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ABSTRACT:

Determining the mechanisms underlying tolerance to osmotic stress and sa-
linity during the germination period is an essential task in order to improve
agricultural production in arid and semi-arid areas. In this work, the seeds of
bread and durum wheat cultivars were treated with different concentrations of
polyethylene glycol (PEG)-6000 and NaCl for 1 week, and half-maximal inhibi-
tory concentrations (IC, ) of germination were calculated. The seeds were then
exposed to IC,  values of NaCl and PEG-6000 for 2 days in order to assess their
physiological and biochemical properties. Alpha and beta amylase enzyme ac-
tivities, the reducing sugar, total sugar, proline, protein, and H,O, contents, and
DPPH radical scavenging activity of the seeds were determined by spectropho-
tometric methods. The results showed that the bread wheat seeds had a much
higher tolerance to excess salt and osmotic stress than the durum wheat seeds.
In particular, the average IC, value of NaCl for the bread wheat cultivars was
almost twice that for the durum wheat cultivars. The imbibition test revealed
that the water uptake capacity of the seeds did not explain the difference in
tolerance to these stress conditions. On the other hand, the bread wheat seeds
exhibited constitutively higher proline, total sugar, and H,O, contents as well as
antioxidant capacity compared to the durum wheat seeds (p < 0.05). In conclu-
sion, the current findings suggest that the interplay of oxidative metabolism and
compatible solutes may contribute to improving germination tolerance under
water deficit and salinity conditions in wheat.
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INTRODUCTION

Soil salinity and drought are considered to be among
the most important challenges facing agriculture today,
which directly affect every stage of plant growth and
development from seed germination to yield formation
(Ma et al. 2020; NEGACZ et al. 2022). The devastating
effects of these stress conditions on crop production and
the economy have been reported in many parts of the
world (QADIR et al. 2014; MADADGAR et al. 2017). Con-
sidering that the intensity and frequency of extreme heat
events is likely to increase in the future (L1u et al. 2017)
and more than 67% of salinized soils are located in arid

areas (FAO 2022), determining drought- and salt-toler-
ant crop cultivars is essential in order to improve agri-
cultural production.

Seeds and juvenile seedlings are more frequently
exposed to salinity and drought than mature plants be-
cause germination usually takes place at the soil surface
where high salt accumulation and low water availability
are evident (ALMANSOURI et al. 2001; ORSENIGO et al.
2017). In this context, many germination experiments
have been carried out to determine salinity- and/or
osmotic stress-tolerant cereal cultivars under labora-
tory-controlled conditions (SAYAR et al. 2010; ZHANG
et al. 2010a; ABDEL-GHANI et al. 2020; MWANDO et al.
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2020; HASSEB et al. 2022; MAHPARA et al. 2022). These
studies suggest that there is substantial genotypic varia-
tion in germination tolerance to salt and osmotic stress
in cereals, such as barley and wheat (MwaNDO et al.
2020; MAHPARA et al. 2022). In addition, low concentra-
tions of sodium chloride (NaCl) and polyethylene glycol
(PEQG) treatments were found to have a much greater in-
fluence on mean germination time compared with the
total germination percentage (ABDEL-GHANTI ef al. 2020;
HASSEB et al. 2022).

Seed germination consists of a number of physical
and metabolic events, such as imbibition of water, respi-
ration, protein synthesis, DNA repair, and reserve mobi-
lisation, which eventually lead to the appearance of the
embryo (NONOGAKI et al. 2010). It has been documented
that salt and osmotic stresses can interfere with one or
more of these events. For instance, EL-HENDAWY et al.
(2019) showed that increasing levels of salinity caused a
significant reduction in the water uptake rate of wheat
seeds. In addition, excess salt was also found to have
a negative impact on the alternative oxidase pathway
for mitochondrial respiration in Brassica juncea seeds
(PANDEY & PENNA 2017). Moreover, DELUAQUILA &
SPADA (1992) revealed that protein synthesis in germi-
nating wheat seeds was markedly reduced in response
to drought and salt stress. Lastly, low osmotic potential
has been shown to reduce the activities of hydrolytic en-
zymes, including protease, a-amylase, and B-amylase in-
volved in reserve mobilisation (ASHRAF et al. 2002; L1iu
et al. 2019; WANG et al. 2022).

Bread wheat (Triticum aestivum L., AABBDD - 2n =
6x = 42) and durum wheat (T. turgidum L. subsp. durum
(Desf.), AABB - 2n = 4x = 28) are two closely related
species providing 17% of the calories consumed by the
human population (ASHIKARI & MA 2015; MASTRAN-
GELO & CATTIVELLI 2021). When compared to tetra-
ploid durum wheat, hexaploid bread wheat is known to
have a higher adaptive capacity to different environmen-
tal conditions and exhibit enhanced tolerance to salinity
and aluminium toxicity (DuBcovsky & Dvorak 2007;
HAN et al. 2016). Many comparative studies have been
performed to investigate the physiological and yield re-
sponses of these wheat species to excess salt and water
deficit (MOAYEDI et al. 2010; WU et al. 2018). Howev-
er, these works have mostly focused on different vege-
tative stages and less attention has been given to meta-
bolic processes during seed germination. Therefore, the
objectives of this research were (i) to ascertain whether
there is any variation in germination response to salinity
and osmotic stress between and within wheat species,
and (ii) to identify the mechanisms involved in toler-
ance to these two stresses in the germination process.
In order to achieve these goals, two bread wheat culti-
vars (Bayraktar-2000 and Bezostaja-1) and two durum
wheat cultivars (C-1252 and Kiziltan-91) were subjected
to different concentrations of PEG-6000 and NaCl solu-

tions during the germination process. The half-maximal
inhibitory concentrations (IC, ) of NaCl and PEG-6000
in suppressing germination were calculated to represent
the concentrations for further assays. Spectrophotomet-
ric methods were used for those assays in which sever-
al physiological and biochemical traits associated with
sugar metabolism, oxidative status, antioxidant capaci-
ty, and osmotic balance were determined.

MATERIALS AND METHODS

Plant material. In this study, the seeds of two bread
(Triticum aestivum L. cv. Bayraktar-2000 and cv. Bez-
ostoja-1) and two durum (Triticum turgidum L. subsp.
durum (Desf.) cv. C-1252 and cv. Kiziltan-91) wheat
cultivars were used to determine the effects of salinity
and osmotic stress on seed germination. The seeds were
obtained from the Republic of Turkey’s General Direc-
torate of Agricultural Enterprises (TIGEM). The mean
seed weight of the wheat cultivars ranged from 0.033 to
0.048 g.

Seed germination protocol. The wheat seeds were ster-
ilised with 20% (v/v) bleach-water solution (1% NaClO)
for 20 min and washed with sterile distilled water. Fol-
lowing drying in autoclaved paper towels, the seeds were
placed in Petri plates containing two sheets of filter pa-
per (Whatman, Grade 1) dampened with 10 mL of the
test solutions. The same volume of sterile distilled water
was used as the control. The Petri plates were then in-
cubated at 20 + 0.5°C in the dark for one week. At the
end of the germination assay, the seeds were categorised
as germinated and ungerminated. The emergence of a 5
mm radicle was taken as the germination criterion, and
the cut test was used for assessing the viability of the
ungerminated seeds (CATAvV et al. 2015). Six groups of 25
seeds were used per treatment in the germination assays.

Experiment 1: The effect of excess salt on seed ger-
mination. In this experiment, the seeds of the durum
wheat cultivars were subjected to five different con-
centrations (75, 150, 225, 300, and 375 mM) of sodium
chloride (Merck, Darmstadt, Germany). Based on the
preliminary results, the bread wheat seeds were found
to be more tolerant to salinity than the durum wheat
seeds. Therefore, 450, 525, and 600 mM NaCl treatments
were also included in the germination experiment of the
bread wheat cultivars.

Experiment 2: The effect of osmotic stress on seed
germination. In this experiment, PEG-6000 (Sig-
ma-Aldrich) was used for the simulation of osmotic stress
on seed germination. Briefly, a 50% (w/v) stock solution
was prepared by dissolving PEG-6000 in the presence
of heat. The stock solution was diluted to working con-
centrations (20, 25, 30, 35, and 40%) with distilled water



(ZHANG et al. 2010b). The bread and durum wheat seeds
were then exposed to these PEG-6000 solutions.

Biochemical analyses. Before biochemical analyses, the
IC,, values of NaCl and PEG-6000 for germination in-
hibition of the studied cultivars were calculated (Figs.
1 & 2). Subsequently, Bezostaja-1 and Kiziltan-91 were
chosen as the bread and durum wheat cultivars to study
the mechanisms underlying the differences in osmotic
stress and salinity tolerance among wheat species. Sur-
face-sterilised seeds (approx. 1 g) of both cultivars were
subjected to IC, concentrations of NaCl (255 and 457
mM) and PEG-6000 (27 and 31%) for 2 days according to
the conditions described in the section on “seed germi-
nation protocol”. Afterwards, the seeds were dried with
autoclaved paper towels and stored in a freezer at -30°C
prior to use. The selected exposure time corresponds to
phase II in the germination process in which metabo-
lism reactivation takes place (DoNG et al. 2015; HE et
al. 2015). Three replicates of seed samples were used per
treatment for each biochemical analysis.

The frozen seeds were ground in a pre-chilled mortar
containing 10 mL of ice-cold dH,0, and the homogenate
was centrifuged at 5031 g for 20 min at 4°C. The resultant
supernatants were used for the estimation of the protein
content and a- and B-amylase activities (KISHOREKUMAR
et al. 2007). The protein content of the wheat seeds was
measured according to the protein-dye binding method
(BRADFORD 1976). In order to determine the a-amylase
activity of the seeds, 375 uL of 3 mM CaCl, was added to
625 uL of supernatant, and the mixture was incubated in
a heating block at 70°C for 5 min. 0.7 mL of the hot mix-
ture, 0.2 mL of 1 mM citrate buffer (pH 5.0), and 1.1 mL
of 3.64% (w/v) soluble starch solution were mixed and
incubated at 30°C for 5 min. Next, 2 mL of 3,5-dinitro-
salicylic acid (DNS) reagent was added, and the reaction
mixture was maintained at 95°C for 5 min. Six mL of
dH,O was added after the termination of the reaction in
an ice bath. Finally, the absorbance of the mixture was
read at 540 nm. For the assessment of f-amylase activ-
ity, 375 puL of 0.1 M Titriplex III (pH 3.4) was added to
625 pL of supernatant. 0.7 mL of this enzyme solution
was mixed with 0.2 mL of 1 mM citrate buffer (pH 3.4)
and 1.1 mL of 3.64% (w/v) soluble starch and incubat-
ed at 30°C for 5 min. The DNS assay was performed as
outlined above. A standard graph was prepared using
D-(+)-maltose monohydrate (Sigma-Aldrich), and the
amylase enzyme activity was expressed as unit mg™ pro-
tein. One unit was defined as the amount of enzyme re-
leasing 1 mg of maltose from starch per minute (ZHENG
et al. 2009).

The wheat seeds were homogenized in hot ethanol
(80%) as previously described (CATAV et al. 2022), and
the DNS assay and sulfuric acid-phenol reaction were
used for the quantification of reducing and total sug-
ar contents, respectively (DuBois et al. 1956; MILLER
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1959). The data were expressed as mg glucose per gram
of fresh weight (FW).

The hydrogen peroxide (H,O,) content and free radi-
cal scavenging capacity of the wheat seeds were estimat-
ed by the KI oxidation and DPPH methods, respective-
ly (CATAvV et al. 2021). Briefly, the supernatants of 0.1%
(w/v) trichloroacetic acid- and methanol-homogenized
seeds were exposed to 1 M KI and 50 pM 2,2-diphe-
nyl-1-picrylhydrazyl for the H,O, and DPPH assays, re-
spectively, and the absorbance of the reaction mixtures
was recorded with a spectrophotometer. The acid-ninhy-
drin method was performed to determine the free pro-
line content, and the data were expressed as nmol g' FW
(SHABNAM et al. 2016).

Imbibition test. One gram of seeds from the Kiziltan-91
and Bezostaja-1 wheat cultivars was incubated in Petri
dishes with two layers of filter paper and 10 mL of the
test solutions for 48 h. The seeds were then dried with
filter papers and weighed on an analytical balance. This
procedure was repeated three times and the weight in-
crease (%) was calculated for each treatment (JAIN ef al.
2008).

Data analysis. The IC, values of NaCl and PEG-6000
for germination inhibition of the bread and durum
wheat cultivars were determined by linear and nonlin-
ear regression analyses, respectively. Dose-response in-
hibition curves were generated using the [inhibitor] vs.
response — variable slope model in GraphPad Prism 7.

Prior to statistical analyses, the arcsine square-root
transformation was applied to the proportional data
obtained from the germination and imbibition assays.
These data were then analysed by one-way ANOVA and
Tukey’s post-hoc test. The parametric assumptions of
the data from the biochemical analyses were checked
using Anderson-Darling and Bartlett’s tests. Two-way
ANOVA was performed to ascertain the separate and
interactive effects of species and treatment on the tested
parameters. All the analyses were conducted at the 0.05
significance level.

RESULTS

The germination response of the wheat cultivars to
excess salt and osmotic stress. The germination per-
centages ranged from 63.2 to 68.0 for the durum wheat
cultivars and from 87.9 to 97.4 for the bread wheat culti-
vars under control conditions (Tables 1 & 2). Significant
reductions in the germination percentages of the wheat
cultivars started to be observed at treatments of 150 and
225 mM NaCl. High concentrations of NaCl (300 mM
and above) led to dramatic decreases in the germination
of the studied cultivars (Table 1). There were no marked
differences in the germination percentages between low
concentrations of PEG-6000 treatments (20 and 25%)
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Table 1. The effect of different concentrations of NaCl solutions
on the germination of the bread and durum wheat cultivars. The
data are presented as mean + SEM of sextuplicate determina-
tions. Values with different superscript letters within the same
column demonstrate significant differences (p < 0.05) among the

Table 2. The effect of different concentrations of PEG-6000 solu-
tions on the germination of the bread and durum wheat cultivars.
The data are presented as mean + SEM of sextuplicate determi-
nations. Values with different superscript letters within the same
column demonstrate significant differences (p < 0.05) among the

treatments for each wheat cultivar. “-” : not tested. treatments for each wheat cultivar.
Bread wheat Durum wheat Bread wheat Durum wheat

NaCl PEG-6000 .

(mM) Bayraktar-2000 Bezostaja-1 Kiziltan-91  C-1252 (%) Bayraktar-2000 Bezostaja-1 Kiziltan-91 - G-1252
0 974+ 1.7* 899 +1.4° 63.2+£2.0° 67.8+4.2* 0 93.9 £2.0° 87.9+2.2* 66.0 +3.8° 68.0 +4.4®
75 933+ 1.3 873+12% 56.0+2.7% 655+1.9° 20 92.6 £ 1.6* 88.7+2.2* 780+56% 76.0+2.7°

150 88.5 + 3.4° 86.0+1.7% 493 +3.7>* 513+6.1° 25 86.0 = 1.4* 84.7 +2.4* 58.7+2.0" 52.0+5.1°
225 86.0 £ 2.3 80.0 +2.1° 383 +4.5° 29.6+3.4° 30 66.0 + 5.5° 58.7 £3.5> 21.3+22° 18.7+4.9°
300 68.7 £ 2.4° 63.3 + 1.6° 253+13¢ 134+22° 35 13.3 +3.2¢ 22.7+29° 12.8+1.6¢ 5.3+0.8
375 53.3 +3.2¢ 56.0+3.7¢ 12.6+2.0° 8.0+29° 40 6.0+ 1.7¢ 120+ 1.0¢ 87+0.7¢ 2.0+0.9¢
450 39.3 + 5.0 45.3 +2.54 - -
525 29.3 + 3.0 34.0 £2.9¢ - -
Table 3. The weight increases (%) of the bread and durum wheat
600 16.8 + 1.7 26.0+1.7¢ - -

and the control in the bread and durum wheat cultivars.
A considerable drop in germination was detected in re-
sponse to 30% PEG-6000, but this was more pronounced
in the durum wheat cultivars (p < 0.05). Finally, PEG-
6000 at concentrations of 35 and 40% induced dramatic
reductions (3.9- to 34-fold) in the germination percent-
ages of all the wheat cultivars (Table 2).

IC,, values of NaCl and PEG-6000. The IC, values of
NacCl for germination inhibition of the bread wheat cul-
tivars were found to be significantly greater than those
of the durum wheat cultivars (Fig. 1). For instance, the
Bezostaja-1 seeds displayed a 2.1-fold higher tolerance to
NaCl when compared with C-1252 seeds. The inhibito-
ry effect of PEG-6000 against germination also differed
between wheat species (Fig. 2). The average IC, values of
PEG-6000 for the durum and bread wheat cultivars were
calculated as 27.18% and 31.24%, respectively.

Imbibition test. Imbibition in distilled water for 48 h
produced a 46% increase in the weight of both the Be-
zostaja-1 and Kiziltan-91 seeds. Only minor differences
were noted in the water uptake of the seeds between two
wheat species in response to osmotic and salt stresses
(Tables 3 & 4). There was a sharp decline in the water
uptake of the wheat seeds after NaCl and PEG-6000
treatments (p < 0.05). Interestingly, even though the 255
mM NaCl and 27% PEG-6000 solutions had almost sim-
ilar osmotic potential, the weight increase of the wheat
seeds subjected to these solutions differed significantly
from each other (Table 3). Overall, the water uptake of
the PEG-6000-treated seeds was less than that of the Na-
Cl-treated seeds.

a- and B-amylase activities. All the NaCl and PEG-
6000 treatments gave rise to a remarkable reduction (p

seeds exposed to NaCl and PEG-6000 treatments for 48 h. The
data are presented as mean + SEM of triplicate determinations.
Values with different superscript letters demonstrate significant
differences (p < 0.05) among the treatments.

Weight increase (%)

Treatment potglst:;) :;IPa) Bezostaja-1 Kiziltan-91
dH,0 0.00 459+0.8° 46.0+1.3°
PEG-6000 (27%) -1.02 245+1.54 21.5+0.8%
PEG-6000 (31%) -1.36 23.1+£0.5% 19.4+0.8
NaCl (255 mM) -1.06 324+04° 29.7+04°
NaCl (457 mM) -2.13 283 +£02 254+1.0¢

< 0.05) in the a-amylase activity of the bread and du-
rum wheat seeds (Fig. 3A). In particular, 56.2 to 77.5%
decreases were observed in the a-amylase activities of
the seeds treated with high concentrations of NaCl and
PEG-6000. A similar pattern of change was recorded in
the B-amylase activity of the Bezostaja-1 and Kiziltan-91
seeds exposed to osmotic stress and salinity (Fig. 3B).
The two-way ANOVA results indicated that there were
only slight differences in the a- and B-amylase activities
between the two cultivars (Table 4).

Total and reducing sugar contents. The results showed
that the 457 mM NaCl and 31% PEG-6000 treatments
caused a prominent reduction in the total sugar content
of both cultivars (Fig. 4A). Bezostaja-1 exhibited sig-
nificantly higher levels of total sugars than Kiziltan-91
(Table 4). The reducing sugar content of the non-treated
seeds for Bezostaja-1 and Kiziltan-91 was equivalent to
18.4% and 21.4% of the total sugar content, respectively.
All the NaCl and PEG-6000 treatments decreased the
reducing sugar content of the tested cultivars by approx-
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Table 4. Two-way ANOVA results for the individual and interactive effects of “species” and “treatment” on the tested parameters. %
stands for the percentage of the total variation.

Species Treatment Interaction

Parameter % P % p % P
a-amylase 2.24 0.039 82.94 < 0.0001 5.66 0.039
B-amylase 2.07 0.044 74.93 < 0.0001 14.04 0.0006
DPPH 86.83 < 0.0001 6.42 0.0006 2.61 0.037
H,O, 63.96 <0.0001 26.65 <0.0001 2.78 0.119
Reducing sugar 0.43 ns 92.55 <0.0001 1.27 ns
Proline 71.13 < 0.0001 16.63 < 0.0001 11.26 < 0.0001
Protein 6.15 0.012 72.65 < 0.0001 5.13 ns
Total sugar 47.87 < 0.0001 42.36 < 0.0001 4.56 0.011
Water imbibition 2.14 0.0001 95.26 < 0.0001 0.64 ns
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Concentration of NaCl (mM) Concentration of NaCl (mM)

Fig. 1. The results of the regression analysis for NaCl concentration and germination percentage. A) Bayraktar-2000, B) Bezostaja-1,

C) G-1252, and D) Kiziltan-91. The water potential (MPa) of the NaCl solutions were calculated theoretically by using the IC, values
according to SuN (2002).

imately half (Fig. 4B). Lastly, no difference was apparent ~ Protein and proline contents. In Bezostaja-1, the pro-
in the reducing sugar content among the bread and du-  tein content of the non-treated seeds was 46 to 53% lower
rum wheat cultivars (Table 4). than that of the PEG-6000- and NaCl-treated seeds (Fig.
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~ 100 __ 100
X X
= - = -
15 75 S 75
e o
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Concentration of PEG-6000 (%) Concentration of PEG-6000 (%)

Fig. 2. The results of the regression analysis for PEG-6000 concentration and germination percentage. A) Bayraktar-2000, B) Bezos-

taja-1, C) C-1252, and D) Kiziltan-91. The water potential (MPa) of the PEG-6000 solutions were calculated theoretically by using the
IC, values according to MONEY (1989).

=T —~ 6n

c c

£ ] 3

£°] a £

D, =)

S E 3] b

2 3. b - =3 Control = bc bed

o be bc 83 PEG (27%) o 5] cd

E 2 bc c bc = PEG (31%) E d d cd cd

21 C =3 NaCl (255 mM) 2 11

& ._ B3 NaCl (457 mM) &

3 0- T @ 0- T
Kiziltan-91 Bezostaja-1 Kiziltan-91 Bezostaja-1

Cultivar Cultivar

Fig. 3. The effects of the NaCl and PEG-6000 treatments on the A) alpha-amylase and B) beta-amylase enzyme activities of the bread
(Bezostaja-1) and durum (Kiziltan-91) wheat seeds. The bars and error bars in the graph represent the mean + SEM of triplicate meas-
urements, respectively. Different letters above the error bars demonstrate significant differences (p < 0.05) among the treatments.
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Fig. 4. The effects of the NaCl and PEG-6000 treatments on the A) total sugar and B) reducing sugar contents of the bread (Bezostaja-1)
and durum (Kiziltan-91) wheat seeds. The bars and error bars in the graph represent the mean + SEM of triplicate measurements, re-
spectively. Different letters above the error bars demonstrate significant differences (p < 0.05) among the treatments.
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Fig. 5. The effects of the NaCl and PEG-6000 treatments on the A) soluble protein and B) proline contents of the bread (Bezostaja-1)
and durum (Kiziltan-91) wheat seeds. The bars and error bars in the graph represent the mean + SEM of triplicate measurements, re-
spectively. Different letters above the error bars demonstrate significant differences (p < 0.05) among the treatments.
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Fig. 6. The effects of the NaCl and PEG-6000 treatments on the A) H,O, content and B) DPPH scavenging activity of the bread (Bez-
ostaja-1) and durum (Kiziltan-91) wheat seeds. The bars and error bars in the graph represent the mean + SEM of triplicate measure-
ments, respectively. Different letters above the error bars demonstrate significant differences (p < 0.05) among the treatments.
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5A). The Kiziltan-91 seeds subjected to high concentra-
tions of NaCl and PEG-6000 also had higher soluble pro-
tein content compared to the control (p < 0.05). Species
type was found to explain most of the variation (71.1%)
in the proline level (Table 4). For example, the proline
content of the bread wheat (Bezostaja-1) seeds was al-
most equal to twice that of the durum wheat (Kizil-
tan-91) seeds under control conditions (Fig. 5B). The 255
mM NaCl and 27% PEG-6000 treatments significantly
increased the proline level of the Bezostaja-1 seeds (p <
0.05). On the other hand, 457 mM NacCl application re-
sulted in a 33% fall in the proline content of the seeds in
comparison to the control. Finally, a slight insignificant
increase was observed in the proline level of the Kizil-
tan-91 seeds after exposure to 31% PEG-6000.

H,O, content and DPPH radical scavenging activity.
The findings demonstrate that in Kiziltan-91, the H O,
content of the control seeds is 1.38- to 1.55- times greater
than that of the seeds incubated in the NaCl and PEG-
6000 solutions (Fig. 6A). Similar but less pronounced
changes were also detected for the H O, content of the
Bezostaja-1 seeds under salinity and osmotic stress.
High concentrations of NaCl and PEG-6000 induced a
notable decline in the DPPH radical scavenging activity
of the Kiziltan-91 seeds (Fig. 6B). A small but non-neg-
ligible decrease was also seen in the radical scavenging
capacity of the Bezostaja-1 seeds treated with 457 mM
NacCl relative to the control group (p < 0.05). Lastly, the
two-way ANOVA results showed that Bezostaja-1 had
significantly higher H O, content as well as DPPH radi-
cal scavenging activity than Kiziltan-91 (Table 4; Fig. 6).

DISCUSSION

Soil salinity and water deficit are among the most im-
portant abiotic stresses, which inhibit the seed germi-
nation of crop species, including wheat (LLANES et al.
2016; YAN et al. 2020). In this research, different con-
centrations of PEG-6000 and NaCl solutions were used
in order to ascertain the physiological and biochemical
responses of bread and durum wheat seeds to excess salt
and osmotic stress. In agreement with previous findings
(SAYAR et al. 2010; JovoviC et al. 2018), the current re-
sults show that high NaCl and PEG-6000 concentrations
lead to drastic decreases in the germination percentage
of wheat cultivars when compared to control conditions.
Furthermore, it has been reported that considerable
variation can be observed in germination response to
these stress conditions among and within wheat spe-
cies (PLAZEK et al. 2013; VARDAR et al. 2014; OzTURK
et al. 2016; MAHPARA et al. 2022). In this study, there
were slight or no differences in the IC, values of NaCl
and PEG-6000 which suppress the germination of culti-
vars belonging to the same Triticum species. The lack of
genotypic variation in germination response to salinity

and osmotic stress might result from the fact that only
two cultivars were used per species. On the other hand,
meaningful differences were found in the IC_ values of
NaCl and PEG-6000 for germination inhibition between
the bread and durum wheat cultivars. The seeds of the
bread wheat cultivars exhibited a much higher tolerance
to excess salt compared to those of the durum wheat cul-
tivars. The present results support the findings of VAr-
DAR et al. (2014) that salinity generally induces more
severe germination inhibition in T. turgidum subsp. du-
rum genotypes than in T. aestivum genotypes.

The low osmotic potential of soil solution is known
to limit or prevent water uptake by seeds (EL-HEN-
DAWY et al. 2019). It has been demonstrated that Na-
Cl-treated seeds have more capacity to uptake water
than PEG-treated seeds (ZHANG et al. 2010a; IRVING &
ZHANG 2021). The reason for this is that in contrast to
PEG, sodium ions can be absorbed by seeds and this, in
turn, leads to a drop in the internal osmotic potential of
seeds, thus enhancing water uptake (ALMANSOURI et al.
2001). In accordance with these observations, the cur-
rent results show that the bread and durum wheat seeds
exposed to 255 mM NacCl (-1.06 MPa) uptake more water
than those exposed to 27% PEG-6000 (-1.02 MPa). On
the other hand, there was no remarkable difference in
water uptake between the Kiziltan-91 and Bezostaja-1
seeds subjected to the same concentration of PEG-6000
or NaCl. This clearly indicates that the higher tolerance
of the bread wheat seeds to salinity and osmotic stress,
as compared with the durum wheat seeds, is not related
to seed water uptake capacity.

The imbibition of water by seeds initiates a series of
metabolic events that ultimately results in the appear-
ance of the radicle or plumule. Reserve mobilisation is
one of these events which has a vital function during
germination and early seedling growth periods (Non-
OGAKI et al. 2010). In cereal species, the synthesis and
secretion of hydrolytic enzymes, such as protease and
a-amylase from aleurone cells, are induced by gibberel-
lic acid (GA,) released from the embryo. These enzymes
play a crucial role in the degradation of reserves stored
in the endosperm into smaller subunits (e.g. maltose
and peptides), which are subsequently mobilised to the
growing embryo (KATHPALIA & BHATLA 2018; LEMMENS
et al. 2019). The effect of low osmotic conditions on the
a- and B-amylase enzyme activities of cereal seeds have
been investigated in a number of studies (ALMANSOURI
et al. 2001; HuA-LONG et al. 2014; DEBEZ et al. 2020; YAN
et al. 2020; SONG et al. 2023). The findings of these works
generally show that both water deficit and excess salt can
induce significant decreases in a-, B-, and total-amylase
activities depending upon the severity and duration of
the stress. The current results, indicating that NaCl and
PEG-6000 treatments cause a prominent decrease in the
a- and B-amylase activities of bread and durum wheat
seeds, are also consistent with these data.



Reactive oxygen species (ROS), like H O, and the
hydroxyl radical, are important signalling molecules
involved in the regulation of seed dormancy and germi-
nation in a certain concentration range, also defined as
the oxidative window (D1az-VivaNcos et al. 2013). It is
known that water uptake promotes the generation of ROS
in seeds through metabolism activation. The mitochon-
drial electron transport chain, NADPH oxidases, and
peroxisomes are the main sources of ROS in germinat-
ing seeds. ROS have been shown to have a direct or indi-
rect impact on several processes during germination, in-
cluding protein oxidation, nuclear gene expression, ABA
degradation, GA biosynthesis, cell wall loosening, and
programmed cell death in the aleurone layers (Oracz
& KARPINSKI 2016; BA1LLY 2019; BAILLY & MERENDINO
2021). In addition, the antioxidant defence system plays
a critical role in the prevention of oxidative damage by
maintaining ROS homeostasis (DuMANOVIC ef al. 2021).
In this study, the control seeds of both wheat cultivars
had markedly higher H,O, content than the PEG-6000-
and NaCl-treated seeds, suggesting that stress-exposed
seeds exhibit lower metabolic activity due to decreased
water uptake. Moreover, it was found that the bread
wheat (Bezostaja-1) seeds had greater H,O, content and
DPPH radical scavenging activity compared to the du-
rum wheat (Kiziltan-91) seeds under both control and
stress conditions. This is interesting because several
studies have indicated a strong relationship between ba-
sal ROS levels and abiotic stress tolerance in plants, such
as Medicago truncatula, wheat, and rice (PUCKETTE et
al. 2007; SAINTI et al. 2018; YADAV et al. 2019). For in-
stance, SAINTI et al. (2018) found that salt-tolerant rice
plants (cv. Luna Suvarna) exhibited higher H,O, levels
and NADPH oxidase, catalase, superoxide dismutase,
and peroxidase activities than salt-sensitive rice plants
(cv. IR64) under normal growth conditions. Taken to-
gether, it seems that ROS are not only important for the
completion of seed germination, but also for improving
stress tolerance during the germination period by a pos-
sible priming effect (ELLouzI et al. 2021).

The amino acid proline and simple sugars (e.g. fruc-
tose and sucrose) are compatible solutes which regulate
osmotic balance in seeds and plants subjected to abiotic
stresses, such as water deficit and salinity (AN & L1aNG
2013; CATAV et al. 2022). It has been reported that pro-
line also participates in scavenging free radicals and
increasing protein stability (KauL et al. 2008; Norou-
z1 et al. 2020). In this study, the proline and total sugar
contents of the bread wheat seeds were found to be sig-
nificantly higher than those of the durum wheat seeds
under both stress and non-stress conditions. In particu-
lar, Bezostaja-1 accumulated 2.25- and 2.58-fold higher
proline compared to Kiziltan-91 in seed treatments with
255 mM NaCl and 27% PEG-6000, respectively. A sim-
ilar but less pronounced pattern was also observed for
the total sugar content of the studied cultivars. Interest-
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ingly, previous studies suggested that high H O, levels
promoted the accumulation of proline in Brassica napus
seeds and maize seedlings by increasing the activity of
pyrroline-5-carboxylate synthetase, an essential enzyme
in the synthesis of proline (YANG et al. 2009; KUBALA et
al. 2015). The present results support these findings by
showing that bread wheat seeds with high H,O, content
accumulate more proline than durum wheat seeds with
low H,O, content.

CONLUSION

This work provides evidence that seeds of bread wheat
cultivars display a higher tolerance to salinity and os-
motic stress than those of durum wheat cultivars in the
early stage of germination. The water uptake capacity of
the bread and durum wheat seeds during germination
did not explain the variation in tolerance to these stress
conditions. A comparative analysis of their biochemical
properties revealed that the bread wheat seeds had in-
trinsically higher total sugar, proline, and H,O, contents
and antioxidant activity than the durum wheat seeds.
Overall, the results suggest that interaction between ox-
idative metabolism and compatible solutes may play a
pivotal role in improving the germination of wheat seeds
exposed to excess salt and water deficit.
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FizioloSki odgovori semena hlebne i durum pSenice na osmotski stres i
salinitet u ranoj fazi klijanja

Stikrii Serter CATAV

Utvrdivanje mehanizama koji leZze u osnovi tolerancije na osmotski stres i salinitet tokom perioda klijanja je sustinski zadatak za
poboljsanje poljoprivredne proizvodnje u su$nim i polusu$nim podruéjima. U ovom radu seme sorti hlebne i durum psenice tretira-
no je razli¢itim koncentracijama polietilen glikola (PEG)-6000 i NaCl tokom 1 nedelje i izra¢unate su polumaksimalne inhibitorne
koncentracije (IC50) klijanja. Seme je zatim izloZeno IC50 vrednostima NaCl i PEG-6000 tokom 2 dana da bi se procenila fizioloska
i biohemijska svojstva. Spektrofotometrijskim metodama odredivane su aktivnosti enzima alfa i beta amilaze, redukcioni sadrzaj
$ecera, ukupnog Secera, prolina, proteina i H,0,, kao i aktivnost uklanjanja DPPH radikala u semenu. Rezultati su pokazali da seme
hlebne psenice ima mnogo vecu toleranciju na visak soli i osmotski stres od semena durum psenice. Konkretno, prose¢na vrednost
IC50 NaCl za sorte hlebne pSenice bila je skoro dvostruko vec¢a od sorte durum pSenice. Test imbibicije je otkrio da kapacitet semena
da upija vodu ne objasnjava razliku u toleranciji na ove stresne uslove. S druge strane, seme hlebne pSenice imalo je konstitutivno veci
sadrzaj prolina, ukupnog Secerai H,0,, kao i antioksidativni kapacitet u poredenju sa semenom durum psenice (p < 0,05). U zakljucku,
trenutni nalazi sugeri$u da medudejstvo oksidativnog metabolizma i kompatibilnih rastvora moze doprineti pobolj$anju tolerancije
klijanja u uslovima deficita vode i saliniteta p$enice.

Kljucne redi: salinitet, osmotski stres, klijanje, pSenica, reaktivne vrste kiseonika, kompatibilne rastvorene supstance
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