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Abstract: Assessment of the salt tolerance of a large genotype collection at the early growth stages
may assist in the fast-tracking improvement of salt-tolerant barley genotypes in breeding programs.
This study aimed to investigate the ability of traits related to seed germination ability and seedling
growth performance with helping of nine sequence-related amplified polymorphism (SRAP) markers
to detect the salt tolerance of 70 barley genotypes during the early growth stages. The different
genotypes were exposed to three salt concentrations (0, 100, and 200 mM NaCl) and evaluated for
salt tolerance by looking at germination percentage, germination index, and mean germination
time during eight days as well as the lengths and weights of seedling shoot and root after 21 days
from sowing. The results showed that genotypic variations in germination ability and seedling
growth performance obviously appeared under 200 and 100 mM NaCl, respectively. The germination
traits exhibited a strong correlation among themselves, whereas they had a poor correlation with
seedling traits. A strong and positive correlation was only observed for shoot fresh weight with
shoot length and root fresh weight under salinity conditions. Principal component analysis revealed
that the first two components, which explained 53% of the total variability, succeeded to identify
the genotypes with high salt tolerance during only one stage (germination or seedling stage) and
both stages. Cluster analysis based on the stress tolerance index of germination and seedling traits
grouped 70 genotypes into four key clusters, with genotypes grouped in cluster 1 and cluster 2 being
salt tolerant during the germination stage and moderately tolerant during the seedling stage; the
opposite was found with the genotypes grouped in cluster 4. According to Ward’s method, the salt
tolerance of genotypes that ranked as most salt-tolerant (T) or salt-sensitive (S) remained almost
unchanged during germination and seedling stages. In contrast, a change in salt tolerance with both
stages was found for the genotypes that ranked as moderately salt-tolerant (MT) and salt-sensitive
(MS) genotypes. The nine SRAP markers divided the tested genotypes into two distinct clusters,
with clusters B had the most T and MT genotypes. Finally, using appropriate statistical methods
presented in this study with SRAP markers will be useful for assessing the salt tolerance of a large
number of barley genotypes and selecting the genotypes tolerant of and sensitive to salinity at the
early growth stage.

Keywords: cluster analysis; germination index; principal component analysis; salt tolerance index;
Ward’s method

1. Introduction

Among the abiotic stresses, salinity stress is the most concerning issue to crop produc-
tion, particularly in arid and semi-arid regions. Approximately 20% (954 million ha) of all
arable land is affected by salinity, and most of it is located in arid and semi-arid countries.
Importantly, salt accumulation in the soil due to heavy application of chemical fertilizers,
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continuous irrigation with brackish water, intensive farming systems, and abrupt climatic
changes converts 1.5 million ha of arable land to non-arable land annually. Therefore, it is
expected that by 2050, the soil affected by salinity stress will account for 50% of the world’s
agricultural land [1]. Moreover, the salinity problem in the agricultural sector causes up
to US$ 31 billion of economic losses annually. Therefore, several integrated agronomic
practices have been applied to overcome the negative impacts of salinity stress on crop
growth and productivity. However, most of the agronomic practices, such as mixing a large
amount of gypsum into the soil and leaching salts from the soil surface, are not sufficient to
face the salinity problems in the agriculture sector; as well, they require particular skills
in their application. Therefore, several studies have agreed that providing farmers with
salt-tolerant genotypes is a practical approach to integrating with agronomic practices
for sustaining crop production under salinity stress conditions [2]. Previous studies have
reported a greater genetic diversity among genotypes for salt tolerance [3-5]. Therefore,
the first and essential step in enhancing the salt tolerance of crop genotypes is to identify
the suitable genetic donors that will introduce tolerance to salt stress into elite cultivars
and prevalent genotypes. Evaluating the salt tolerance of a large number of genotypes is
the first step to getting suitable genetic donors. Because evaluating the salt tolerance of
large genotype collections based on grain yield is time-consuming and costly, evaluating
the salt tolerance among genotypes during the early growth stages could therefore provide
an economic and quick approach to accelerate barley breeding for salinity tolerance.

Germination is one of the most crucial stages in the plant life cycle because it directly
determines the success or failure of subsequent growth and plant development [6]. In
general, salinity stress can inhibit seed germination by preventing the seeds from their
uptake of water due to osmotic stress and/or inhibit the dividing and expanding cells and
alter the activity of some essential germination enzymes due to ion toxicity [7]. Therefore,
former studies found that there are several traits related to the germination ability of seeds,
such as germination index, mean germination time, and seedling vigor index, that showed
high genetic variation among genotypes in different field crops [8-10]. Therefore, these
traits can be used as effective screening criteria for evaluating the salt tolerance of barley
genotypes during their early growth stages.

Previous studies reported that the characteristics of both parts of seedling plants
(shoot and root) demonstrated substantial genotypic variation in the salt tolerance among
genotypes in different field crops [11-13]. Furthermore, in the wheat crop, the ranking of
genotypes based on seedling characteristics such as length and weight of shoot and root
matched well with their ranking in terms of final grain yield [12]. This indicates that if
screening of genotypes for salt tolerance is done during the seedling stage, this screening
may be helpful in finding the salt-tolerant genotypes at the early growth stages. Therefore,
the traits of shoot and root that reflect the seedling growth performance could be effective
screening criteria for evaluating the salt tolerance of genotypes during early growth stages.
Furthermore, because most crops are susceptible to salinity stress at their early growth
stages, assessment of salt tolerance of genotypes at the early growth stages would save
time and funds.

Barley (Hordeum vulgare L.), a member of the grass family, is a major cereal grain crop
grown in temperate climates globally. It is one of the oldest cereal crops, having been
cultivated for about 10,000 years in a region between the Nile (Egypt) and Tigris Rivers
(Iraq), including Southern Turkey. This crop is one of the most important crops due to its
multiple benefits for food, feed, and malting. It is also well-adapted to arid and semi-arid
regions because of its high tolerance to abiotic stresses such as salinity and drought [13]. It
is commonly used as a model to study mechanisms related to salinity adaptation in cereal
crops due to its simpler genome [14,15]. Several studies reported that there are consider-
able genetic variations in barley genotypes in response to salinity stress during different
growth stages [16-19]. Additionally, the temperate cereal crops such as barley showing
higher sensitivity to salinity stress during the early growth stages [20-25].Therefore, as-
sessment of the salt tolerance of barley genotypes at the germination and seedling growth
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stages seems to be necessary in the fast-tracking improvement of salt-tolerant genotypes in
breeding programs.

Molecular markers are widely used as simple and fast tools for assessing genetic
variability and evaluating genotypes for different environmental stresses in breeding
programs. Plenty of molecular markers are available for genetic analysis based on the
resources and applications. Sequence-related amplified polymorphism (SRAP) markers
have emerged as valuable marker tools which can be used for different purposes including
genetic diversity, linkage mapping, population structure gene tagging and cloning, and
marker assisted selection as well as for prediction of heterosis [26-29]. Interestingly, this tool
has a range of advantages including easy-to-use, cost-effectiveness, high reproducibility
and polymorphism rate, and not biased to any environmental conditions [26]. Therefore,
SRAP markers, in combination with morpho-agro-physiological traits, can be used for
diversity analysis for screening different genotypes for their tolerance against salinity stress
during breeding programs [27]. Many cereal crops, including barley, employ the SRAP
marker for diversity analysis for selecting salinity-tolerant genotypes [28,29].

The reaction and sensitivity of genotypes to salinity and tolerance stress during
germination and seedling growth stages seems necessary for identifying the traits that
have potential as evaluating criteria for detecting salt tolerance in barley genotypes at early
growth stages. Therefore, the main aim of this study was to evaluate a large number of
barley genotypes for potential salt tolerance, based on traits of germination ability and
seedling growth performance at the early growth stages. The specific objective was to
assess the ability of SRAP markers and selection approaches, including simple correlation,
principal components analysis, cluster analysis, and Ward’s method for early detection of
salt tolerance of barley genotypes.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

This investigation was conducted using seventy contrasting barley genotypes. These
genotypes were obtained from the Cereal Research lab associated with the College of Food
and Agriculture Sciences, King Saud University, Riyadh, Saudi Arabia. These genotypes
included different varieties and advanced breeding lines. The full name and abbreviation
of these genotypes are given in Table 1. Two experiments were designed and performed
separately to evaluate the salt tolerance of these genotypes during germination and seedling
growth stages. Both experiments were conducted in a controlled growth chamber (Sanyo-
Gallenkamp, Loughborough, United Kingdom) at 25/16 °C day/night temperature, relative
humidity of 60%, and 12-h day length under a light intensity of 300 pumol m~2 s~!. In
the germination experiment, the Petri dishes were kept under dark conditions for the first
three days.

Table 1. Full name, abbreviation (Abb.), and source of the different barley genotypes used in this study.

Genotype Name Abb. Source Genotype Name Abb. Source
Gizal2l Gl Egypt Gizal21/Local/12-1 G36 Saudi Arabia
Beecher G2 ICARDA Gizal23/Local/2 G37 Saudi Arabia
Lignee/Local/174-29-8-3 G3 Saudi Arabia ER/Apm G38 ICARDA
Begona G4 ICARDA Gizal21/Local/1-10-5-5 G39 Saudi Arabia
Carbo G5 ICARDA Arar/h.spont.19-12 G40 ICARDA
Lignee G6 CIMMYT C.C.89/Gizal24 G41 Saudi Arabia
Gizal23/Local/1 G7 Saudi Arabia Gustoe/Local/4 G42 Saudi Arabia
WI2291 G8 ICARDA Sahrawy/Local/4 G43 Saudi Arabia
Gizal34 G9 Egypt Gizal21/Local/4 G44 Saudi Arabia
Tadmor G10 ICARDA Gustoe G45 Commercial

Dd-21 Gl1 ICARDA Giza126 G46 Egypt
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Table 1. Cont.

Genotype Name Abb. Source Genotype Name Abb. Source
Lignee/Local/4 G12 Saudi Arabia Justo/Local/5 G47 Saudi Arabia
Sahrawy G13 Egypt Gizal21/Justo-3 G438 Saudi Arabia
Justo/Local /88-29-10 Gl14 Saudi Arabia Gustoe/Local/2 G49 Saudi Arabia
Barley Gp G15 Pakistan C.C.89/Gizal23 G50 Saudi Arabia
Sahrawy/Local/1 Gl16 Saudi Arabia Gizal23/Justo-4 G51 Saudi Arabia
Gizal23/Local /4 G17 Saudi Arabia Gizal21/Local/5 G52 Saudi Arabia
Waveney G18 ICARDA Rehane G53 CIMMYT
Gizal27 G19 ARC-Egypt Lignee/Local/182-30-9-4 G54 Saudi Arabia
Granado G20 ICARDA Gizal23/Local/24-8-1 G55 Saudi Arabia
Local (Assir) G21 Saudi Arabia Gizal23/Local/40-18-4 G56 Saudi Arabia
Carina/moroc9-75 G22 ICARDA Gustoe/Local/1 G57 Saudi Arabia
Justo/Local /59-13 G23 Saudi Arabia Gizal23/Local /30-11-3 G5h8 Saudi Arabia
Gizal21/Local/3 G24 Saudi Arabia Rihana/Lignee G59 ICARDA
316-80 G25 ICARDA Lignee/Local/5 G60 Saudi Arabia
Justo/Local /80-28-9 G26 Saudi Arabia Sahrawy/Local/5 G61 Saudi Arabia
Gizal23 G27 Egypt Gizal23/Local/3 G62 Saudi Arabia
Assala-04 G28 ICARDA Gp No. 5 G63 Pakistan
Giza 133 G29 Egypt Gizal23/Local /30-7 Go4 Saudi Arabia
Gizal23/Local/15-14-7-7 G30 Saudi Arabia Justo/Local /56-12 G65 Saudi Arabia
Lignee/Local/3 G31 Saudi Arabia ILBA G66 CIMMYT
Armelle G32 ICARDA Gustoe/Local/3 G67 Saudi Arabia
Gizal24 G33 Egypt Lignee/Local/1 G68 Saudi Arabia
Gizal26-1 G34 Egypt Giza2000 G69 Egypt
Gizal21/Local/1 G35 Saudi Arabia SLb42-046 G70 ICARDA

2.2. Germination Experiment and Their Traits Measurements

Factorial experiment was conducted to assess the effects of different salt concentrations
on germination indices of 70 barley genotypes. The experiment was carried out in a
randomized complete block design with two factors and three replicates. The main factor
was genotype and the second factor was salinity with three concentrations (0, 100, and
200 mM NaCl). First, the seeds of different genotypes were surface sterilized by 6%
sodium hypochlorite/H;O solution for 5 min and then rinsed five times with distilled
water. Thereafter, twenty surface sterilized seeds from each genotype were selected for
each replicate and placed on a two layers Whatman No. 2 filter paper in Petri dishes of
7 cm diameter and saturated with distilled water for control treatment or respective saline
solutions for salinity treatments. To avoid moisture loss by evaporation, the petri dishes
were sealed with parafilm and transferred into the growth chamber. Germination data were
collected every 24 h for 8 days. The Seeds were counted as germinated seeds when their
coleoptile or root was at least 2 mm long. Germination percentage (G%), mean germination
time (MGT), and germination rate index (GRI) were calculated using the following formula
described by [30]:

o/ __ Number of normally germinated seeds
G% = Total number of seeds in Petri dish 100

XF
MGT = 3

where F is the number of germinated seeds in x days and XF is the number of total
germinated seeds

GI =) (Gi/Ti)

where Gi is the number of germinated seeds on day i and Ti is the number of days.

2.3. Seedling Experiment and Their Traits Measurements

The seedling experiment was carried out in a randomized complete block design with
two factors and three replicates. The main factor was genotype and the second factor was
salinity with three concentrations (0, 100, and 200 mM NaCl). This experiment was carried
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out in plastic trays containing 120 cells (2.25 inch deep, 1.5 and 2.0 inch bottom and upper
diameter per cell). Each cell was filled with sandy soil and the three surface sterilized seeds
with sodium hypochlorite/H;O solution for 5 min and rinsed with distilled water five
times were manually sown in each cell at a depth of about 1.25”. After seed germination,
the seedling was thinned to a single plant in each cell. Each cell was saturated with distilled
water for control treatment or respective saline solutions for salinity treatments. After
allowing the seedlings to grow for 21 days, different traits related to seedling growth
performance, namely shoot length (SL), root length (RL), shoot fresh weight (SFW), and
root fresh weight (RFW) were measured. The SFW and RFW were measured using a digital
balance apparatus with an accuracy of £0.001 g.

2.4. Stress Tolerance Index

The data of germination and seedling traits measured under control and salinity
conditions were applied to the following equation described by [31] to calculate the stress
tolerance index (STI):

STI = (Xc x Xs)/ (Xc)?

where Xc and Xs are the values of a trait measured under control and salinity conditions,
respectively, while X is the average value of all genotypes of a trait measured under
control condition.

2.5. DNA Extraction and PCR Amplification

A leaf sample from each genotype was collected and stored at —80 °C until further use.
Approximately 1 g of each sample was used for DNA extraction following the Cetrimonium
bromide, Cetyl Trimethyl Ammonium Bromide CTAB method described by [32]. DNA
concentration was measured on Nano spectrometer Genway Nano (Jenway, Stone, Staffs,
UK). Fifteen SRAP markers were tested, while 9 SRAP markers were selected based on
polymorphism information to analyze the genetic diversity of subjected samples (Table 2).
PCR amplification was achieved by preparing a 20 microliter reaction containing 40 ng
DNA, 10 pM of each primer (forward and Reverse), and GoTaq® Green Master Mix by
(Promega, Madison, WI, USA). PCR was carried out as one cycle at 95 °C for 5 min., then
35 cycles were performed as follows: 1 min at 95 °C for denaturation, 45 s At 55 °C for
annealing, and 30 s at 72 °C for extension, then incubated at 72 °C for 7 min. Amplicons
were separated using 2.5% agarose gel according to the method proposed in [33] in 1 x
TAE buffer against 100 bp DNA Ladder as a size marker. Fragments were detected with
ethidium bromide staining, documented on Gel Documentation GelDoc-It TS-310 imaging
system (UVP, Upland, CA, USA), and scored as binary data 1 for present and 0 for absent.

Table 2. SRAP combination and their sequences used in this study.

Combination Forward Primer Sequence Reverse Primer Sequence
1 TGAGTCCAAACCGGATA GACTGCGTACGAATTAAT
2 TGAGTCCAAACCGGATA GACTGCGTACGAATTTGC
3 TGAGTCCAAACCGGATA GACTGCGTACGAATTGAC
4 TGAGTCCAAACCGGAGC GACTGCGTACGAATTAAT
5 TGAGTCCAAACCGGAGC GACTGCGTACGAATTTGC
6 TGAGTCCAAACCGGAGC GACTGCGTACGAATTGAC
7 GAGTCCAAACCGGAAG GACTGCGTACGAATTAAT
8 GAGTCCAAACCGGAAG GACTGCGTACGAATTTGC
9 GAGTCCAAACCGGAAG GACTGCGTACGAATTGAC

2.6. Statistical Analysis

Data of the germination and seedling were subjected to ANOVA analysis appropriate
to randomized complete block design as a factorial arranged with the genotypes and salt
concentrations described as factor A and factor B, respectively. The significance of the
interrelationships of all possible pairs of germination and seedling traits measured under
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control and salinity conditions was determined based on Pearson’s correlation coefficient.
Principal component analysis (PCA) was performed for germination and seedling traits of
all genotypes under both salinity and control conditions. Cluster analysis based on Ward’s
method was performed to group the tested genotypes according to the level of salt tolerance
using the value of STI of different traits of germination and seedling. The distance between
the two clusters was expressed as squared Euclidian distance. The ranking of genotypes
for salt tolerance at individual growth stage and across two growth stages was performed
according to the methods proposed in [34]. ANOVA for both experiments and SRAP
calling was analyzed using PAST 4.0 (Natural Museum of history, University of Oslo) [35].
Correlation and principal component analysis data visualization was achieved by using
RStudio 1.3.959 (RStudio Team 2020) [36], with the following packages: Dendextend [37],
Performance Analytics [38], Facto MineR [39], Devtool [40], ggplot2 [41], and ggpubr [42].

3. Results
3.1. Germination Traits

In general, the average value, G% of all genotypes under control treatment, reached
88.7%, while it went down to 80.2% and 68.4% under moderate (100 mM NaCl) and high
(200 mM NaCl) salt concentrations, respectively (Figure 1). Additionally, about 81% of
tested genotypes attained more than 85% final G% under control treatment, while 53%
(37 genotypes) and only 24% (17 genotypes) of tested genotypes recorded this percentage
for germination under 100 and 200 mM NaCl, respectively. Furthermore, about 34%
(24 genotypes) of tested genotypes attained less than 60% final G% under 200 mM NaCl,
while only 10% of tested genotypes recorded less than 60% final G% under 100 mM NaCl
(Figure 1). There are three genotypes (G62, G68, and G70) attained a very low G% under
100 mM NaCl (40.0%, 35.0%, and 40.0%) and 200 mM NaCl (40.0%, 26.7%, and 16.7%),
respectively. The genotypes G1, G2, G3, G4, G5, G7, G9, G10, G11, and G12 attained more
than 90% final G% under 100 mM NaCl and even under 200 mM NaCl (Figure 1).

The GI also showed a reduction with increasing the concentration of salinity, and it
ranged across all genotypes between 6.7 to 20.0, 2.7 to 18.3, and 1.1 to 16.9, with average
values of 16.0, 11.9, and 8.3 under control, 100, and 200 mM NaCl, respectively (Figure 1).
The GI of G3, G4, G5, and G7 was not significantly affected by increasing salt concentrations,
and the values of GI for these genotypes ranged between 18.7 to 20.0, 16.9 to 17.8, and
16.2 to 16.9 under control, 100, and 200 mM NaCl, respectively. The highest decrease in GI
under both salt concentrations was observed in G62, G68, and G70, and the values of GI
for these genotypes were decreased by 40.0-61.9% and 61.4-80.0% under 100 and 200 mM
Na(l, respectively, when compared with their values under control treatment (Figure 1)

As shown in Figure 1, the MGT was the most germination trait affected by high salt
concentration. The seeds of all genotypes germinated satisfactorily within 2 and 3 days
under control and 100 mM NacCl, respectively, while they germinated within 12-16 days
under 200 mM NaCl. Hence, germination of seeds retarded by >10 days at high salt
concentration compared to control and moderate salt concentration. Importantly, under
different salt concentrations, there were little differences between genotypes in terms of
MGT, where the values of MGT ranged from 1.0 to 2.1 days, 1.1 to 3.3 days, and 12.1 to
15.7 days under control, 100, and 200 mM NaCl, respectively (Figure 1).

3.2. Seedling Traits

Although all genotypes were evaluated during seedling growth stage under two salt
concentrations with control, the data of seedling traits were recorded only for control and
100 mM NaCl because the seedling of all genotypes were died under high salinity 200 mM
NaCl. Table 3 reveals a highly significant effect (p < 0.0001) of the main factor (genotype
and salinity) as well as their interaction on seedling growth traits in terms of SL, RL, SFW,
and RFW.
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Figure 1. Effects of different salt concentrations on germination percentage (A), germination index
(B), and mean germination time (C) of 70 barley genotypes under control, 100 mM NaCl, and 200 mM
NaCl. Data are means + SE (n = 3). The full names of the different abbreviations of genotypes are
listed in Table 1.
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Table 3. Analysis of variance (F and p values) for the effects of genotypes, salinity, and their interaction
on shoot length (SL), root length (RL), shoot fresh weight (SFW), and root fresh weight (RFW) of
seedling after 21 days from sowing.

Traits Source F Value p Value
Genotypes (G) 19.48 0.000 ***
SL Salinity (S) 2395.83 0.000 ***
GxS 8.26 0.000 ***
Genotypes (G) 5.68 0.000 ***
RL Salinity (S) 143.45 0.000 ***
GxS 5.56 0.000 ***
Genotypes (G) 497 0.000 ***
SFW Salinity (S) 476.52 0.000 ***
GxS 417 0.000 ***
Genotypes (G) 2.66 0.000 ***
RFW Salinity (S) 322.76 0.000 ***
GxS 3.07 0.000 ***

*** indicate significance at p < 0.001 probability level, respectively.

Overall, all genotypes illustrated a significant decrease in different seedling traits
under 100 mM NaCl compared to the control treatment. Across all genotypes, decreases
in SL, RL, SFW, and RFW for 100 mM NaCl relative to control treatment were 38.1%,
28.6%, 51.6%, and 60.5%, respectively (Figures 2 and 3). Interestingly, the tested genotypes
demonstrated significant variation in four seedling traits under both control and salinity
conditions. Nearly a two- and five-fold variation was found in the four seedling traits
among the genotypes under control treatment, with SL, RL, SFW, and RFW values ranged
from 22.0 to 46.67 cm, 6.17 to 20.25 cm, 0.54 to 1.91 g plant ™!, and 0.32 to 1.51 g plant™!,
respectively (Figures 2 and 3). Nearly a fourfold variation was found in the SL and RL
among the genotypes under 100 mM NaCl treatment, with SL values ranging from 8.67 to
30.0 cm and RL values ranging from 4.50 to 14.66 cm. The genotypes showed substantial
variation in SFW and RFW under 100 mM NaCl, with about twenty-five-fold and twelve-
fold variation found in SFW and RFW among genotypes, respectively. The values of SFW
and RFW ranged from 0.05 to 1.28 g plant~! and 0.05 to 0.61 g plant~! under 100 mM NaCl,
respectively (Figures 2 and 3).

Additionally, the tested genotypes also showed a substantial variation in relative
changes (the percentage decrease in a trait of salt-affected plants relative to control treat-
ment). The relative change values of SL, RL, SFW, and RFW of tested genotypes ranged from
28.6 to 100.0%, 27.4 to 98.9%, 7.3 to 99.0%, and 8.6 to 98.0%, respectively (Figures 2 and 3).
About 43% and 49% of tested genotypes recorded more than 60% reduction in SFW and
RFW under 100 mM NaCl relative to control, respectively, while only 14% and 6% of tested
genotypes recorded these reduction values for SL and RL, respectively. About 6%, 29%,
10%, and 3% of tested genotypes recoded less than 10% reduction in SL, RL, SFW, and RFW
under 100 mM NaCl relative to control, respectively (Figures 2 and 3).

G5, G10, G11, G23, and G62 recorded the lowest reduction in SL, whereas G13, G34,
G46, G57, and G64 recorded the highest reduction in their SL under salinity conditions.
SFW followed the same pattern as SL, and G6, G12, G23, G30, and G43 recorded the lowest
reduction in SFW. In contrast, G13, G28, G44, G57, and G64 recorded the highest reduction
in their SFW under salinity conditions (Figure 2). G10, G15, G16, G29, G30, and G36 are
the genotypes that recorded less than 10% reduction in their RL under salinity conditions,
whereas genotypes G13, G18, G31, G52, and G64 recorded more than 60% reduction in their
RL under salinity conditions (Figure 3). G1, G12, G35, G43, and G55 recorded more than
78% of RFW of the control under salinity conditions, whereas G6, G25, G44, G52, and G59
recorded more than 90% reduction in their RFW under salinity condition relative to control
treatment (Figure 3).
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Figure 2. Shoot length (A), shoot fresh weight (B), and percentage changes of both traits from control
(C) of 70 barley genotypes under control and 100 mM NaCl conditions. Values are means + SE (n = 3).
The full names of the different abbreviations of genotypes are listed in Table 1.
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Figure 3. Root length (A), root fresh weight (B), and percentage changes of both traits from control
(C) of 70 barley genotypes under control and 100 mM NaCl conditions. Values are means + SE (n = 3).
The full names of the different abbreviations of genotypes are listed in Table 1.
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3.3. Correlation Analysis

Pearson’s correlation revealed that the three germination traits (G%, GI, and MGT),
measured under control or salinity conditions, showed moderate to strong correlations
with each other (r = —0.25-0.86). No correlation was observed between germination traits
and seedling traits measured under either control or salinity conditions, with the exception
of the correlation between G% measured under control and moderate salt concentration,
which showed moderate and negative correlation with SL. measured under control and
salinity conditions and RL measured under control conditions, (Table 4). Strong and
positive correlations were found between SL and SFW measured under control (r = 0.57)
and salinity (r = 0.75) conditions and between SFW and RFW measured under control
(r = 0.57) and salinity (r = 0.69) conditions. Moderate and positive correlations were found
between SL measured under control and SL (r = 0.44) and SFW (r= 0.37) measured under
salinity, RFW measured under control (r = 0.36), and RFW measured under salinity (r = 0.27).
Moderate and positive correlations were found also between SL measured under salinity
and RL (r = 0.42) and RFW (r= 0.44) measured under salinity. The RL measured under
salinity showed moderate and positive correlations with SFW (r = 0.44) and RFW (r = 0.42)
measured also under salinity condition (Table 4).

Table 4. Pearson’s correlation matrix (lower left) and their significant levels (upper right) between
germination and seedling traits of all barley genotypes evaluated under control and salinity conditions.

Traits G% G% G% GI GI GI MGT MGT MGT SL SL RL RL SFW SFW RFW RFW

© 81  (82) ©) (81  (82) (@) (1)  (S2) © (S1) © (S1) (@) (S1) © (S1)
GO/O AN bk Eak Rkl E *% % ns *K % % ns ns ns ns ns
G% (S1) 0.79 Hkk kot EEE) EEE) *ok *% ns *% *% *% ns ns ns ns ns
G% (S2) 0.72  0.79 Fk i i * ** ** ** ns ns ns ns ns ns ns
GI(C) 0.86 0.68 0.69 i i i Fk ** ns ns ns ns ns ns ns ns
GI (S1) 068 0.81 075 0.78 *Ex wE® xx ** ns ns ns ns ns ns ns ns
GI (S2) 056 0.59 079 0.65 0.81 wE® b wEE ns ns ns ns ns ns ns ns
MGT(C) —041 —0.29 —0.44 —0.71 —0.55 —0.52 b i ns ns ns ns ns ns ns ns
MGT(S1) —0.28 —0.36 —0.41 —046 —0.77 —0.66 0.50 i ns ns ns ns ns ns ns ns
MGT(S2) —-0.13 -0.10 —0.29 —0.25 —0.41 —0.72 0.44 0.55 ns ns ns ns ns ns ns ns
SL (C) —0.25 —0.34 —0.26 —0.03 —0.13 —0.05 —-0.13 —0.06 —0.12 i ns ns xRk ** ** **
SL (S1) —0.26 —0.27 —-0.10 —0.07 —-0.10 0.07 —0.11 0.02 —-021 044 ns ** ns wE® ns wE®
RL (C) —0.28 —0.24 -0.17 -0.16 -0.11 -0.02 0.12 -0.02 -0.11 022 0.12 > ns ns ns ns
RL (S1) 002 0.02 008 005 009 006 001 -007 010 018 042 0.35 ns x* ns wEx
SEW (C) -023 -0.18 -0.18 —-0.08 —-0.08 —0.09 —0.04 —0.06 0.00 057 0.16 010 —0.02 ns wEx **
SEW (S1) -0.18 —-0.18 0.04 001 —-0.01 008 —-013 —-0.05 —-0.08 037 0.75 006 044 022 ns wEx
RFW (C) 006 —0.08 —0.15 0.04 -0.09 —-019 003 009 021 036 —0.16 012 0.02 057 —0.05 ns
RFW (1) -0.19 -018 0.00 —0.07 —-0.01 0.06 002 -013 —-0.09 027 045 020 042 026 0.69 0.11

G%, GI, MGT, SL, RL, SFW, and RFW indicate germination percentage, germination index, mean germination
time, shoot length, root length, shoot fresh weight, and root fresh weight, respectively, under control (C), 100 mM
NaCl (S1), and 200 mM NacCl (S2). The bold values in the table and ** and *** indicate significant correlation at the
0.05, 0.01, and 0.001 probability levels, respectively.

3.4. Principal Component Analysis

Five principal components (PCs) from a total of 17 obtained had eigenvalues >1. These
first five PCs explained 79.3% of the total genotypic variability, with the first two PCs
explaining a total variability of about 53% (Table 5 and Figure 4). The first component (PC1)
explained 33.73% of the total variability and had a positive and strong correlation with G%
and GI measured under control and both salt concentrations and a negative and strong
correlation with MGT measured under control and 100 mM NaCl. The second component
(PC2) explained 19.29% of the total variability and had a positive and strong correlation
with SL measured under control and salinity and RL, SFW, and RFW measured under
salinity conditions (Table 5 and Figure 4). The third component (PC3) explained 10.54% of
the total variability and was mainly influenced by SFW and RFW measured under control



Agronomy 2022,12, 3217

12 of 26

conditions. The last two components (PC4 and PC5) explained 8.86% and 6.91% of the total
variability, respectively. PC4 showed strong and positive correlation with MGT measured
under 200 mM NaCl, while PC5 was mainly associated with RL measured under control
conditions (Table 5). According to PCA-biplot, the different genotypes were scattered in
the four quarters of biplot, which indicate the high level of genetic variation among the
tested genotypes (Figure 4).

Table 5. Eigen value, cumulative variability, and factor loadings of the first five principal components
(PCs) for different germination and seedling traits measured under control and salinity conditions of

all barley genotypes.

Traits PC1 PC2 PC3 PC4 PC5
G% (C) 0.817 —0.210 0.145 0.352 —0.030
G% (S1) 0.825 —0.225 0.038 0.319 0.086
G% (S2) 0.862 0.010 —0.094 0.215 0.033
GI(O) 0.870 0.062 0.203 0.199 —0.167
GI (S1) 0.930 0.114 0.057 0.002 0.133
GI (52) 0.865 0.257 —0.102 —0.225 0.100
MGT (C) —0.642 —0.278 —0.162 0.207 0.267
MGT (S1) —0.659 —0.306 —0.056 0.366 —0.189
MGT (S2) —0.471 —0.360 0.134 0.677 —0.040
SL (C) —0.224 0.654 0.447 —0.129 —0.102
SL (S1) —0.147 0.766 —0.324 0.059 —0.292
RL (C) —0.226 0.334 —0.035 —0.133 0.797
RL (S1) 0.003 0.527 —0.262 0.521 0.387
SEW (C) —0.203 0.453 0.712 —0.052 —0.062
SFW (S1) —0.074 0.807 —0.247 0.271 —0.289
RFW (C) —0.156 0.131 0.836 0.242 0.168
RFW (S1) —0.107 0.724 —0.131 0.255 0.060
Eigenvalue 5.73 3.28 1.79 1.51 1.17
Variability (%) 33.73 19.29 10.54 8.86 6.91
Cumulative % 33.73 53.03 63.57 72.43 79.33

G%, GI, MGT, SL, RL, SFW, and RFW indicate germination percentage, germination index, mean germination
time, shoot length, root length, shoot fresh weight, and root fresh weight, respectively, under control (C), 100 mM
NaCl (S1), and 200 mM NaCl (S2). Values in bold denote traits for the suggested factor name.

3.5. Stress Tolerance Index and Cluster Analysis

The tested genotypes showed substantial variation in STI for different germination
and seedling traits (Table 6). The STI for G%, GI, and GMT ranged from 0.27 to 1.25, 0.07
to 1.37, and 0.78 to 3.52 at 100 mM NaCl, and 0.14 to 1.19, 0.03 to 1.27, and 8.24 to 20.12 at
200 mM NaCl among genotypes, respectively. For seedling traits, the STI for SL, RL, SFW,
and RFW ranged from 0.19 to 1.15, 0.21 to 1.98, 0.03 to 1.36, and 0.05 to 1.38 at 100 mM
NaCl among genotypes, respectively (Table 6).

Cluster analysis was performed based on STI calculated for the three germination and
four seedling traits (Figure 5). The dendrogram of cluster grouped the tested genotypes
into four main clusters. Clusters 1 and 2 contained the highest number of tested genotypes
(27 and 28 genotypes, respectively) followed by cluster 4 (8 genotypes) and cluster 3
(7 genotypes (Figure 5).
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Figure 4. Biplot of principal component analysis between different germination and seedling traits
of all barley genotypes evaluated under control and salinity conditions. The vectorial arrows from
the origin of scattered biplot indicate positive and negative correlation among traits. G%, GI, MGT,
SL, RL, SFW, and RFW indicate germination percentage, germination index, mean germination time,
shoot length, root length, shoot fresh weight, and root fresh weight, respectively, under control (C),
100 mM NaCl (S1), and 200 mM NacCl (S2).
Table 6. Salt tolerance indices for different germination and seedling traits of 70 barley genotypes
(Gen.) under 100 (S1) and 200 (S2) mM NaCl.
c G% G% Gl Gl MGT MGT SL RL SFW RFW _ ~ G% G% GI Gl MGT MGT SL RL SFW RFW
e (81 (S2) (S1) (S2) (S1 (§2) (S1) (S (SD (S1 o S (82) (S1) (S2) (SD (82) (S (81D (SD) (1)

G1 119 119 123 096 098 917 044 1.08 0.46 050 G36 095 089 076 070 1.64 1049 072 0.80 0.48 0.35
G2 119 119 118 078 1.04 948 042 047 045 035 G37 1.01 084 071 040 227 1259 080 0.66 0.84 0.55
G3 125 117 137 125 093 8.60 0.62 128 0.18 013 G388 1.03 085 106 044 1.02 9.75 047 060 037 0.23
G4 119 117 134 127 092 824 089 057 0.68 0.31 G39 1.09 085 077 038 1.59 11.88 0.62 1.02 0.76 0.34
G5 121 117 132 124 094 898 070 0.89 0.68 060 G40 088 081 078 065 161 9.32 113 1.01 057 0.52
G6 115 115 0.80 059 184 956 0.82 0.67 049 018 G41 088 076 069 035 146 1195 048 058 057 1.07
G7 113 1.09 123 123 1.04 854 038 071 023 017 G42 068 065 049 051 1.88 1211 056 0.56 0.45 0.30
G8 107 105 08 062 174 1115 053 122 037 053 G43 094 078 105 0.67 0.85 898 085 096 049 0.28
G9 1.03 103 110 073 118 930 065 077 034 018 G44 1.03 079 071 040 225 1216 052 0.81 017 0.16
G1lo0 119 112 099 049 163 1176 058 035 0.33 009 G45 092 074 082 048 1.52 1152 052 118 033 0.78
G11 123 112 126 105 1.05 885 084 076 0.79 049 G46 113 078 075 037 177 1132 030 021 037 0.46
G12 117 1.09 130 109 0.86 940 044 039 023 022 G47 094 066 075 035 161 1246 1.01 198 098 0.78
G13 111 1.07 109 073 1.06 970 029 072 025 045 G48 115 074 070 041 282 1554 019 031 0.08 0.05
G14 1.03 101 087 069 158 1014 034 055 025 016 G49 115 072 097 052 176 1169 070 073 071 0.43
G15 112 110 099 086 1.34 912 067 044 018 015 G50 093 071 074 042 132 1081 024 0.66 0.16 0.19
G1l6 099 097 1.08 1.00 097 890 051 049 012 005 G51 089 069 073 037 1.63 1111 033 0.66 0.16 0.41
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Table 6. Cont.
Gen. G% G% GI GI MGT MGT SL RL SFW RFW Gen. G% G% GI GI MGT MGT SL RL SFW RFW
(S1) (S2) (S1) (S2) (S (S2) (S (S1) (SD (S1) (S (S2) (S (S2) (S1) (S2) (S (S1) (S (S1)
G17 105 097 119 094 083 8.90 0.82 045 0.39 043 G52 073 066 060 060 154 941 0.62 042 0.28 0.18
G18 1.06 104 113 1.00 098 8.94 0.67 0.40 1.12 1.14 G53 086 065 070 0.49 1.66 9.98 0.63 0.67 0.32 0.36
G19 096 090 076 052 1.38 9.84 0.69 056 1.36 0.63 G54 064 050 048 030 1.99 1298 0.82 098 092 0.98
G20 103 097 092 065 142 1156 057 1.05 0.32 0.24 G55 046 046 046 033 1.23 9.19 092 0.62 0.99 0.54
G21 1.01 095 095 0.56 1.22 10.70 041 0.63 0.19 0.29 G56 0.84 055 0.19 0.08 3.52 20.12 036 066 0.10 0.15
G22 099 095 081 043 1.61 1147 052 025 0.78 0.24 G57 078 051 059 036 191 1144 025 026 022 0.18
G23 103 095 099 071 115 1068 0.62 133 0.64 041 G58 057 040 044 033 171 11.84 095 077 0.70 0.31
G24 097 095 1.04 1.04 099 9.42 0.87 1.05 0.70 0.27 G59 077 051 0.69 031 1.45 11.64 058 056 0.30 0.44
G25 107 094 071 059 184 1032 083 051 0.65 0.06 G60 053 040 040 020 210 13.13 1.15 050 0.85 0.64
G26 1.05 095 116 0.84 093 9.77 0.89 082 071 0.39 G61 058 034 0.17 0.11 2.21 14.02 095 047 0.88 0.44
G27 093 093 084 051 1.35 10.76 042 0.70 049 1.04 Ge62 031 031 0.07 0.07 3.08 12.71 079 1.00 1.01 0.28
G28 089 08 019 017 288 15.17 026 091 0.06 0.17 Ge3 075 038 046 023 217 12.08 0.81 051 0.29 0.26
G29 098 098 09 080 149 8.50 072 072 0.56 0.35 Ge4 059 033 033 014 257 1495 027 055 0.03 0.16
G30 086 085 091 0.80 1.05 9.41 1.02 107 133 1.38 G65 044 036 021 0.20 2.59 1590 1.03 1.04 0.85 1.07
G31 096 092 083 081 135 1149 042 052 040 0.26 G66 053 040 041 034 179 9.13 094 074 054 0.50
G32 092 092 049 042 286 13.04 081 066 053 0.50 Ge67 107 038 078 018 1.99 1397 054 062 021 0.33
G33 1.11 089 055 030 3.52 1715 041 096 0.39 0.89 G688 027 020 017 0.07 210 1636 097 130 0.87 0.28
G34 101 08 088 044 1.26 1147 023 042 0.13 0.21 G69 065 018 063 0.06 132 10.13 077 099 0.69 0.35
G35 101 087 117 079 0.78 8.69 054 0.69 0.39 0.18 G70 034 014 0.07 0.03 147 8.38 0.59 0.61 0.17 0.22
G%, GI, MGT, SL, RL, SFW, and RFW indicate germination percentage, germination index, mean germination
time, shoot length, root length, shoot fresh weight, and root fresh weight, respectively, under control (C), 100 mM
NaCl (S1), and 200 mM NaCl (S2). The full names of genotypes are listed in Table 1.
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Figure 5. Hierarchical cluster derived by Ward’s methods of 70 barley genotypes based on salt

tolerance indices of germination and seedling shoots and roots traits measured under control and

salinity conditions. The full names of genotypes are listed in Table 1.

The genotypes formed cluster 1 attained the highest STI values for G% and GI and
lowest values for MGT under two salt concentrations followed by the genotypes in cluster
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2; the opposite was true for the genotypes in cluster 3 and 4 (Table 7). The highest STIs for
length and weight seedling shoots and roots under salinity were observed for the genotypes
formed cluster 4, whereas the lowest STI values for shoot (SL and SFW) and root (RL and
RFW) was recorded for the genotypes formed cluster 3 and cluster 2, respectively (Table 7).

Table 7. Mean values of stress tolerance index for different germination and seedling traits under
different salt concentrations of the four clusters of 70 barley genotypes.

Traits Cluster 1 Cluster 2 Cluster 3 Cluster 4
Genotypes No. 27 28 7 8
G% (S1) 0.99 0.94 0.75 0.75
G% (S2) 0.93 0.78 0.56 0.54
GI (S1) 1.01 0.76 0.34 0.48
GI (52) 0.82 0.48 0.20 0.25
MGT (S1) 1.14 1.59 2.86 2.26
MGT (S2) 9.10 11.20 16.45 13.11
SL (S1) 0.69 0.54 0.50 0.86
RL (S1) 0.72 0.68 0.82 0.86
SFW (S1) 0.51 0.45 0.34 0.78
RFW (S1) 0.39 0.38 0.40 0.56

G%, GI, MGT, SL, RL, SFW, and RFW indicate germination percentage, germination index, mean germination
time, shoot length, root length, shoot fresh weight, and root fresh weight, respectively, under 100 mM NaCl (S1),
and 200 mM NaCl (S2).

3.6. Ranking of Genotypes for their Relative Salt Tolerance at Two Growth Stages

Based on STI for germination and seedling traits, the genotypes were grouped into
four main clusters at each growth stage. Based on the sum ranking of genotypes for their
salt tolerance for both growth stages, the genotypes re-ranked into also four categories,
namely salt-tolerant (T), moderately salt-tolerant (MT), moderately salt-sensitive (MS), and
salt-sensitive genotypes (S) (Table 8).

Table 8. Final ranking of genotypes (Gen.) for their relative salt tolerance at the germination stage
(GS) and seedling stage (SS) based on the stress tolerance index of the traits of each stage in cluster
analysis (Ward’s minimum variance analysis).

Gen. GS SS Sum Rank FTD Gen. GS SS Sum Rank FTD
G18 1 1 2 1 T G15 1 4 5 3 MS
G19 1 1 2 1 T Gl6 1 4 5 3 MS
G30 1 1 2 1 T G17 1 4 5 3 MS

G1 1 2 3 1 T G22 2 3 5 3 MS
G3 1 2 3 1 T G35 1 4 5 3 MS
G24 1 2 3 1 T G37 2 3 5 3 MS
G27 2 1 3 1 T G38 1 4 5 3 MS
G41 2 1 3 1 T G49 2 3 5 3 MS
G45 2 1 3 1 T G52 1 4 5 3 MS
G69 1 2 3 1 T G53 1 4 5 3 MS
G4 1 3 4 2 MT G54 4 1 5 3 MS
G5 1 3 4 2 MT G58 2 3 5 3 MS
G6 1 3 4 2 MT G68 3 2 5 3 MS
G8 2 2 4 2 MT G70 1 4 5 3 MS
Gl11 1 3 4 2 MT G10 2 4 6 4 S
G20 2 2 4 2 MT G21 2 4 6 4 S
G23 2 2 4 2 MT G31 2 4 6 4 S
G25 1 3 4 2 MT G34 2 4 6 4 S
G26 1 3 4 2 MT G42 2 4 6 4 S
G29 1 3 4 2 MT G44 2 4 6 4 S
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Table 8. Cont.

Gen. GS SS Sum Rank FTD Gen. GS SS Sum Rank FTD
G33 3 1 4 2 MT G46 2 4 6 4 S
G36 1 3 4 2 MT G50 2 4 6 4 S
G39 2 2 4 2 MT G51 2 4 6 4 S
G40 1 3 4 2 MT G57 2 4 6 4 S
G43 1 3 4 2 MT G59 2 4 6 4 S
G47 2 2 4 2 MT G62 4 2 6 4 S
G55 1 3 4 2 MT G63 2 4 6 4 S
G65 3 1 4 2 MT G28 3 4 7 4 S
G66 1 3 4 2 MT G32 4 3 7 4 S
G2 1 4 5 3 MS G48 3 4 7 4 S
G7 1 4 5 3 MS G56 3 4 7 4 S
G9 1 4 5 3 MS G60 4 3 7 4 S
G12 1 4 5 3 MS Go61 4 3 7 4 S
G13 1 4 5 3 MS Go64 3 4 7 4 S
Gl14 1 4 5 3 MS G67 4 4 8 4 S

T, MT, MS, and S indicate salt-tolerant, moderately salt-tolerant, moderately salt-sensitive, and salt-sensitive
genotypes, respectively. FTD indicates final tolerance degree.

The results in Tables 8 and 9 show that the genotypes in T category, containing
10 genotypes, attained higher values for G% and GI measured under both control and
salinity conditions, as well as RL and SFW measured under control conditions, and RFW
measured under both conditions and lower values for MGT measured under both con-
ditions; however, the opposite was true for the genotypes in S category, consisting of 21
genotypes and attaining lower values for G% and GI measured under both control and
salinity conditions as well as lengths of shoot and root measured under both conditions and
weights of shoot and root measured under salinity conditions and lower values for MGT
measured under both conditions (Tables 8 and 9). Categories MT and MS included 19 and 20
genotypes, respectively (Table 8). The average values of germination traits measured under
both conditions of the genotypes in MT and MS categories were occasionally comparable
to those the genotypes in T category, whereas the genotypes of the MT possessed higher SL,
RL, and SFW under salinity conditions compared with the genotypes in T category and the
genotypes of the MS possessed lower SFW and RFW under control conditions compared
with the genotypes in S category (Table 9).

Table 9. Mean values of different germination and seedling traits measured under different salt
concentrations of the four categories of salt tolerance of genotypes.

Traits T MT MS S

G% (C) 90.17 91.67 87.58 86.23
G% (S1) 83.83 81.75 80.67 76.78
G% (S2) 74.67 73.60 70.83 58.33
GI(O) 17.24 17.11 16.22 14.17
GI (S1) 13.78 12.34 12.84 9.78
GI(52) 10.01 9.35 9.22 5.75
MGT (C) 1.11 1.17 1.15 1.37
MGT (S1) 1.59 1.94 1.76 2.22
MGT (S2) 13.23 13.29 13.20 13.90
SL (O) 35.03 34.91 33.77 31.10
SL (S1) 20.60 25.20 19.84 17.52
RL (C) 13.19 12.94 11.90 11.52
RL (S1) 9.96 10.58 7.97 7.26
SFW (C) 1.35 1.10 1.05 1.09
SFW (S1) 0.65 0.72 0.51 0.36
RFW (C) 0.86 0.67 0.61 0.68
RFW (S1) 0.38 0.33 0.24 0.20

G%, GI, MGT, SL, RL, SFW, and RFW indicate germination percentage, germination index, mean germination
time, shoot length, root length, shoot fresh weight, and root fresh weight, respectively, under control (C), 100 mM
NacCl (S1), and 200 mM NacCl (S2).
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3.7. SRAP Analysis

We used nine SRAP combinations, which showed highly polymorphic bands with
good resolution on the gel to be scored. Seventy-one bands were amplified by the primer
combinations, averaging 7.89 bands per primer. Out of 71, there were 65 polymorphic
bands, with an average polymorphism of 7.44 for a single primer (Table 10). The number of
polymorphic bands varied from three to eleven, where three were produced by combination
three, while eleven bands arose from combination eight. Polymorphic information content
(PIC) for most primers was more than 0.8, where the lowest was 0.4 for 9th combination and
the highest for combination four. The clustering dendrogram was constructed based on the
similarity matrix data using the unweighted pair-group method with arithmetic averages
(UPGMA). The 70 genotypes were divided into two distinct clusters, with clusters A and
B consisting of 37 and 33 genotypes, 28 and 20 of which, respectively, were sensitive and
moderately sensitive genotypes, and tolerant and moderately tolerant genotypes (Figure 6)

Table 10. PCR amplicons obtained from SRAP markers.

Primer Comb. AN PBN P% TP DP% PIC
1 8 8 100 352 11.94 0.82
2 7 7 100 324 10.45 0.80
3 7 3 43 422 448 0.80
4 11 8 73 582 11.94 0.90
5 13 11 85 336 16.42 0.86
6 6 6 100 279 8.96 0.81
7 7 7 100 350 10.45 0.84
8 6 11 183 263 16.42 0.80
9 6 6 100 303 8.96 0.40
Total 71 67 884 3211 100 7.11
Avg/Primer 7.89 7.44 98 356.78 11.11 0.79

AN, PBN, P%, TP, DP% and PIC indicate amplicon numbers, polymorphic bands numbers, polymorphism
percentage, total bands, discrimination power, and polymorphic information content, respectively.
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Figure 6. Dendogram from cluster analysis (UPGMA) based on genetic similarity as revealed by
SRAP markers analysis. UPGMA indicates unweighted pair group method of arithmetic means.
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4. Discussion

Germination and seedling are the two important stages in the life cycle of any crop,
where the growth and production of the plants in the subsequent growth stages are closely
associated with their performance at both stages. Importantly, the success or failure of a
plant stand to reach full maturity depends on seed germination percentage and seedling
establishment at the early stages. Therefore, germination and seedling stages in plant
growth toward salinity stress are very important. This is because screening salt tolerance
during both stages seems to be valuable in evaluating the salt tolerance of a large number
of genotypes rapidly and cost-effectively. Therefore, we hypothesized in this study that if
the genotypic differences in the germination ability and seedling performance occur during
germination and/or seedling stages, identification of salt-tolerant genotypes at the early
growth stage, which takes only about three weeks in different genotypes, can be possible.

4.1. Ability of Evaluating Salt Tolerance of Barley Genotypes at Early Stage Based on
Germination Indices

Various researchers have reported the significant effects of salinity stress on germi-
nation ability [43,44]. However, conflicting results have been reported in the literature
regarding genotypic differences in salt tolerance based on germination indices [45]. Some
studies have reported relatively few variations in salt tolerance among genotypes during
germination [46], while other studies successfully identify significant variations in salt
tolerance among genotypes during this stage [46]. This discrepancy has been attributed
to differences in plant species and the concentrations of salinity stress used in the evalua-
tion of genotypes. According to previous studies, 150 mM NaCl concentration or higher
was effective for detecting the salt tolerance variations among genotypes during germi-
nation [45,47-49]. In this study, with an increasing concentration of salinity stress, G%
and GI significantly decreased, while MGT increased (Figure 1). However, the genotypic
variation in these traits emerged more clearly under 200 mM NaCl, which indicates that it is
possible to detect genotypic differences in salt tolerance among barley genotypes during the
germination stage, but the concentration of salinity plays an important role in achieving this
target. This finding is also consistent with the results reported for wheat [47,49], oat [45],
and sorghum [9,50,51], they reported the efficiency of 160 mM concentration of NaCl or
higher in differentiating salt tolerance among genotypes during the germination, with
this degree of salt stress decreased the G% and increased the duration of germination of
genotypes. In fact, high concentrations of NaCl can influence germination ability by directly
altering seed water absorption due to the increased osmotic potential of germination media,
which subsequently limits water uptake and thus reduces germination [7,52,53]. Moreover,
allowing the toxic ions (Na* and C17) to enter the cells of seeds and concentrate to a high
level would contribute to a disturbance in several biochemical reactions that regulate the
different metabolisms involved in seed germination such as nucleic and protein metabolism,
nutrient and hormone balances, energy production, and respiration [54-56]. Additionally,
the toxic ions increase phenolic compounds [57] and reduce the use of seed reserves [58-60].
As a result, high salt concentrations result in seed germination inhibition and cause seed
germination to be delayed. These findings were confirmed through the strong and positive
correlation between G% and GI measured under both control and salinity conditions as
well as moderate to strong negative correlations between both traits and MGT (Table 4).
These findings indicate that, due to a higher correlation between germination traits, these
traits can be used as good selection criteria for salt tolerance of barley genotyped at the
early growth stage.

4.2. Ability of Evaluating Salt Tolerance of Barley Genotypes at Early Stage Based on
Seedling Traits

Previous studies reported that the seedling stage plays a vital role in the growth of
plants toward salinity and other abiotic stresses [49,61-63]. This is because the seedling
shoots of most genotypes could fail to form when the specific stress regime exceeds the
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salinity tolerance threshold of crops, which is 200 mM NaCl for almost all crops belonging
to glycophytes in general and barley in particular. As expected, the seedling growth of all
genotypes, as measured by SL, RL, SFW, and RFW, was significantly decreased with the
increasing salt concentrations, and at 200 mM NaCl, all genotypes failed to form shoots
and roots. At 100 mM NaCl, SL, RL, SEW, and RFW were decreased by 38.1%, 28.6%,
51.6%, and 60.5%, respectively, when compared with the control treatment (Figures 2 and 3).
Interestingly, there were several genotypes for which the range of values in shoot and root
traits, particularly, SFW and RFW, were less than two to four times the average values
achieved by the highest-ranking genotypes (Figures 2 and 3), which shows evidence for
variability in the performance of the 70 genotypes under salinity conditions during the
seedling stage. About 43% and 49% of tested genotypes recorded more than 60% reduction
in SFW and RFW under 100 mM NacCl relative to control, respectively, while only 14%
and 6% of tested genotypes recorded these reduction values for SL and RL, respectively.
About 6%, 29%, 10%, and 3% of tested genotypes recoded less than 10% reduction in SL,
RL, SFW, and RFW under 100 mM NaCl relative to control, respectively (Figures 2 and 3).
These results indicate that the traits of seedling shoots and roots were affected almost to
the same degree by salinity, while the weights of the shoot and root were more drastically
affected than their lengths. These findings also indicate that genetic variation exists within
the genotypes in terms of seedling shoots and roots traits, and therefore detecting the
salt tolerance of barley genotypes at the seedling stage can be possible. The decrease in
length and weight of seedling shoot and root with increasing salt concentrations observed
in this study for barley genotypes is in agreement with previous studies conducted for
different field crops such as wheat, oat, rice, sorghum, faba bean, and lentil [63-69]. All
of these results reported a significant reduction in lengths and weights of seedling shoot
and/or root under different salinity treatments. These further confirm that the reduction
of seedling roots and shoots is a common phenomenon in many crops under salinity
stress conditions, with the existence of wide genetic variation for seedling traits among the
genotypes. Most importantly, these findings reflect that variability in the salt stress response
may be readily explored during the seedling phase, thus allowing experimentation for
reliable selection of salt-tolerant genotypes at early growth stages. The reduction in lengths
and weights of seedling shoots and roots could be due to the high NaCl concentration in
the seedling growth media causing osmotic potential that resulted in inadequate water
and essential nutrients uptake, and in addition, the toxicity effects of specific ions due to
accumulation of excess Na* and Cl~ ions in the shoots and roots. These negative impacts
of salinity contribute to disruption in several physiological and biochemical processes that
are essential for seedling growth such as limiting elongation and division of cells, reducing
intercellular CO, concentration, protein synthesis, photosynthetic pigments, leaf area, and
then photosynthesis rate, and increasing the generation of reactive oxygen species. All of
these negative impacts of salinity stress ultimately inhibit seedling growth and biomass
accumulation [7,70-74].

4.3. Relationship between the Salt Tolerance during Germination and Seedling Stages

The correlation analysis can be used to define the relative importance of traits used in
the evaluation as well as the degree of association between one growth stage to another.
Based on the correlation results between any pairs of germination and seedling traits
(Table 4) we found that (1) strong significant correlation was found between germination
traits measured under control conditions with those measured under salinity conditions;
(2) no significant correlation was found between traits of germination and seedling, with
few exceptions; (3) weak or no correlation was found between seedling traits measured
under control conditions with those measured under salinity conditions; and (4) strong
positive correlation was observed between SFW and RFW when they were measured under
the same conditions. These results revealed that salt tolerance during the germination
and seedling stages was not correlated, suggesting that it is essential to evaluate the salt
tolerance of most genotypes during both germination and seedling stages to establish an
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effective evaluation method. Genotypes that have better performance for germination
ability under control conditions do indicate also a better performance of germination
indices under salinity conditions. In contrast, the genotypes that show good performance
for seedling growth under control conditions were not necessarily able to tolerate salinity
stress. The close relationship between shoot and root characteristics indicates that both the
seedling shoots and roots are equally sensitive to salinity stress and when roots become
sensitive to salinity stress, the shoot growth is also restricted.

4.4. Detecting the Salt Tolerance of Genotypes Using Multivariate Analysis

Because the salt tolerance mechanism of plants is very complicated, particularly
when evaluating a large number of genotypes at different growth stages and salinity
levels, fully and accurately evaluating salt tolerance based on a single trait is difficult.
Therefore, it is important to evaluate the salt tolerance of genotypes and identify the
superior one based on multiple and various traits [34]. To achieve this objective, an
appropriate statistical method is urgently needed. In this study, we used multivariate
analyses such as principal component analysis (PCA) and cluster analysis to detect and
facilitate the evaluation of salt tolerance of tested genotypes using all germination and
seedling traits. The main advantages of using the multivariate analysis in the evaluation of
salt tolerance are to facilitate ranking genotypes for salt tolerance even when genotypes
are evaluated at different growth stages and salinity levels, allow ranking genotypes using
simple numbers, detect complex relationships among genotypes, treatments, and traits in
a more understandable way, and reduce a large number and wide variety of associated
traits into a small number of representative variables called PCs [34,75-80]. In this study,
the PCA was used to investigate the ability of all germination and seedling traits measured
under control and salinity conditions for detecting the salt tolerance of genotypes at the
early growth stage as well as following the performance of genotypes during germination
and/or seedling stage. According to (Table 5), the PC1, which accounts 33.73% of the total
variation, had a positive and strong correlation with G% and GI measured under control
and salinity conditions and a negative and strong correlation with MGT measured under
control and moderate salinity conditions, whereas the PC2, which accounts for 19.29% of
the total variation, had a positive and strong correlation with length and weight of seedling
shoots and roots measured under salinity conditions. These results reflect that selection
based on the PC1 can cause the selection of genotypes with a high ability of germination
and germination speed under both control and salinity conditions, whereas the selection
based on PC2 can cause the selection of genotypes with a high length and weight of seedling
shoots and roots under salinity conditions. Therefore, the first PC can be considered a
germination ability component and the second PC can be called a seedling performance
under salinity conditions component. The third PC, which accounts 10.54% of the total
variation, can be considered a seedling performance under control conditions component
because this PC had high and positive correlation with weight of seedling shoots and roots
measured under control conditions (Table 5). Therefore, based on the first two PCs and
scatter PCA-biplot (Figure 4), the genotypes located in the quarter with the highest PC1 and
lowest PC2 (eighteen out of 70 genotypes) can be considered as tolerant to salinity stress
only during the germination stage, whereas the genotypes located in the opposite quarter
(fourteen out of 70 genotypes) can be regarded as tolerant to salinity stress only during
the seedling stage. The genotypes located in the quarter with the highest PC1 and PC2
(twenty-one out of 70 genotypes) can be considered as tolerant to salinity stress during both
germination and seedling stages, whereas the genotypes located in the opposite quarter
(seventeen out of 70 genotypes) can be considered as sensitive to salinity stress during
both stages (Figure 4). Therefore, these results confirmed the importance of using PCA
for evaluating and classifying the salt tolerance of genotypes at the early growth stage
using multiple traits. The use of PCA to differentiate genotypes for salt tolerance during
germination and seedling stage has also been confirmed by other researchers in different
crops [63,75,81,82].
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Because the performance of genotypes may change across the stress and non-stress
conditions, different stress tolerance indices have been proposed to understand the growth and
production performance of genotypes across contrasting growth conditions [31,49,83,84]. In
fact, STL is an appropriate index to identify the genotypes that have good growth performance
under both stress and non-stress conditions with high tolerance to stress, therefore this index
is the best discriminator of sensitive and tolerant genotypes at the seedling stage [85,86]. In
this study, cluster analysis (Ward’s method) based on STI of germination and seedling traits
also succeeded in classifying genotypes based on their salt tolerance and growth performance
during germination and seedling growth stages. The genotypes that formed cluster 1 can be
considered as tolerant to salinity stress only during the germination stage and moderately
tolerant to salinity stress during the seedling stage because these genotypes had the highest
STI for G% and GI, lowest STI values for MGT, and medium STI value for length and weight
of seedling shoots and roots; the opposite was true for the genotypes that formed cluster
4 (Table 7). The STI values of germination traits and STI values of seedling root traits (SL
and RFW) of the genotypes formed cluster 2 were comparable with those of the genotypes
in cluster 1 and cluster 4, respectively, which indicate that these genotypes have the ability
to tolerate to salinity stress during germination stage and have good performance for root
characteristics under salinity conditions. Therefore, these results confirm that cluster analysis
with STI also succeeded in identifying the genotypes differing in tolerance/sensitivity to
salinity stress during germination and seedling growth stages. These findings were consistent
with the results of Dehnavi et al. [9], Alam et al. [87], and Mohi-Ud-Din et al. [88], who
reported that cluster analysis had been successful in defining the dissimilarity and grouping
of the genotypes based on different stress tolerance indices.

Another advantage of cluster analysis (Ward’s method) is the ability to rank genotypes
when the salt tolerance of plants is changed from one growth stage to another, as observed
with some genotypes tested in this study. By this method, the genotypes were ranked at each
growth stage by adding the numbers in cluster group ranking at each growth stage, while
the genotypes were finally ranked based on the sum of these numbers with the smallest
and largest sums ranked as salt-tolerant and salt-sensitive genotypes, respectively [34].
Based on this method, the genotypes were finally ranked across germination and seedling
growth stages into four distinct groups (Table 8). The genotypes in group 1 attained a
higher value for G% and GI measured under control and salinity conditions, RL, SFW, and
RFW measured under control conditions, RFW measured under salinity conditions, and
the lowest value for MGT under both conditions; however, the opposite was observed
with the genotypes in group 4 (Table 9). The genotypes in group 2 attained a comparable
value for germination traits with those of group 1 and a high value for SL, RL, and SFW
measured under salinity conditions (Table 9). The germination ability of genotypes in
group 3 was less affected by salinity stress as compared to group 4, whereas their seedling
traits were affected by salinity stress as it the case with group 4 (Table 9). Therefore,
the genotypes of group 1, group 2, group 3, and group 4 were considered salt-tolerant
(T), moderately salt-tolerant (MT), moderately salt-sensitive (MS), and salt-sensitive (S)
genotypes, respectively. As shown in Table 8, a similar salt tolerance during both stages
was observed in the genotypes in group 1 as well as in the bottom 8 genotypes in group
4, whereas other genotypes were ranked as having high salt-tolerant or intermediate salt
tolerance during the germination stage, but they were ranked as having poor salt tolerance
during the seedling stage (Table 8). All the above-mentioned results indicate that the
numbers of Ward’s method are the simplest way to differentiate genotypes for salinity
stress at different growth stages. Additionally, the salt tolerance of genotypes that ranked
as having strong and poor salt tolerance can be detected at the early growth stage, whereas
the salt tolerance of genotypes that ranked as having intermediate salt tolerance should be
evaluated at different growth stages.
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4.5. Detecting the Salt Tolerance of Genotypes Based on SRAP

Different molecular markers have been developed and widely used to analyze the
genetic diversity in several crops. Previous studies on different crops reported the efficiency
of SRAP in diversity evaluation studies due its affordability, reproducibility, and do not
require any genome related information [89-91]. In this study, the high PIC values illustrate
the power of SRAP for this analysis (Table 10). In a Dendogram based on SRAP (Figure 6)
we tagged our genotypes with their relative classification from the rank based on the
numbers of Ward’s method presented in Table 8 to display their genetic relatedness. From
the analysis, it is evident that most of the genotypes cluster with similar phenotypic
classification of genotypes, although there are some discrepancies that could be settled
down by increasing the number of primers for genetic analysis. We are not claiming
that SRAP can identify the salt tolerance of genotypes but in our case, it followed the
classification based on other criteria. SRAP will be useful for the selection of genotypes
from the same cluster to reduce the genetic over-representation of the same germplasm as
tolerant stock.

5. Conclusions

Genetic diversity is considered a valuable source in a breeding program designed
for improving the salt tolerance of genotypes and/or identifying the desired traits related
to salt stress tolerance. This study confirms the existence of a wide range of genotypic
variability in salt tolerance among barley genotypes during the early growth stages. How-
ever, concentration of salinity is one of the most important factors for evaluating the salt
tolerance of genotypes during germination and seedling stages. Results showed that
barley can be considered as a salt-tolerant and moderately salt-tolerant crop during ger-
mination and seedling stages, respectively, where the seeds can withstand up to 200 mM
NaCl, whereas the seedling shoots of most genotypes failed to form at this level of salinity.
Germination indices and seedling traits can be used as an effective and simple tool for
detecting the salt tolerance of barley genotypes at the early growth stages. However, a
poor correlation between germination indices and seedling traits indicates that the salt
tolerance of genotypes may change during germination and seedling stages as well as the
subsequent growth stages. Therefore, multivariate analysis together with germination and
seedling traits simultaneously are helpful to accurate and facilitate ranking genotypes for
salt tolerance when they are evaluated across different growth stages. Based on PCA and
cluster analysis, we identified the genotypes that perform well during the germination
and seedling stages separately or both stages together. Cluster analysis (Ward’s method)
with different germination and seedling traits simultaneously facilitates the rankings of
genotypes based on their salt tolerance at each growth stage and across both stages. The
variability in salt tolerance of the groups of genotypes determined by Ward’s method was
verified to some extent by the SRAP markers tool. Finally, this study confirmed the useful-
ness of multivariate analysis as a suitable tool in barley-breeding programs for studying
complex relationships among genotypes, treatments, and traits in a more understandable
way and detecting the salt tolerance of genotypes at the early growth stages.
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