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Abstract: To investigate the effects of salinity stress on durum wheat cultivars at the critical stages of
germination and seedling establishment under salinity stress, a study was conducted on eight durum
wheat cultivars (Karim, Khiar, Inrat100, Maali, Monastir, Portodur, Razeg, and Salim) subjected to
an increasing salinity concentration by using sodium chloride (NaC) (0, 2, 4, 6, and 10 g L™1). Ger-
mination and seedling physiological parameters were measured and thoroughly analyzed. Salinity
stress significantly decreased germination capacity (GC), germination rate (GR), final germination
capacity (FGC), germination index (GI), mean daily germination (MDG), and velocity coefficient (Vc),
whereas mean germination time (MGT) and the stress index (SI) increased. Plantlet growth and initial
vigor (IV) were also significantly hampered. Regarding all these traits, the cultivars’ differences were
revealed: Karim and Salim were the least affected, whereas Razeg and Maali were the most affected,
and the other cultivars occupied an intermediate position. Depending on cultivar, salinity stress
decreased the germination capacity and delayed its initiation. At low salinity stress (24 g L~! NaCl),
the osmotic effect (OE) was the main cause of germination inhibition, whereas at high salinity stress
(6-10g L~1 NaCl), the toxic effect (TE) dominated and irreversibly inhibited the germination process.
The initial vigor and the stress index that clearly discriminate among the studied cultivars are useful
traits for screening tolerant genotypes. Otherwise, durum wheat showed a higher plasticity with
salinity at the germination stage, allowing it to develop better tolerance at this stage, as compared to
early stage plantlet growth.
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1. Introduction

Soil salinity, whether natural or anthropogenic, affects more than 20% of cultivable land
in the world. A soil is considered saline when its sodium chloride (NaCl) concentration
exceeds 40 mM. Spotted as marginal, these soils continue to increase and occupy new
areas because of the scarcity of conventional water and the use of more saline water,
unsustainable irrigation, and the introduction of saline soils into agricultural cropping
systems [1]. Adding to these factors the actual perturbations related to climate change, the
problem of salinity will represent in the near future a real handicap for world agriculture.
Tunisia is no longer immune to this threat, especially since it is, for the most part, in an
arid and semi-arid climate. Munns and Tester [2] reported that salinity deprives 1.5 million
hectares from the production systems yearly. Thus, 50% of arable land will be lost by
2050 [3].

Cereal crops, especially durum wheat, are exposed to many environmental factors
that limit their yield. Soil salinity is one of the major constraints that strongly affects
plant growth, especially in arid and semi-arid areas. These regions are characterized by
a high irregularity of precipitation associated with significant evaporation, favoring the
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accumulation of salts in the soil. This phenomenon affects nearly 7% of the world’s land
surface [4]. The effects of salinity are manifested by direct toxicity due to the excessive
accumulation of ions (Na* and C17) in tissues and an imbalance of mineral nutrition mainly
due to competition between minerals: sodium with potassium and calcium, chloride with
nitrate, phosphate, and sulfate [5,6]. The negative effect of salinity can be observed at the
level of seeds during their germination and at the level of the plant, either by its senescence
or the death of certain organs or by the loss of yield.

Seed germination is the first stage of the plant’s cycle, known to be the most sensitive
to stress [7] and determining crop yield [8]. However, this stage is known to be sensitive to
salt stress in diverse plant species such as pepper [9], Atriplex halimus [10], oregano [11],
and Sulla carnosa [12]. Liu et al. [13] reported that the germination and initiation of juvenile
plants are critical stages for crop establishment. Soil salinity is a major stress responsible
for reduced, delayed, and sometimes inhibited seed germination and early stage plantlet
establishment. The seed germination and seedling growth of durum wheat, such as other
crops, are negatively affected by salinity stress [14]. Poor germination and decreased
seedling initiation result in poor crop establishment that, in turn, causes decreased crop
plasticity with diverse biotic and abiotic stresses and subsequently higher losses of plant
growth and yield. High rhizosphere salinity leads to a decrease in the osmotic potential of
the soil solution, resulting in a reduced water uptake by dry seeds (inhibited seed imbibi-
tion). Otherwise, the absorption of excess toxic ions (Na* and C1™) from the rhizosphere
creates ionic stress and causes toxicity—which disrupts key biochemical processes (such
as nucleic acids, lipids, carbohydrates, and protein metabolism), energy production, and
respiration—damages the nutrient and hormone balances during germination, disturbs
the equilibrium between the generation and scavenging of reactive oxygen species (ROS),
and induces cellular structure injury, resulting in inhibited seed germination [14-16]. Pre-
vious studies by Bouzidi et al. [17] have shown that salinity affects the Sulla carnosa seed
germination process through osmotic and/or toxic stresses (depending on NaCl concentra-
tion), as shown by a decreased germination rate and an extended germination time. The
osmotic effect is explained by the increase in external osmotic potential that reduces water
uptake during imbibition, whereas the toxic effect is explained by the excess of sodium and
chloride accumulation that causes threats to embryo viability. At the vegetative stage, the
deleterious effect of salinity regarding its toxic effects was explained by the disruption of
enzyme and macromolecule structure, respiration, photosynthesis, protein synthesis, and
damage to the cell membrane [18-20].

In Tunisia, salty soils occupy an area of 1.5 million hectares, about 25% of the country’s
total arable land area [21]. Several solutions have been put forward to mitigate the risks
to agronomic production. However, such solutions are costly and difficult to implement.
Alternatively, the adverse effects of salinity on crop yields can be minimized by screening
species, genotypes, and cultivars that are better suited to salinity conditions. Durum
wheat, the most cultivated cereal in the Mediterranean basin and a major component of
the daily diet, is a strategic crop in Tunisia. It is usually subjected to soil and water salinity,
particularly at the germinating stage. However, this stage arouses a primordial interest in
the subsequent tolerance of crops. Mrani Alaoui et al. [22] reported the importance of the
germination phase for the subsequent stages of plant development and growth, particularly
in arid and semi-arid areas. In saline agrosystems, Mbarki et al. [23] highlighted that plant
tolerance to salinity is important during germination and early seedling establishment.
Nevertheless, differences in the germination and early stage establishment behavior of
species and cultivars have been identified under salinity and other abiotic stresses. The
exploration of this variability to screen cultivars with good germination and plantlet
initiation under salinity stress represents a rapid, safe, and ecofriendly approach. Otherwise,
the right start of the plant’s cycle under saline conditions can guarantee its subsequent
success. Durum wheat, even in an irrigated perimeter, was usually subjected to salinity
stress at the germinating and early vegetative stages due to salinized soil and water. Of
the global salt-affected land, 7700 hm? is secondary saline soil, of which 58% occurs in
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irrigated agricultural areas [24]. With the expansion of saline lands in a stressful climate, the
exploitation of salt-tolerant crops would be an efficient strategy for using saline soils and
water. The present study does not escape this approach and consists of studying the effect
of salinity stress on durum wheat seed germination and juvenile plantlet establishment. A
specific point of focus will be the genotypic differences in response to this abiotic constraint
in order to identify tolerant cultivars, highlight useful traits of tolerance, and locate the
most sensitive stage of the plant cycle (germination or the early vegetative stage) in order
to propose the appropriate intervention to alleviate the effect of salinity stress.

2. Materials and Methods
2.1. Biological Material and Germination Experiments

This work was conducted on the strategic main crop in Tunisia, durum wheat. Eight
cultivars, known to grow in different bioclimatic stages in Tunisia with significant differ-
ences in yield and precocity, provided for us by the High Institute of Field Crops of Kef
(Inrat100, Karim, Khiar, Maali, Monastir, Portodur, Razek, and Salim), were used in this
study. They were subjected to an increasing salinity stress during germination and early
stage plant establishment. Seeds of each cultivar were prescreened for their health and
homogeneity. A hundred seeds for each cultivar were used per treatment at the rate of
twenty seeds per Petri dish, containing filter paper (five dishes per treatment and genotype)
imbibed with distilled water (control—O0 salt), and saline solution containing 0, 2, 4, 6, and
10g L~! sodium chloride (NaCl). Germination percentage (GP) was recorded daily, and the
experiment ended after three successively stable GPs that were retained as the germination
capacity (GC). The presented results are the mean of 100 seeds. The seed germination
recovery allows us to discriminate between the toxic and the osmotic effects. For this
purpose, the non-germinating seeds were transferred to deionized water for an additional
three days and the germination percentage was also recorded as previously performed.

2.2. Potted Experiments

The germinated seeds from each treatment were transferred for an extra four weeks
in 1 kg plastic pots equipped with recovery plates containing inert, clean quartz sand,
washed with concentrated sulfuric acid, and rinsed several times with deionized wa-
ter [25]. Five pots containing three germinated seeds each, per genotype and per treatment,
were placed in a greenhouse at the Faculty of Sciences and Techniques of Sidi Bouzid
(35°27.58"” N 9°29'2.18" E) under natural light and at a temperature of 25 °C/17 °C (£2 °C,
day/night), relative humidity of about 75%, and using the following nutrient solutions [26]
(Farzadfar et al., 2017): Ca(NO3),, 4H,0 (3.5 mM), KNO3 (3 mM), NH4NO;3 (2 mM),
K;S04 (1.5 mM), KH,PO;4 (1.6 mM), KoHPO4 (0.3 mM), H3BO3 (4 uM), MnSO; (4 uM),
ZnSO4 (1 uM), CuSOy4 (1 uM), CoCl, (0.12 uM), (Na)g(Mo0)7054 (0.12 uM) and Fe-K-EDTA
(45 uM), with the same NaCl concentration that was added for germination (0, 2, 4, 6,
and 10 g L~! NaCl). Because the field capacity of the used sand was very low (7%), plants
were over-irrigated every two days. The excess solution recovered in the plate was re-
turned into the pots the next day. Seedling growth was evaluated after four weeks of
treatment. Plantlets” heights were measured before harvest, then shoot, root, and total
biomass were quantified.

2.3. Experimental Design and Germination Indicators

The experimental design was 2 factorials (genotype x NaCl concentration), arranged
in a completely randomized design with 5 replications of 20 seeds in the germination stage
(results presented as means of 100 seeds) and 5 replications in the seedling stage (5 pots
containing three plantlets each, and results were presented as means of 15 plantlets). The
following traits were determined based on the various experiments:

e  Germination capacity (GC, %): This parameter allows the identification of the saline
concentration that constitutes the physiological limit of durum wheat seed germi-
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nation, expressed as the ratio of maximum germinated seeds to the total number
of seeds:

GC:?X100
a

where a = total number of seeds, b = maximum number of germinated seeds.

e  Germination percentage (GP, %): Expressed as the ratio of germinated seeds at day n
to the total number of seeds: c

GP = - x 100

a

where a = total number of seeds, ¢ = number of cumulative germinated seeds at day #,

n=day1,2,... n
e  Germination rate (GR): This parameter constitutes an important tool for monitoring
germination as a function of time, expressed as the evolution of GP in time.

e  Germination index (GI): Expressed as the ratio of GC under salt stress (GCs) to GC in
control (0 NaCl, GC¢). It is calculated as follows:

_ GGCs

[= ——
= GCc
e  Velocity coefficient (Vc): Calculated as follows:

(N1+N2+N3...+Nn) x 100
(NIT1 + N2T + N3T... + NnTn)

Ve =

where Nn the number of germinated seeds between time Tn — 1 and Tn.

e  Mean germination time (MGT, days): This parameter is determined according to the

following formula [27]:
MGT — [Zm X dl]
b

where n is the number of seeds germinated on day i, d is the incubation period in days,

and b the total number of seeds germinated upon treatment.

e  Mean daily germination (MDG, %): According to Osborne and Mercer [28], the MDG is
calculated as the ratio of the germination percentage to the total number of germination
days at the end of the experiment:

MDG = E x 100

where b = maximum number of germinated seeds upon treatment, and n = number of
germination days at the end of the experiment.

e  Germination recovery (GRec, %): Expressed as the capacity to recover the germination
capacity lost on NaCl treatment, calculated using the following equation:

GRec = x 100

d
(a—b)

where d = number of seeds germinated after transfer in deionized water, b = maximum
number of germinated seeds under salt, and a = total number of seeds [29].

e  Final germination capacity (FGC, %): This parameter allows us to calculate the max-
imum germination capacity, considering the recovery potentiality, expressed as the
sum of GC and GRec at each treatment:

FGC = x 100

(b+ d)
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where a = number of total seeds, b = maximum number of germinated seeds under salt,
and d = number of seeds germinated after transfer in deionized water.

- Initial vigor (IV): This indicator is a good parameter that relates the germination
capacity to plant growth. It is calculated as follows:

IV = GC x DW

where GC = germination capacity, DW = plant dry weight.
Stres index (SI): This parameter is the indicator of stress degree in each cultivar. It is
calculated as follows:

(a) based on GC:

GCs — GCc
SI-GC=1— ———+—
GCc
(b) based on plant growth:
DWs — DWc
[-DW=1— ———
5 DWc

where GCs = germination capacity under salt stress, GCc = germination capacity in con-
trol treatment, DWs = dry weight in salt-stressed plants, and DWc = dry weight in con-
trol plants.

2.4. Statistical Analysis

Treatments were arranged in a completely randomized design in factorial experiment.
They are presented as mean + standard error. Analysis of variance (ANOVA) was per-
formed to determine whether the different experimental factors affect germination and/or
plant growth. The significance of differences among treatments was determined by Fisher’s
least significant difference test (LSD) (p < 0.05). Treatment means were declared significant
when the difference between any two treatments was greater than the LSD value generated
from the ANOVA. They are marked by different letters in the figures and tables.

3. Results

Salinity stress decreased germination capacity (GC) in durum wheat, depending on
NaCl concentration and genotype (Figure 1). At low salinity stress (2 g L~! NaCl), we
highlighted a non-significant decrease in GC in all cultivars except for Razeg and Maali,
where GC decreased by 10%. At moderate stress (4 g L~! NaCl), the genotypic differences
were even more expressed. The GC decrease continued to be weak in Karim, Inrat, and
Salim (—4% in Karim, —6% in Inrat and Salim), but exceeded by 10% in Khiar, Monastir,
and Portodur, and continued to be more significant in Maali (—16%) and Razeg (—13%).
At high salinity stress (6-10 g L~! NaCl), GC significantly decreased in all cultivars that
combined into three groups according to their degree of tolerance: Karim and Salim were
the less affected group (GC decreased by 11% in Karim and by 10% in Salim at 6 g L~!
NaCl; and by 15% in Karim and by 19% in Salim at 10 g L~! NaCl), Inrat, Khiar, Monastir,
and Portodur were moderately affected (GC decreased by 13% in Inrat and Khiar, by 15%
in Monastir and by 17% in Portodur, at 6 g L~! NaCl; and by 21% in Inrat, by 19% in Khiar,
by 28% in Monastir and by 25% in Portodur, at 10 g L~! NaCl), and Maali and Razeg were
the most sensitive group (GC decreased by 22% in Maali and Razeg at 6 g L~! NaCl; and
by 31% in Maali and by 29% in Razeg at 10 g L~! NaCl).
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Figure 1. Germination capacity (GC, %, a) of durum wheat grains subjected to different sodium
chloride (NaCl) concentrations. The letters in the figure indicate the significance of differences.
According to Fisher’s Least Significant Difference, means with the same letter are not significantly
different at « = 0.05. Bars on the columns represent the standard error of the mean (n = 100, 5 replicates
of 20 grains).

The daily monitoring of germination percentage (GP) showed a significant increase
with time and reached its maximum earlier at low NaCl concentrations (after 2-3 days
at 0-4 g. L~! NaCl) than at high NaCl concentrations (after 4 days at 6-10 g L' NaCl)
(Figure 2). However, increasing salinity stress significantly decreased germination rate (GR)
in all cultivars, independently of NaCl concentration.

To distinguish the studied cultivars, we calculated the germination index (GI). Table 1
shows that increasing salinity stress decreased the GI in all cultivars, suggesting that the
loss of germination faculty is completely dependent on NaCl concentration. Our results
also show a clear genotypic difference in response to salinity stress in durum wheat. Maali
and Karim had the lowest GI values under both low and high salinity stress.

Table 1. Germination index (GI) in durum wheat cultivars subjected to an increasing NaCl concen-
tration. Within rows, means + standard error with the same letter are not significantly different
at oc = 0.05, according to Fisher’s least significant difference (n = 100, 5 replicates of 20 grains).

GI Khiar Karim Razeg Salim Maali Inrat Portodur Monastir
2gL~! NaCl 0.96* £ 0.071 0.98 £ 0.062 0.89° + 0.063 1.022 £ 0.08 0.91% +£0.063 0982 +0070 0942 £0.068  1.047+0.090
4gL ! NaCl 091° 40077  096°£0.072  0.87° + 0.061 1007 £0.088  0.84°£0.074 094 £0.070 094% +£0.068  1.02° £ 0.069
6 gL' NaCl 0.89® +£0.063  0.89° +0.061 0.78 < + 0.070 0.91° +0.071 0.78 ¢ £ 0.063 0.87° +£0.066  0.83> £0.061  0.85° £ 0.060
10gL?NaCl ~ 0.81°+0070  0.85° +£0067 071940057 077°4+£0055  0.62°=+0.051 0.79 ¢ +0.058 0.81°+0.058  0.729 4 00.053

The calculation of the Vc, MGT, and MDG shows an inverse relationship with NaCl
concentration for the Vc and MDG and a linear relationship for the MGT (Table 2). Increas-
ing NaCl concentration decreased Vc and MDG, and increased MGT, meaning that sodium
chloride delays seed germination and inhibits the germination capacity. The previously
observed genotypic differences were also maintained. Independently of NaCl concentra-
tion, Karim and Salim remained the least affected, followed by Inrat, Khiar, Monastir, and
Portodur, whereas Razeg and Maali were the most affected.
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Figure 2. Germination rates, which represent the evolution of germination percentage (GP) as a
function of time, of durum wheat seeds subjected to different sodium chloride (NaCl) concentrations.
The letters in the figure indicate the significance of differences. Means + standard error of means
of 100 grains (n = 100, 5 replicates of 20 grains) with the same letter are not significantly different at
a = 0.05, according to Fisher’s least significant difference).
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Table 2. Velocity coefficient (Vc), mean germination time (MGT), and mean daily germination
(MDG) in durum wheat cultivars subjected to an increasing NaCl concentration. Within rows,
means =+ standard error with the same letter are not significantly different at « = 0.05, according to
Fisher’s least significant difference (n = 100, 5 replicates of 20 grains).

Ve Khiar Karim Razeg Salim Maali Inrat Portodur Monastir
0gL~! NaCl 734° +41 8392 +£43 80.4% +50 8142 £52 81.82 £4.6 8392 £52 75.0° +4.7 83.9* +£53
2 gL' NaCl 67.2°¢+3.1 83.6% +43 7550 +3.4 758" + 46 7745 +£40 742° £ 42 7500 +3.7 80.0% +£5.1
4g L™ NaCl 67.2¢ £3.6 8182 +5.1 66.1¢+3.3 75.0° £4.0 73.1° £39 75.9° £ 47 741+ 338 77.8° £44
6gL~! NaCl 65.1¢+3.5 764° +£50 68.6¢ £ 4.8 741° +44 70.0 € £ 5.6 759 +£53 7275 +£4.7 76.9° +4.0
10 g L~ NaCl 67.9° £ 4.6 741° £ 42 65.3° £ 3.5 73.6% +£43 68.9° £ 3.9 7550 £ 42 65.5¢ £ 3.7 739" £38

MGT
0gL~! NaCl 1.36 ¢+ 0.10 1.19¢ +0.09 1.24 9 +0.09 1.23 9¢ £ 0.10 1.22¢+0.10 1.19¢ +0.09 1.33 4 £ 0.09 1.19¢ +0.09
2 gL' NaCl 1492 £0.11 1.20¢ £ 0.09 1.33°4 +0.11 1.32°4 +0.09 1294 +£0.11 1.35¢ £0.11 1.33°4 +0.11 1.25% +0.10
4g L1 NaCl 1492 £0.10 1.22 +0.08 1512 +0.12 1.33° +0.11 1.37°¢ £0.11 1.32¢d 4+ 0.10 1.35¢ £ 0.10 1294 +0.11
6gL~" NaCl 1.542 £0.12 1.31°4 +£0.10 146° +0.11 1.35¢ £0.12 143° +0.12 1.32°4 +0.11 1.38¢ £0.12 1.30°4 +£0.11
10 g L~ NaCl 1.472 £ 0.10 1.35 ¢ £ 0.09 1532 +£0.12 1.36¢ 4 0.10 145° £0.13 1.32°4 £ 0.09 1.532 +0.12 1.35¢+0.12
MDG
0gL~" NaCl 2352 +£2.0 2352 +15 2252 +£17 2402 +£2.0 2252 £2.1 2352 £22 2402 £2.1 2352 +£2.0
2gL~" NaCl 2252 +18 23.0%+14 20.0° £ 1.6 2352 £20 2055 +£20 23.02 £2.0 2252420 2202 £2.0
4gL"! NaCl 21.5% £13 2252 +13 1950 £ 1.7 2252 +£2.0 19.0° + 1.6 220 £18 21.5% £20 21.0% £20
6 gL' NaCl 2055 £ 14 21.0% £ 1.5 17.5% £ 14 215 + 1.8 17.5% £ 14 20.5° £ 1.6 20.0° £ 1.7 20.0° £ 1.7
10 g L~ NaCl 190>+ 1.3 20.0° £ 14 16.0¢ £1.2 1952 +£15 155¢£1.2 1855 +14 18.0% £ 1.5 170 £13

When transferring non-germinated seeds in deionized water, the germination recovery
(GRec) reached 100% until 4 g L1 of NaCl in all cultivars was obtained, except for Razeg
(GRec declined to 82%) and Maali (GRec declined to 83%). This ability to regain germination
faculties was gradually lost after 6 g L~! NaCl (GRec extended between 64 and 75%
and reached its lowest values in Maali, 50%, and Razeg, 43%), and accentuated even
moreat10 g L~! NaCl (GRec did not exceed 50% and reached its lowest values, 28%, in
Razeg, Figure 3).

Regarding these results, we can suggest that the main limiting factor of durum wheat
seed germination under moderate salinity stress is the osmotic effect. The toxic effect,
which represents an irreversible inhibition of seed germination, appeared at 4 g L~! NaCl
only in Razeg (18%) and Maali (17%) and increased gradually with NaCl concentration. It
became significant only at 10 g L~! NaCl and dominated the osmotic effect in Razeg and
Maali (Figure 4).

When adding the germination recovery to the initial germination capacity, i.e., elim-
inating the osmotic effect, the final germination capacity became very important until
10 g L~! NaCl (Figure 5) was obtained. Until 4 g L.~! NaCl was achieved, GC reached its
maximum (100%) in all cultivars, except for Razeg and Maali (82%). At severe salinity
stress, the GC exceeded 80% at 6 g L~! NaCl and 75% at 10 g L' NaCl in all cultivars, with
respect to the previously observed genotypic differences.
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Figure 3. Germination recovery (GRec, %) of durum wheat seeds subjected to salinity stress. Within
histogram, means + standard error with the same letter are not significantly different at « = 0.05,

according to Fisher’s least significant difference.
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Figure 5. Final germination capacity (FGC, %) of durum wheat subjected to salinity stress. The letters
in the figure indicate the significance of differences. Means =+ standard error of means of 100 grains
(n =100, 5 replicates of 20 grains) with the same letter are not significantly different at o« = 0.05,
according to Fisher’s least significant difference.
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The germinated seeds were transferred to a pot culture, irrigated with nutrient solution,
and maintained at the same NaCl concentration as for germination. Figure 6 illustrates
the biomass production after 30 days. Increasing NaCl concentration in the medium
significantly decreased plant growth in all cultivars. However, Karim and Salim maintained
their superiority over the other cultivars, whereas Razeg and Maali remained the most
affected cultivars, independently of salt stress severity (Figure 6). The biomass decrease
started to be significant in the latter cultivars even at low salinity stress (—14% to —22%
at2 g L~! NaCl and —41% to —49% at 2 g L~ NaCl, respectively, in Razeg and Maali)
and reached its highest levels at high salinity stress (—51% to —5% at 6 g L~! NaCl and
—63% to —73% at 10 g L~! NaCl, respectively, in Razeg and Maali). The biomass decrease
in Karim and Salim were not highly significant at high salinity stress only (—39% to —37%
at6 g L~! NaCl and —50% to —58% at 10 g L~ NaCl, respectively, in Karim and Salim).
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5]
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2 50
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30
20
10 g 1 1 1 1 1 1 1 1 1 J
0 2 4 6 10
NaCl, g L*!

Figure 6. Plant growth estimated by dry weight (DW) production in durum wheat plants subjected
to salinity stress. The letters in the figure indicate the significance of differences. Means + standard
error of means of 15 plants (n = 15, 5 replicates of 3 plants) with the same letter are not significantly
different at « = 0.05, according to Fisher’s least significant difference.

In order to progress in the elucidation of the genotypic variability in response to
salinity stress at germination and early stage plant establishment, we calculated the initial
vigor (IV). This parameter related the germination capacity to the plant growth (Table 3).
Increasing NaCl concentration in the medium decreased IV in all cultivars. However, this
parameter clearly distinguishes between the studied cultivars and confirms the sensitivity
of Razeg and Maali as compared to the other cultivars, particularly Karim and Salim. Razeg
lost 24% to 49% of its vigor, respectively, at2 and 4 g L~! NaCl, whereas Maali lost 29%
to 57% of its vigor, respectively, at 2 and 4 g L~! NaCl. At high salinity stress, Razeg lost
62% to 74% of its vigor, respectively, at 6 and 10 g L~! NaCl, whereas Maali lost 65% to
82% of its vigor, respectively, at 6 and 10 g L~! NaCl. In the other cultivars, the IV loss
remained below 20% at2 g L~1 NaCl, fluctuated between 20% and 30% at 4 g L1 NacCl,
and became significant at high NaCl concentrations (IV loss reached 60% at 6 g L~! NaCl
in some cultivars and 70% at 10 g L' NaCl). Karim and Salim remained the least IV losers,
even at high salinity stress.
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Table 3. Initial vigor (IV) of durum wheat cultivars subjected to increased salinity stress. Within
rows, means with the same letter are not significantly different at « = 0.05, according to Fisher’s least
significant difference. Standard errors of means of five replicates (each replicate is the mean of twenty
seeds for GC and three plants for DW).

v Khiar Karim Razeg Salim Maali Inrat Portodur Monastir
0gL~! NaCl 4759 £0.35 6.39" £+ 0.65 5.99 b £+ 0.41 722 +0.44 6.55° +0.42 6.45% 4+ 0.48 7.30° £ 0.51 5.33°¢+0.33
2gL'NaCl 4919 +031 5774043 4569 +036 6.05% +034 467 +035 5.31° + 0.41 594bc £ 041 484 +028
4gL ' NaCl 38594022 492 +033 3.08¢ +0.27 531°¢+0.32 281f+031 4934 +£037  496% +£032 339°¢ 4021
6 gL' NaCl 3.39¢+£0.25 349¢ 4027 2284 0.18 4.074+£033 22814020 3.14¢£0.29 2.56f +0.22 2.92¢ +0.24
10gL~! NaCl 2.321+£0.19 2.72 ¢ £ 0.20 1.588 £ 0.11 2441 £021 1.218 £0.11 2.2414+0.20 2111 +0.18 2.09f +0.22

For a second experiment, we calculated the stress index based on germination capacity
(SI-GC) and plant growth (SI-DW). Table 4 shows that SI-GC increased with increasing
salinity stress in wheat cultivars. Nevertheless, Razeeg and Maali showed the highest
increase in their SI-GC, independently of NaCl concentration, whereas Karim and Salim,
even if they increased their SI-GC with salinity stress, remained the least sensitive. For
SI-DW, the same behavior was observed as for SI-GC, with the same genotypic differences.
However, the values of SI-DW were clearly higher than those of SI-GC, particularly at high
salinity stress.
Table 4. Stress index calculated based on germination capacity (SI-GC) and plant growth (SI-DW)
in eight durum wheat cultivars subjected to increased salinity stress. Within rows, means with the
same letter are not significantly different at o = 0.05, according to Fisher’s least significant difference.
Standard errors of means of 100 seeds for SI-GC and 15 plants for SI-DW.
SI-GC Khiar Karim Razeg Salim Maali Inrat Portodur Monastir

2 gL~ NaCl 1.04 ¢ + 0.08 1.02© + 0.09 1.11° 4 0.09 1.00 £ 0.08 1.09° £ 0.10 1.02© + 0.09 1.06%+£0.09  1.06% +0.10

4g L™ NaCl 1.09% £ 0.09 1.04° £ 0.08 1.13% £ 0.09 1.04 < +0.08 1162 £ 0.11 1.06° £ 0.09 1.10° £ 0.08 1.11° £ 0.09

6 gL~ NaCl 113% +0.1 1.11° +0.11 1.22% +0.11 1.09° £ 0.09 1223 +0.09 1.13° +0.08 117 £009  1.15% +0.10

10gL™'NaCl ~ 119% +011  1.15% +0.10 1292 +0.11 1172 +0.10 1312 £0.12 1.21% £ 0.10 1252 £0.11 1282 +0.11

SI-DW

2gL~! NaCl 0.92f 4 0.08 1.08 f 4 0.08 1.14¢ £0.10 1.15¢ £0.11 1.224¢ +£0.10 1.16 ¢ £ 0.10 1.13¢f £ 0.11 1.03 f +0.09

4gL ' NaCl 111 +0.09 1.20© + 0.09 141°+0.12 1.229 4 0.11 149° +0.13 1.18° £0.10 1249 4011 1299 +0.09

6 gL' NaCl 1.189 £0.10 1.39¢ +0.12 1.51° £0.13 1.37°¢ +£0.13 1.552 £ 0.14 1.44 % £0.12 1.58 %> £+ 0.13 1.36¢ +0.11

10gL-'NaCl  140°+0.11 1.50° +0.11 1632 +0.13 1582 +0.12 1737 +0.14 1.56 % +0.14 1.612 £ 0.15 1.46 % +0.13

4. Discussion

It is well established that crop plants are routinely affected by a broad range of
abiotic stresses under natural growth conditions. The early stages of the plant cycle
are no exception to this rule and even determine the subsequent response to stress. In
this study, we subjected eight Tunisian wheat cultivars to an increasing salinity stress
during germination and early stage plant establishment to understand their physiological
responses and the cultivars’ differences in response to this abiotic stress. Our hypothesis
was that a cultivar that shows some tolerance during germination and the early stages of
development would certainly be tolerant at later stages of the plant cycle. We also tried to
identify the most critical stage (germination or seedling establishment) in order to propose
the appropriate improvement approach, such as priming if germination is more sensitive.
The findings of this study can provide useful physiological indicators or traits for screening
wheat cultivars for salt tolerance in future screening programs. Depending on cultivars,
salinity stress significantly decreases GC, GR, GI, V¢, and MDG against an increase in MTG
and SI. Karim and Salim have been shown to be the most tolerant, whereas Razeg and Maali
are the most sensitive. The other cultivars occupy an intermediate position. In agreement
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with our results, several authors have reported that the increase in salt concentration in the
rhizosphere decreased the germination percentage and increased the germination time by
delaying its initiation [7,30,31]. In the current study, these effects were more pronounced in
the sensitive cultivars (Razeg and Maali) than in the intermediate and tolerant cultivars
(Karim and Salim). This is confirmed by the gradual decrease in salt of the Vc and MDG
noted in all cultivars. The germination index decreases with increasing NaCl concentration
(Table 1). However, the values recorded in Karim and Salim are still the highest, while those
recorded in Razeg and Maali are the lowest, indicating some genotypic difference in the
response of durum wheat to salinity at the germinating stage. Kandil et al. [32] observed a
delay in sorghum seed germination that was more pronounced in salt-sensitive accessions
than in the intermediate and salt-tolerant ones. Sima et al. [33] suggested that the high
sensitivity of germination to salinity is attributed to damaged and delayed enzyme activity.
At this level, Bouzidi et al. [17] suggested that low saline concentrations in the medium
induced a state of dormancy and decreased the germination rate without acting as a toxic
compound. On the contrary, a high saline concentration inhibits seed germination and
decreases germination capacity due to the toxic effect of sodium ions. Severe saline stress
delays seed germination and induces a reduction in the final germination percentage in
cowpea [34]. Maas and Poss [35] explained that this delay in seed germination and the
decrease in MDG with increased salt concentration are due to the time required for the seed
to set up mechanisms to adjust its internal osmotic potential. The reduction in germination
observed in this study due to severe stress (6 and 10 g L~! NaCl) may be due to osmotic
or toxic effects [36], which may disrupt certain enzymatic or hormonal activities of the
seed [37]. The reduction in germination percentage and the slowdown in germination rate
observed in this study could be due to the high uptake of Na* and C1~ during germination,
which results in cell toxicity and, therefore, in the inhibition or slowing of the germination
rate and hence, germination percentage [38].

When transferred to deionized water, the germination recovery reached its maximum
(100%) at low NaCl concentration in all cultivars, signaling that the main cause of germina-
tion inhibition is the OE, even if the TE appeared in Razeg and Maali at 4 g L~! NaCl (did
not exceed 20%). At high salinity stress (6-10 g L~! NaCl), all cultivars start to lose their
GRec, signaling the installation of the TE, which dominates in Razeg and Maali (TE > OE)
at6 g L~! NaCl and in all cultivars at 10 g L~ NaCl. These results allow us to suggest that
we can overcome the inhibitory effect of salinity by dilution at the germination stage using
fresh water. This technique allows us to reach a FGC of 95% at 6 g L~! NaCl and 90% at
10g L~ NaCl in the most tolerant cultivars (Karim and Salim) and 84% at 6 g L~ NaCl
and 75% at 10 g L~! NaCl in the most sensitive cultivars (Razeg and Maali). Previously,
Bouzidi et al. [17] observed that Sulla carnosa suffers from difficulties with seed germination
due to osmotic stress until 15 g L~1 NaCl is reached, which can be overcome by dilution.
Beyond this concentration, the toxic effect dominates and irreversibly inhibits seed germi-
nation. They suggest that high accumulations of Na* inhibit the activity of many enzymes
and proteins, leading to cellular dysfunction. Tahjib-Ul-Arif et al. [39] reported that salinity
disrupts the absorption of mineral ions and induces oxidative stress due to toxic ions.
Patade et al. [7] demonstrated that germination is one of the most sensitive stages of the
plant’s life cycle to salinity, whereas Hubbard et al. [13] added that seed germination and
young seedling growth are the two most critical stages of the plant cycle.

As previously mentioned [7,13], seedling establishment is also a critical stage of plant
development. In line with these results, our findings showed that salinity stress significantly
decreased plant growth in the studied cultivars, with respect to the previously observed
genotypic differences at the germinating stage (Karim and Salim were the least affected,
Razeg and Maali were the most affected, and the other cultivars occupied an intermediate
position). Liu et al. [13] explained the inhibited seedling growth under salinity by the
restricted absorption of water and nutrients in high-salinity soils, which damages cells,
organs, and tissues, slows metabolism, and inhibits growth. The stability of the genotypic
differences despite the transition from seed germination to the seedling growth stage allows
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us to suggest the interdependence of these early stages of the developmental plant cycle.
In fact, the calculation of the initial vigor that lies between these two stages (DW x GC,
Table 3) supported this suggestion and confirmed the genotypic differences previously
observed. The gradual decrease in IV with increasing NaCl concentration demonstrated
the harmful effect of salinity on the initial vigor of plants, which will certainly have an
adverse effect on the subsequent stages. Otherwise, this trait confirms the relative tolerance
of Karim and Salim, particularly as compared to Razeg and Maali. At severe salinity stress
(10 g L~! NaCl), Karim develops an initial vigor 1.7 and 2.3 times higher than that of Razeg
and Maali, respectively, whereas Salim develops an initial vigor 1.5 and 2.0 times higher
than that of Razeg and Maali, respectively. We can thus suggest that IV is a useful trait of
wheat tolerance to salinity stress that can be used for subsequent screening programs. In
line with these results, Kandil et al. [32] reported that salt stress adversely affects plants
at all stages of their life cycle. Bhattarai et al. [40] demonstrated that the seed vigor and
seedling length of salt-tolerant alfalfa cultivars were greater as compared to other cultivars
in16dSm™1. According to Chauhan et al. [41], an increase in salt concentration decreases
the seedling performance of sorghum cultivars at EC > 10 dS m~! and the performance
depends on genotypes. Mbarki et al. [23] reported that germination and seedling traits are
the most appropriate aspects upon which a plant’s final yield depends.

In the present study, the observed genotypic differences were explained by the dif-
ferences in the uptake of the toxic ions, particularly Na*, at the germinating stage that
influence the seedling growth. Thus, the relative tolerance of Karim and Salim can be
explained by their lesser ion toxicities, which are supported by the dominance of the os-
motic effect, whereas the sensitivities of Razeg and Maali are explained by the high Na*
and CI™ accumulation, which create a situation of toxicity. This explanation is supported
by the dominance of the TE over the OE in these cultivars. In fact, the presence of broad
intraspecific genetic variation among wheat cultivars was previously observed in sorghum
accessions for salt tolerance [42]. Salinity reduced germination parameters as the salt level
increased. Kandil et al. [32] outlined that the toxic effects of Na* and C1~ ions on germinat-
ing seeds affect germination percentage, germination rate, the energy of germination, and
seedling vigor. In line with our findings, Munns et al. [43] demonstrated that salinity exerts
its undesirable effects through osmotic inhibition and ionic toxicity. Accordingly, Taghvaei
et al. [44] explained the reduced seedling growth under salinity stress by the induced
high osmotic potential, due to the accumulation of salt and the specific toxicity of the
Na* and CI~ ions in the germination phase. High Na™ concentrations in the soil decrease
water osmotic potential, which, in consequence, reduces water uptake by seeds (weak seed
imbibition) and by the roots of newly established seedlings. The Na* and Cl~ ions exert a
toxic effect on plants and induce osmotic and ionic stress, which limits the uptake of other
vital elements (K*, Ca®*, Mg2+, and NO;_) and disturbs plant functioning [14,44,45]. A
high concentration of Na* in the soil complex can lead to many permanent disorders at
every stage of plant development [14].

The calculated SI based on germination capacity and plant growth (Table 4) confirms
the previously observed genotypic differences. The cultivars Karim and Salim remain
usually the least stressed, independently of salinity stress, whereas Razeg and Maali are the
most stressed cultivars. Nevertheless, the comparison of SI in all cultivars with regard to
the plant cycle stage demonstrated that SI-DW remains usually higher than SI-GC (Table 4).
This result caused us to perceive that durum wheat is more tolerant at the germination than
vegetative stage, even in the tolerant cultivars. Accordingly, Zulfiqar et al. [46] indicated
that sorghum is more tolerant to salinity at germination than at the subsequent growth stage.
However, Ayers and Hayward [47] suggested that salt tolerance at germination and other
phases of the plant life cycle are not necessarily correlated. In some plants, germination is
a more resistant process, whereas in others, the growth phase is more tolerant to salinity.
In sea lavender (Limonium meyeri), seeds cannot germinate in salt solutions above 1.5%,
yet the mature plant can grow even in the presence of a 10% salt solution in soil [48].
Otherwise, Ungar [49] has reported that seed germination in Hordeum jubatum is more
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resistant to salinity than the later growth of the seedling, whereas Mahmood and Malik [50]
had observed in Atriplex undulata a greater salt tolerance at the growth stage than at the
germination stage.

Altogether, our results demonstrated that salinity stress has adverse effects on all
physiological parameters related to the germination and juvenile plant stages. Salinity
delayed the wheat germination and significantly decreased the germination capacity. At
a low NaCl concentration, the osmotic effect dominates, whereas toxic effect dominates
at severe salinity stress. In the sensitive cultivars (Razeg and Maali), the TE installs
even at moderate salinity (4 g L~! NaCl) and dominates at 6 g L~! NaCl, while in the
other cultivars, particularly the tolerant ones (Karim and Salim), the TE dominates only
at 10 g L~! NaCl. The deleterious effects of salinity are also expressed at the vegetative
stage with a significant decrease in plant growth. Figure 7 represents the inhibitory effect
of salinity on grain germination and seedling growth. It also illustrates the genotypic
differences highlighted in this study.

M
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1 N

OE

0 2 4 o 10 g Lt NaCl

Figure 7. Schematic representation of the effect of salinity stress on seed germination (represented by
number of germinated seeds) and seedling growth (represented by seedling height) in durum wheat,
depending on cultivars and NaCl concentration. OE: osmotic effect, TE: toxic effect.

5. Conclusions

It could be concluded that increasing salinity is associated with decreases in all the
studied characters, germination or seedling parameters. Some genotypic differences were
spotted among the eight studied cultivars. Although most of them develop comparable
behaviors, Karim and Salim have been identified as tolerant, whereas Razeg and Maali
have been identified as sensitive. Durum wheat has shown a greater ability to tolerate
salinity at the germination stage than at the establishment and early growth stages. These
results allows us to suggest that plant growth is more sensitive to salinity stress than seed
germination.

IV and SI distinguished the studied cultivars. They are useful traits for screening
salinity-tolerant cultivars.
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