve at 520 nm.

To evaluate the content of soluble carbohydrates, 500 mg
leaf sample was ground with 5 ml of 95% ethanol (Wardlaw
and Willenbrink, 1994). Then, 100 ul of the alcoholic extract
was added to 3 ml anthrone solution (100 ml of sulphuric
acid (72%) and 150 mg anthrone). Next, the samples were
heated for 15 min in a boiling water bath. Total soluble car-
bohydrates (TSC) were calculated based on the absorption
at 625 nm and the glucose standard curve. The final results
were reported as mg/g of fresh weight samples.

To assess the protein content (PC) of flag leaf, 500 mg of
the fresh leaf was homogenized in 5 ml of 10 mM potassium
phosphate buffer (pH 7.0) with 4% (w/v) polyvinylpyrroli-
done (PVP), and then the resulted solution was centrifuged
at 16,000 g at 4°C for 25 min, and then the supernatant was
used for estimating the leaf PC (Bradford, 1976). The super-
natant (20 pl) was mixed with Bradford reagent (980 uD). In
the next step, the 595-nm wavelength of absorbance was
recorded. Finally, the results of PC were reported as ug/g
fresh weight samples (ug/g FW).

Oxidative stress parameters

To estimate the level of malondialdehyde (MDA), as an out-
put derived from lipid peroxidation and the other alde-
hydes (OLD), the extracts were made through the
Cakmak and Horst (1991) method. Fresh tissue (200 mg)
was homogenized using 3 ml of 50 mM phosphate buffer
with pH 7.0 and was centrifuged at 16,500 g for 22 min.
Afterwards, the aliquot of the supernatant (1 ml) was
mixed with 0.5% thiobarbituric acid (TBA) in 20% trichloro-
acetic acid (TCA) (2 mD). The mixture was heated in a water
bath (94°C for 36 min), after heating, the samples were im-
mediately cooled in an ice bath and the absorbance of the
supernatant was recorded at 532 and 600 nm. Average
readings in triplicate was utilized for estimating the MDA
level by extinction coefficient of 155/mM/cm and the for-
mula as follows:

AAG32-600)

MDA (nM) = ————.
(nM) 1.56 x 10°
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The extinction coefficient for OLD content was 457/mM/
cm (Meir et al., 1992). The MDA and OLD contents were
reported as nmol/g of fresh weight samples.

The electrolyte leakage (EL) was measured based on the
Lutts et al., (1996) method. Leaf samples (300 mg) were
washed with deionized water, placed in tubes containing 15
ml deionized water and incubated for 2 h at 25°C, and the EC
of the solution (EC;) was determined. Next, samples were
heated at 100°C for 30 min in a water bath, and the final con-
ductivity (EC,) was recorded after the samples were cooled to
25°C. The EL was calculated as the following formula:

ECy
EL={—=—) x 100.
EC,

To evaluate the quantity of H,O,, 250 mg of the fresh leaf
was ground in 3 ml of 5% TCA with 0.1 g of activated char-
coal, and then the resulted homogenate was centrifuged for
22 min at 15,000 g (Velikova et al., 2000). Next, 0.75 ml of
1M KI along with 0.5 ml of 10 mM potassium phosphate
buffer was mixed with 0.5 ml of the obtained supernatant.
Finally, Hydrogen peroxide content was measured by read-
ing spectrophotometrically at 390 nm and using 0.28/uM/
cm extinction coefficient. The hydrogen peroxide amount
was represented as umol/g fresh weight samples.

Antioxidant enzyme specific activities

Enzymes extraction

To prepare the enzyme extract, 0.5 g of fresh leaves were
homogenized in 8 ml of the extraction bufter (50 mM phos-
phate buffer with pH 7.7, 0.2 mM ethylenediaminetetraace-
tic acid (EDTA), and 1% PVP) using a mortar and pestle.
The homogenate centrifugation was performed at
10,000 g at 4°C for 25 min. Then, the supernatant was uti-
lized as an extract for estimating enzyme specific activities.

Ascorbate peroxidase enzyme activity assay

To measure ascorbate peroxidase activity (APX), the oxida-
tion of ascorbate (extinction coefficient = 2.8/mM/cm) was
recorded at 290 nm for 3 min (Nakano and Asada, 1981).
The absorbance of the assay medium (consisting of 200 pl
enzymes extract, 1200ul potassium phosphate buffer
(50 mM), 200 pl ascorbate, 200 ul EDTA, 200 ul of 0.1 mM
H,O,) was measured by the Cary 60 UV-Visible
Spectrophotometer (Agilent Technologies, USA). One unit
of APX activity was specified as the necessary amount of en-
zyme for the oxidation of 1 umol of ascorbate per minute.

Catalase enzyme activity assay

The catalase activity (CAT) was evaluated by the Chandlee
and Scandalios (1984) method. First, 6.05% (v/v) of potas-
sium phosphate (50 mM, pH 7.0), 0.93% (v/v) of HO, (15
mM) and 93% (v/v) of enzyme extract were mixed. Next,
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the conversion rate of H,O, (extinction coefficient = 39.4/
mM/cm) to water and oxygen molecules was monitored
by reducing the absorbance at 240 nm for 1 min. The ne-
cessary amount of CAT to decompose 1.0 uM of H,O,/
min was reported as one unit of CAT activity.

Guaiacol peroxidase enzyme activity assay

The assay medium was made by mixing enzyme extract
with guaiacol (9 mM), H,O, (19 mM), and phosphate buf-
fer (pH 7.0, 50 mM) (Lin and Kao, 1999). The guaiacol per-
oxidase (GPX activity) was determined by measuring the
peroxidation of H,O, (extinction coefficient=26.61/mM/
cm) with Guaiacol as an electron donor. The increase in
absorbance at 470 nm, due to the degradation of H,O,,
was monitored for 1min spectrophotometrically. One
unit of GPX activity exhibits the amount of enzyme that cat-
alyses the oxidation of 1.0 pM of Guaiacol in 1 min.

RNA extraction, cDNA synthesis and real-time
polymerase chain reactions (RT-PCR)

The flag leaf tissues were used for RNA extraction. Total
RNA was extracted from 50 mg of leaf tissue via Biozol re-
agent (BIOER, China, Cat#: BSC51S1) (Abbasi et al., 2015).
The quantity and quality of the extracted RNA were exam-
ined through a Nanodrop spectrophotometer and 1% agar-
ose gel electrophoresis, respectively. For cDNA synthesis,
1 ug of RNA was mixed with 1 ug of Oligo dT primer, and
the mixture volume was diluted to 12 ul and placed at 65°C
for 5 min. Then, 2 pl of ANTP and 1 pl reverse transcriptase
enzyme (Fermentase), 1 ul of Rnase inhibitor and 4 ul of
buffer were incorporated into the tubes and were kept
for 1h at 45°C. The expression of P5CR and P5CS genes
was estimated in the flag leaf tissues. The P5CR and P5CS
primers were designed through Primer3 software Ver. 0.4.0
(Rozen and Skaletsky, 2000). As Actin (Act) reference gene
is a stable internal control gene under stress (Lekshmy and
Jha, 2017), (Paolacci et al., 2009), (Tenea et al., 2011) and
(Borges et al., 2012), this housekeeping was selected to cal-
culate the expression of P5CR and P5CS genes. The pri-
mers’ sequences of the desired genes were as follows:

P5CS: Forward: GAGACAAGTCCCGTGTTGGT,

Reverse: CCCCACGGAGAACTTTAACA (product size:
135 bp);

P5CR: Forward: GAAGCAGGTTCTGGTTGAGC,

Reverse: GCCAGTAACCGCATCAAAAT (product size:
280 bp);

Actin: Forward: CGTGTTGGATTCTGGTGATG,

Reverse: AGCCACATATGCGAGCTTCT (product size:
208 bp).

RT-PCR was used to evaluate the expression of PSCR and
P5CS using the Icycler device (Bio-Rad, USA). Each reac-
tion was composed of 5ul of cDNA, 1l of reverse and
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forward primers (10 pmol), SYBR Biopars, 10 ml of buffer
2X, as well as 3 ul of distilled water. The device program
included the first step: 180 s at 95°C, the second step: 10 s
at 95°C, 10s at 60°C as well as 30s at 72°C for 35
cycles (Ma et al., 2008). Data were analysed by using the
mathematical model as elucidated by Pfaffl (2001):
Ratio = (Etarget)éliget((‘,ontrol7Sample)/ (Eref)ﬁfC(ControlfSample)a in
which Ratio (R) represents the difference in the genes ex-
pression levels between the two studied samples (Pfaff],
2001). Finally, the amplification accuracy of the target
sequences was verified via gel electrophoresis.

Stress tolerant indices

Stress resistance index (SD index was calculated for each
genotype based on their GY under stress and control irrigation
conditions according to the following formula (Lan, 1998):

Yy

Y5 X A
Y.

In these equations, Y}, and Y; were the yield obtained under

the control and stress conditions, respectively. Also, the Y

was the average of yield overall genotypes in stress
conditions, respectively.

Statistical analysis

All the data were subjected to the combined analysis of vari-
ance using the GLM procedure of the SAS statistical program
(ver. 9.1; SAS Institute Inc., Cary, NC, USA) according to the
RCBD model for the analysis of durum wheat genotypes.
Significant differences among the means (pairwise compar-
isons) were determined using the least significant difference
(LSD) test (P<0.05). Principal component analysis (PCA)
was performed by Stat Graphics (ver. 16.1.11) software to
identify the interrelationships among the genotypes/traits
and to group the different genotypes. The biplot analysis
for the morphological traits was carried out to identify the
most tolerant and sensitive genotypes. The primers used in
this study were designed using the primer3 program (Rozen
and Skaletsky, 2000) and RT-PCR data were calculated based
on the REST software (Pfaffl et al., 2002) that works based on
the mathematical model of Pfaffl (Pfaffl, 2001).

Results
Agronomic traits

The results of the combined analysis of variance indicated
that SS and genotypes (G) had a significant influence on all
agronomic traits (online Supplementary Table S1). The
effects of G x SS x Y (year) interactions were also significant
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(P<0.0D) for all the traits except PH. The interaction of
Y% SS had a significant effect on NT, SNS and PH (online
Supplementary Table S1). The significant effect of G x SS
for all the traits showed that the response of genotypes to
SS was different. The average of 2 years showed that salinity
stress significantly reduced GY (36%) and its components
such as NT (20%), PH (13%), SS (27%) and TKW (33%).
Based on the average of 2 years, the highest GY was
achieved for Behrang (5.35 g) under SS condition, while
Karkhe had the highest GY (7.11 g) under the control con-
dition. Arya and Dehdasht had the lowest GY at stress and
non-stress conditions, respectively (online Supplementary
Table S2). Regarding SI, a higher value was observed in
DW-18 (1.37) and Behrang (1.28) genotypes compared to
the other ones. In contrast, under SS condition, Behrang
genotype had a higher value of SS, TKW and pH (online
Supplementary Table S2).

Selection of the most tolerant and sensitive
genotype

In order to decrease the data dimensionality and achieve a
superior comprehension of the efficacy of agronomic-plant
characteristics, PCA was carried out (Fig. 1). The first two
components, explaining 86.85% of the total variance,
were considered as the favourable representation of funda-
mental information. The first component (PC1) accounted
for the main part of the whole variation with 61.26% and the
second component (PC2) was 25.59%.

Physio-biochemical mechanism

In this study, a considerable variation was recorded be-
tween control and stress conditions, as well as between the
tolerance and sensitive genotypes (online Supplementary
Table S3). Variance analysis showed diversity among con-
ditions, genotypes and interaction of them for all studied
physio-biochemical traits (online Supplementary Table S3).
The results of ANOVA indicated that there was a significant
influence of salinity stress on all the physio-biochemical
traits, and also the effect of genotypes for these character-
istics was significantly based on the variance analysis ex-
cept Chl a, Chl b, TChl, Car, CAT and OLD (online
Supplementary Table S3). The significant effect of salinity x
genotype for these traits (except OLD, CAT, Car, Chl a, Chl
b and TChD) showed that the response of genotypes to
stress and non-stress conditions was different. For more in-
formation, comparison of means in genotypes (online
Supplementary Table S4-S7) indicated that SS caused a sig-
nificant reduction in physiological traits (Chl @, Chl b and
TChl) and an increase in biochemical characteristics (El,
MDA, OLD, H,O,, TSC, Pro, GPX, APX and CAT) in all
genotypes.
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Photosynthesis pigments

The effect of SS on photosynthesis pigments content was
found significant (online Supplementary Table S3).
However, there was not a significant difference between
Behrang and Arya genotypes. The mean comparison of
the effect of treatment on carotenoid and chlorophyll con-
tent revealed that salinity significantly reduced the content
of photosynthetic pigment. The reduction level under SS
condition in comparison with the control condition for
Chl a, Chl b, TChl and Car was 63, 65, 64 and 46%, respect-
ively (online Supplementary Table S4).

Osmolyte contents

Based on the results of variance analysis, the protein (PC),
TSC, proline (Pro) content indicated a significant difference
at 1% level between Behrang tolerant and Arya sensitive
genotypes (online Supplementary Table S3). TSC was
largely influenced by salt concentration so that the SS sig-
nificantly increased TSC. Behrang tolerant genotype indi-
cated more amount of TSC than that of Arya sensitive
genotype. The soluble carbohydrates content increased
up to 2.6-fold in Behrang genotype under stress conditions
than that of control, whereas this trait increased up to
1.9-fold in Arya genotype under salinity than that of control
(online Supplementary Table S5). The content of proline
was significantly increased in Behrang genotype, up to
3.2-fold compared to the non-stress condition. The total
PC of leaf significantly decreased in the sensitive genotype
(29%), whereas the tolerant genotype (Behrang) kept the
level of PC constant under salinity stress. Overall,
Behrang genotype was found to be tolerant in response
to SS due to the mechanisms involved in the accumulation
of TSC as well as Pro, which are not degraded by stress.

Oxidative stress parameters

According to the outputs of variance analysis, the (EL, MDA
and H,O, content indicated a significant difference at 1%
level between Behrang tolerant and Arya sensitive geno-
types (online Supplementary Table S3). All stress oxidative
parameters were largely affected by salinity, so that the SS
significantly increased these parameters (EL, MDA, OLD
and H,0,). Behrang tolerant genotype showed lower oxi-
dative damage than that of Arya sensitive genotype. The EL,
MDA, OLD and H,O, content increased 350, 100, 63 and
111% in Behrang genotype under stress conditions than
those of control, respectively (online Supplementary
Table S6), whereas these parameters increased 704, 440,
138 and 405% in Arya genotype under salinity than those
of control, respectively. Therefore, Behrang genotype can
be identified as the more tolerant genotype under salinity
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Fig. 1. The biplot display of agronomic traits under salt stress condition (grain yield (GY), seed per spike (SS), thousand kernel
weight (TKW), number of fertile tillers per plant (NT), plant height (PH) and stress tolerance index (SI)).

stress condition than Arya sensitive genotype due to the
mechanisms involved in response to oxidative stress.

Antioxidant enzyme specific activities

The analysis of variance revealed a significant difference at
1% level between Behrang tolerant and Arya sensitive gen-
otypes for the activity of APX and GPX (online
Supplementary Table S3). The activity of GPX, CAT, and
APX enzymes increased up to 4.1, 4.3 and 3.4-fold in
Behrang tolerant genotype under salinity than those of con-
trol, respectively, which correspond to 1.3, 1.4 and 1.5-fold
in Arya sensitive genotype (online Supplementary
Table S7). As a result, Behrang genotype showed the
high activity of antioxidant enzymes in salinity condition,
which reflects the powerful antioxidant mechanisms that
can protect the plants under SS against free radicals derived
from oxidative stress.

Genes expression

The ANOVA findings exhibited that in the tolerant and sen-
sitive genotypes, the expression levels of P5CR and P5CS
genes significantly increased under SS although the in-
duced levels of both genes expression in the tolerant geno-
type were much higher than the sensitive one (online
Supplementary Table S3). The expression of P5CS and
P5CR genes increased by 662 and 471% in Behrang tolerant
genotype under salinity stress than those of control, re-
spectively. These genes expression levels increased up to
91 and 84% in Arya sensitive genotype under salinity com-
pared to the control condition, respectively (online
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Supplementary Table S8). Based on the findings, Behrang
genotype could be a promising and appropriate gene re-
source to improve the wheat salt-tolerant genotypes in fu-
ture breeding programs. Furthermore, the results related to
P5CR and P5CS expression can increase our knowledge of
the mechanisms involved in the salt-tolerant wheat

genotypes.

PCA under SS condition

To explore the interrelationships among the traits and the
collinearity between the tolerant and sensitive genotypes
and the measured traits, PCA was performed on the aver-
aged data over 2 years under SS condition. The PCA was
performed to study the likely relationships among the mea-
sured traits and tolerant/sensitive genotypes (Fig. 2). Most
of the variation (89.34%) was explained by the first two
principal components (PC1 and PC2). The first PC (PC1)
showed 74.70% of the total variation and exhibited positive
correlations with SS, TKW, PH, and GY as well as GPX,
APX, CAT, TSC, Pro, PC, P5CS and P5CR genes besides
negative correlations with EL, MDA, OLD and H,O,
(Fig. 2). PC2 results explained 14.65% of the total variation
and were negatively correlated with Chl @, Chl » and TChl.
Based on this analysis, the tolerant (Behrang) and sensitive
(Arya) genotypes were classified into two completely dis-
tinct groups according to the agronomic, physiological,
biochemical characteristics and gene expression. The toler-
ant genotype was characterized by higher quantities of
agronomic traits (especially GY, SS, TKW and PH), enzyme
activities, osmolyte contents, and genes expression besides
lower values of oxidative stress parameters. The sensitive
genotype formed a distinct group identified for their higher
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Fig. 2. The biplot display of all studied traits under salt stress condition for tolerant (Tol) and sensitive (Sen) genotypes (grain yield
(GY), seed per spike (SS), thousand kernel weight (TKW), number of fertile tillers per plant (NT), plant height (PH), chlorophyll a
(Chl a),chlorophyll b (Chl b), chlorophyll a + b (TChl), carotenoids (Car), ascorbate peroxidase activity (APX), catalase activity
(CAT), guaiacol peroxidase activity (GPX), hydrogen peroxide (H,O,), electrolyte leakage (EL), malondialdehyde (MDA),
other aldehydes (OLD), total soluble carbohydrate (TSC), proline content (Pro), protein content (PC), the expression of P5CS

and P5CR genes).

levels of oxidative stress parameters as well as lower values
of agronomic traits, enzyme activities, osmolyte contents,
and gene expression (Fig. 2). Based on the test results and
the above observations, the tolerant and sensitive durum
wheat genotypes were successfully distinguished from
each other in terms of their antioxidant activity, GY and
its components, genes expression, photosynthetic pig-
ments, and oxidative stress parameters. The degree be-
tween traits vectors in Fig. 2 showed clearly the positive
correlation between GY and its components as well as
osmolyte content, photosynthesis pigment and enzyme ac-
tivities. On the other hand, there was a negative correlation
between oxidative stress parameters and other traits
(Fig. 2).

Discussion

Soil salinity is considered as one of the most important abi-
otic stresses which restricts the productivity and growth of
crops in semi-arid and arid regions, worldwide. Durum
wheat is subjected to loss of yield due to this scenario.
As salinity is a significant environmental factor restricting
plant growth via suppressing biological processes like nu-
trient uptake and assimilation, it is urgent to enhance our
knowledge of physiological and molecular mechanisms
to select crops that remain highly productive under NaCl
accumulation in the soil (Guellim et al., 2019). In this
study, PCA and SI led to Behrang and Arya being identi-
fied as the most tolerant and sensitive genotypes,
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respectively. Then, we aimed to investigate some of the
molecular, biochemical, and physiological responses of
these two genotypes and to recognize the most important
mechanisms in SS tolerance. Our findings revealed that
some traits including the GY, SS, NT, PH, TKW, Chl «,
Chl b, TChl, Car and PC decreased under SS, while EL,
MDA, OLD, H,O,, proline, TSC, GPX, CAT and APX
increased.

A major cause of the decrease in yield under water deficit
can be reduced photosynthesis activities due to the stoma-
tal closure and limited carbon dioxide uptake (Grieve et al.,
2012). Since chlorophylls preservation is considerably sig-
nificant for photosynthesis in environments suffering from
a variety of stresses (Dugasa et al., 2019), the selection of
genotypes based on the chlorophylls level is an important
duty in the stress studies. In agreement with our results,
Tounsi et al., (2017) showed that a salt-tolerant genotype
has higher chlorophyll content than a sensitive one, al-
though it was not significant statistically. They also ob-
served that photosynthetic pigments do not undergo
significant changes under salinity stress (Tounsi et al.,
2017). The carotenoids are responsible for singlet oxygen
scavenging under salinity stress. Thus, in plants, a higher
level of carotenoids may grant more tolerance under this
condition. However, no significant difference was ob-
served between tolerant and sensitive genotypes on carot-
enoid contents in this study. A study showed that the
tolerant genotype had more carotenoids levels than the
sensitive one (Chandrasekar et al., 2000). The highest
amount of the photosynthesis pigments was recorded in
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the control condition and the lowest in the stress condition.
In line with our results, it was proven that SS has resulted in
a significant decrease in these pigments content
(Al-Khaishany et al., 2018; Dugasa et al., 2019). The reason
for photosynthesis pigment decrease is a reduction in the
degradation when plant suffered from stresses and then
transferred the nutrients elements such as magnesium to
younger leaves from older ones (Dugasa et al., 2019).

The accumulation of protein is very important for cell sur-
vival against stress conditions because it causes the mem-
branes to be stabilized under such situations (Jamshidi
Goharrizi et al., 2020d). Moreover, it was reported that pro-
tein accumulation under stress results in nitrogen storage
for recovery after removing stress symptoms (Qasim
et al., 2003). Besides, another study demonstrated that
many proteins are synthesized by plants in response to
SS (Qasim et al., 2003). The total PC of leaf significantly de-
clined in the sensitive genotype, whereas the tolerant geno-
type kept its proteins under salt conditions in comparison
with the sensitive one. Similarly, up-regulation of proteins
in okra (Abelmoschus esculentus L.) seedlings under SS
was reported recently (Zhan et al., 2019).

We observed that salinity significantly increased proline
content only in Behrang salt-tolerant genotype for balan-
cing the harmful effect of salinity and serving as an organic
nitrogen resource which could be used within the recovery
period after salinity (Sairam and Tyagi, 2004). In line with
our findings, previous studies also revealed that high accu-
mulation of intracellular proteins, proline, and soluble
sugar prevent excessive water loss, maintain normal cell
turgor, improve the cell and enhance the salt resistance in
plants (Al-Khaishany et al., 2018). Moreover, enhancement
of the accumulation of proline as an osmolyte was reported
in tomato plants under salinity stress (Chanratana et al.,
2019).

SS led to a significant increase in EL, MDA, OLD and
H,0O,, which can be attributed to lipid peroxidation and
thereby membrane damage. Thus, it was demonstrated
that plant cell membranes are damaged and lose their in-
tegrity in salinity condition (Blokhina et al., 2003), and
the increasing content of EL and aldehydes happen, even-
tually. EL, MDA, OLD and H,O, increased much more in
the sensitive genotype (Arya) under salinity condition than
those of the tolerant genotype (Behrang), respectively.

Based on our results, Behrang genotype revealed the
high activity of antioxidant enzymes in salinity condition,
which reflects the potent oxidant mechanisms protecting
the stressed plants against free radicals derived from oxida-
tive stress. These findings were also proved in the previous
studies (Badridze et al., 2009; Singh et al., 2015), which also
showed a significant increase in the GPX, APX and CAT ac-
tivities in the salt-resistant genotypes. In a study, it was also
observed that salt-tolerant durum wheat cultivars efficiently
induce antioxidant enzymes such as SOD as well as CAT
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enzyme activities when compared to sensitive cultivars
(Tounsi et al., 2017).

The findings exhibited that in the tolerant and sensitive
genotypes, the expression level of P5CR and P5CS signifi-
cantly increased during SS although the induced level of
both gene expressions in the tolerant genotype was
much higher than the sensitive one. Based on the findings,
durum wheat could be a promising and appropriate gene
resource to improve the salt-tolerant wheat genotypes.
Furthermore, the results related to P5CR and P5CS expres-
sion can increase our knowledge of the mechanisms in-
volved in salt tolerance in wheat. P5SCR and P5CS gene
expression levels and proline content in our study were in-
duced by SS. Proline accumulation in Behrang genotype
may be largely resulted from increasing glutamate synthesis
through two sequential reactions catalysed via pyrroline-5-
carboxylate reductase (P5CR) and pyrroline-5-carboxylate
synthesis (P5CS). It has been reported that the P5CS gene
and proline content are induced under ABA treatment, salt,
and drought stresses (Yoshiba et al., 1995). In a study, P5CS
and P5CR gene expression levels and proline content were
induced by salinity stress (Jamshidi Goharrizi et al., 2020d).
Based on our findings, P5CR and P5CS genes were most
likely induced in response to osmotic stress for increasing
the free content of proline as an osmotic adjustment under
conditions suffered from the high concentrations of salt.

The GY is an important purpose in wheat breeding pro-
grams (Munns et al., 2000). Several crop features and envir-
onmental factors may affect GY. It is controlled by several
genes and also affected highly by environmental situations
(Kaya et al., 2012). Thus, evaluation of physio-biochemical
traits specifying GY is a key step in these breeding pro-
grams (Munns and James, 2003). The GY components
(TKW and SS), TSC, PC, proline, enzyme activities charac-
teristics as well as P5CS and P5CR gene expression dis-
played a significant positive correlation with GY under
salinity stress. A significant negative correlation between
GY and total oxidative parameters was found. Consistent
with the recent work, another researcher suggested that re-
sistance of salt-tolerant wheat genotypes is associated with
the less amount of EL and MDA, which improved the cap-
acity of GPX and SOD, and increased activities of APX and
CAT for scavenging the reactive oxygen species (Dugasa
et al., 2019). These results showed a significant negative
correlation between oxidative stress parameters and the
antioxidant enzymes activities. Besides the significant posi-
tive correlations among agronomic traits, osmolyte con-
tents and enzymes activities, these parameters also had a
positive correlation with P5CS and P5CR genes expression.
The positive correlation between proline and genes ex-
pression may reflect the fact that proline accumulation is
largely derived from the higher activity of pyrroline-5-
carboxylate reductase (P5CR) and pyrroline-5-carboxylate
synthesis (P5CS) enzymes (Ma et al., 2008).
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Conclusion

In this study, Behrang and Arya genotypes were selected as
the most tolerant and sensitive genotypes based on the
agronomic traits and SI in two growing seasons. SS greatly
influenced the agronomic, physiological and biochemical
functions of durum wheat genotypes; however, this influ-
ence depends on plant genotypes. The results showed
that the photosynthetic pigments, osmolyte contents, spe-
cific enzyme activities, and P5CR and P5CS genes in wheat
had a strong relationship with salt tolerance. The proline
level was shown to have a significant positive correlation
with P5CS and P5CR genes expression levels. In this
study, both the sensitive and tolerant genotypes have sur-
vived in response to SS. In our opinion, the higher levels of
photosynthesis pigments, non-enzymatic and enzymatic
antioxidant defence systems and compatible solutes as
well as the lower quantities of oxidative stress parameters
in Behrang genotype (the most tolerant genotype) are the
main reasons for salt tolerance of this cultivar. Also, based
on our results, these traits under salinity stress could be
considered as the most valuable indexes for the screening
of tolerant cultivars. Furthermore, Behrang genotype can
be used by plant breeders to improve the tolerance of sal-
inity sensitive cultivars in breeding programs.
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