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Abstract: Soil salinity is one of the constraints of crop production in Egypt. The aims of this study
were to identify genomic regions associated with grain weight and its related traits along with their
salinity tolerance indices and to identify the most salinity tolerant and high-yielding genotypes.
Therefore, we evaluated an advanced backcross mapping population of barley in newly reclaimed soil
under two salinity levels of groundwater aquifers in South of Sinai, Egypt. We detected significant
QTL associated with grain weight related attributes and the salinity tolerance index (STI) distributed
throughout the whole genome of barley, which can be used to enhance salinity tolerance. Moreover,
the markers bPb-3739 (4H, 96.3 cM), AF043094A (5H, 156 cM), bPb-8161 (7H, 2.22 cM), and bPb-5260
(7H, 115.6 cM), were the most important identified genomic regions corresponding to vernalization,
dwarfing and dehydrin genes, which are correlated with salinity tolerance. Additionally, the doubled
haploid lines SI001, S1043, S1044, S1028, SI242, SI035, and SI005 had the highest STI values based on
yield average. The present study demonstrated that wild and elite barley do harbor novel valuable
alleles, which can enrich the genetic basis of cultivated barley and improve quantitative agronomic
traits under salinity conditions.

Keywords: barley; salinity indices; quantitative trait locus/loci (QTL); salinity tolerance

1. Introduction

Soil salinization is increasing around the world, especially in arid and semi-arid
regions, mainly due to climate change [1,2], and has significant impact on agricultural
productivity and sustainability [3]. It has been reported that about one-fifth of the world’s
total irrigated lands are salt-affected, and Egypt is one of the most significantly impacted
countries [4]. The River Nile is the primary source of irrigation water in Egypt; however,
in newly reclaimed areas, especially in coastal regions, groundwater is used for irrigating
certain crops [5]. Soil salinity, or irrigating crops with saline water, reduces growth and
development of plants, and consequently reduces the final yield [1,6].

Cultivated barley (Hordeum vulgare L.) is the fourth most widely cultivated cereal in
the world, and the main crop grown at a large scale in the North Coastal Region of Egypt,
as well as in newly reclaimed areas with saline soils and a shortage of fresh water under
different irrigation systems [7,8]. Cultivated barley originated from wild barley, and was
domesticated within the Fertile Crescent and Tibet, and shows significant narrowing of the
genetic base due to the domestication process [9]. However, wild barley germplasm is a
rich source of useful genes for salinity tolerance improvement in barley. Variations in shoot
Na* accumulation and other salinity tolerance traits among H. vulgare ssp. spontaneum
accessions have been demonstrated. This subspecies is widely distributed in the Middle
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East [10]. The accession ISR 42-8 is an exotic wild barley (H. vulgare L. ssp. spontaneumnt)
which show high tolerance/resistance to drought and salt/Al stress [1,11].

Monitoring the genetic diversity within genetic resources of a crop for trait tolerance
to salinity in order to identify salinity-tolerant genotypes is an efficient approach to reduce
yield loss [12]. To do this, several selection indices, such as the salinity tolerance index
(STI), have been suggested as a screening- method based on the mathematical relationships
between control and stress conditions [13]. However, little is known about the genetic
control of the salinity tolerance index as a phenotypic criteria associated with salinity
tolerance-related traits. Salinity tolerance is a complex trait which is governed by quantita-
tive trait loci (QTL) [14]. Hence, detection of salinity tolerance loci using molecular markers
is necessary to assist in the breeding of salt-tolerant crops. QTL mapping in segregated
populations is an important strategy to create more stress-tolerant crops, by identifying
inherited markers associated with loci with exotic or elite alleles contributions. These loci
control the trait of interest, particularly complex quantitative traits such as salt tolerance
and its related characteristics.

Numerous studies have reported the QTL for salt tolerance in barley at different
growth stages. For instance, the major salinity tolerance locus HvNax3 was mapped on
chromosome 7HS in a bi-parental population originating from crossing the wild barley
CPI1-71284-48 (Hordeum vulgare ssp. spontaneum) and the cultivar Barque-73 [15]. Mano
and Takeda [16] detected the QTL for salinity tolerance on chromosomes 1H and 5H in
the Harrington x TR306 population, and on 4H, 5H, and 6H in the Steptoe x Morex
population. Elucidating natural variation and genetic control of yield related traits under
salinity conditions could help to improve barley production worldwide and particularly in
Egypt. The aims of this study in barley were (1) to examine the natural phenotypic and
genetic variation of grain yield and its related traits in response to salt stress in 301 doubled
haploid lines; (2) to identify the valuable exotic and elite alleles for salinity tolerance; and
(3) to identify the most salinity tolerant and high-yielding BC;DH lines that could be used
for yield improvement under salt stress.

2. Materials and Methods
2.1. Plant Materials and Genotyping

A mapping population containing 301 BC,DH lines (designated as S42) from the cross
Scarlett x ISR 42-8 and both parents were studied in four field trials under two salinity
levels for two growing seasons, in newly reclaimed desert soil. Scarlett is a German barley
cultivar, whereas ISR 42-8 is a Hordeum vulgare ssp. spontaneum accession. Details on the
development of the DH-lines are given in von Korff et al. [17]. The S42 population was
genotyped with 371 DNA markers, including 10 gene-specific DNA markers referred to by
Wang et al. [18], 255 diversity array technology (DArT) markers following Sayed et al. [19],
and 106 simple sequence repeats (SSRs) based on von Korff et al. [17], in order to perform
the QTL analysis.

2.2. Experimental Site, Design, and Trial Management

The experiment was carried out at Ras Sudr experimental station (29°35'59” N,
32°42'05" E), Desert Research Center (DRC), Western Sinai Peninsula, South Sinai Gov-
ernorate, Egypt, during the 2017-2018 and 2018-2019 growing seasons. The region is
described as a semi-arid area with very low precipitation, and limited available freshwater,
and the ground-water is highly affected by salt [20]. The average monthly temperature and
monthly cumulative precipitation during the two growing seasons are presented in Table 1.
Soil samples were collected to determine soil chemical properties (four samples per repli-
cate) before sowing at 0-30 cm soil depth in both growing seasons. The soil type is sandy
loam, with pH of 7.8 on average in both growing seasons (Table 2). Electrical conductivity
(EC) of the soil was estimated using the EC1:1 method, by adding 100 mL distilled water to
100 g oven-dried soil, and the mixture was shaken for 30 min [21,22]. After preparing the ex-
tract, the EC was determined using conductivity meter. The average electrical conductivity
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of the soil water extract (1:1) was 8.82 ds/m. Irrigation depends on the use of two different
sources of groundwater (wells) affected by salinity (Well 1 = 9.35 ds/m = 6500 ppm and
Well 2 = 13.5 ds/m = 9500 ppm). Irrigation water from the two different wells is also
affected by salinity (8.35 ds m™1).

Table 1. Monthly average maximum temperature (ATmax, °C), minimum temperature (ATmin, °C),
frost point (FP, °C), average relative humidity (RH, %) and total rainfall (Train, mm) in the two
growing seasons.

2017-2018 2018-2019
Atmax Atmin FP RH% Prec. Atmax Atmin FP RH%  Train

November 229 12.6 8.9 61.2 274 239 14.1 9.8 58.6 6.4
December  20.7 11.3 6.4 57.8 0.8 18.5 9.6 7.0 65.3 8.5
January 17.5 7.9 5.8 66.1 14.8 17.4 7.1 1.8 52.6 0.7
February  21.6 11.2 53 52.1 26.7 18.8 8.2 3.6 54.8 74
March 26.3 12.5 52 42.5 0.4 21.1 9.2 4.8 52.9 8.2
April 27.5 14.1 7.9 46.4 50.5 253 12.3 5.8 44.5 1.1

Monthly average weather data and the total rainfall of the experimental site from November to April for the two
growing seasons (Weather station, Ras Sudr experimental station).

Table 2. Physical and chemical properties of soil and irrigated water.

Characteristics Soil Well 1 Well 2
Soil particles distribution
Sand (%) 81.53
Silt (%) 9.77
Clay (%) 8.70
Textural class Sandy loam
Calcium carbonate (CaCO3, %) 57.99
pH 7.8 7.96 7.66
Electrical conductivity (dS/m) 8.82 9.35 (6500 ppm)  13.50 (9500 ppm)
Saturation soluble extract cations and anions (mg/100 g)
Calcium (Ca++) 25.2 235 19.3
Magnesium (Mg++) 57 14.5 18.8
Sodium (Na+) 57.8 66.1 105.1
Carbonate (CO3=) 0.0 0.0 0.0
Bicarbonate (HCO3-) 6.2 6.50 7.5
Chloride (Cl-) 61.9 57.66 93.1
Sulphate (SO4=) 26.4 29.23 38.7

In each growing season, two different adjacent groundwater sources (referred to as
salinity treatments) were used to provide plants with water. The experimental design was
a split plot with three replications. The main plots were allocated for salinity levels, while
the sub-plots were assigned for the 303 genotypes. Additionally, the genotypes were sown
in plots with a size of 3.5 m x 2 m = 7 m?; each plot contained ten rows, one row for each
entry, 20 cm apart from each other, at the seed rate of 120 kg ha~! for each replication.
The first and the last row in each plot were duplicated to avoid a border effect. In each
treatment, the plants were irrigated through drip irrigation twice a week from their own
well, and this was cutoff two weeks before harvest. Sowing was at the end of November
in both growing seasons. Agronomic practices, including fertilizer application and weed
management, were carried out as recommended for this area.
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2.3. Data Collection

Observations on grain yield (weight) and its attributes were taken from the middle
one linear meter per entry. The heading date (HD) represents the days required for heading
of 50% plants of each entry from the date of sowing. Plant height (PH; cm) was measured
as an average of five middle plants per entry in each plot. Number of spikes per linear
meter (NSPLM), biological weight per linear meter (BWPLM; g), and grain weight per
linear meter (GWPLM,; g) were measured on the middle-linear meter for each genotype in
each plot. For thousand grain weight (TGW; g), 1000 grains from each entry were weighed
and recorded in grams. Harvest index (HIL; %) was calculated from the ratio of the grain
and biological weights.

2.4. Data Analysis

A combination of two salinity levels and two years were regarded to be four environ-
ments. The data of the studied traits were subjected to the analysis of variance by using
PROC GLM SAS Software [23], to test the significance of the main effects and interactions.
Broad sense heritability (H?,) was estimated according to Padi [24], as follows:

2 2 2 2
v v Tgxsl Ugxyxsl o2
2% 2 _ (2 gxy gxs §xy c
b o3 op = (og) + a4 )7 y + r + yslr

2 - . . 2 - . . 2 2 2 2
where, 0y is genotypic variance, 0, is phenotypic variance, oy, Taxsl, Tgxyxsl, and oy

are the genotype X year, genotype X salinity levels, genotype X year x salinity levels
interaction, and pooled error variances, respectively. y is the number of years, s/ the number
of salinity levels, and r the number of replications.

The genotypic coefficient of variation (GCV%) and phenotypic coefficient of variation
(PCV%) were calculated as proposed by Singh and Chaudhary [25], as follows:

% %
X X

where X is the grand mean of the trait.
Salinity tolerance index (STI): calculated for all measured traits as proposed by Fer-
nandez [26], as follows:
STI = (Y, x )/ (X,)?

where Y5 and Y, are the traits of interest of the tested genotypes under salinity (stress) and
non-stress conditions, and Yp is the mean value of the trait under non-stress conditions.

The position of the QTL and their genetic effects were assessed using GenStat 15 [27].
Data of the studied traits and salinity tolerant index were subjected to the QTL map-
ping approach to detect the most significant QTL based on the main effects and QTL by
environment interaction as additive effects (single trait in multiple environments). In
addition, detection of putative QTL was achieved through three steps: first, a genome-wide
scan by simple interval mapping (SIM); second, scanning for the most significant QTL
effects through composite interval mapping (CIM); and third, selection of QTL candi-
dates. The graphical linkage map and QTL placement were performed by the software of
MapChart 2.2 [28].

3. Results
3.1. Phenotypic Variations and Heritability Estimates

The analysis of variance revealed highly significant main effects for years, salinity
levels, and genotypes for all investigated traits (Table 3), and their interactions were highly
significant in most cases as well. Large phenotypic and genotypic coefficients were detected
for plant height, number of spikes Im !, grain weight Im !, biological weight Im~!, and
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1000-grain weight. This indicates the influence of salinity and seasonal conditions on the
investigated traits. Broad sense heritability was estimated for each trait overall in the
genotypes and ranged between 23.9% (HI) and 94.5% (TGW). The variation among studied
traits was reflected in the transgressive segregation which was observed among the DHLs
of the 542 population (Table S1).

Table 3. Analysis of variance, genotypic coefficient of variation (GCV%), phenotypic coefficient of variation (PCV%), and
broad-sense heritability estimates (H2,) for all studied traits under salinity levels and over growing seasons.

Source DF HD PH NSPLM GWPLM BWPLM HI TGW
Year (Y) 1 28056 *  10,030* 59,374 ** 453,690 4,171,113 * 33.81 % 251.19 **
Y (Rep) 4 1.33 179 2458 2121.2 13,568.8 432 9.61
SahnztsyL;evels 1 50,035 %  108,881*  4,812213* 33,022,079 *  217,923213* 11,749 ** 50,535 *
Y x SL 1 101.67 66.8* 12025 * 47,309 ** 183,453 ** 68.06 ** 20.51 **
Y x SL (Rep) 4 244.32 56 1234 512.7 2106.9 1.78 0.83
Genotypes (G) 302 40550*  586.6* 29,951 * 68,532 ** 580,988 ** 21.16 2207 **
GxY 302 463+ 16.7 1029.7 ** 1473.8 ** 15,905 ** 7.38 0.04
G x SL 302 9.80*  209.6*  2766.8* 13,605 ** 98,932 ** 403 10.33 **
G x Y xSL 302 1.00 17.1 % 4972 750.2 ** 6236 ** 487 0.26
Error 2416 1.18 215 48.98 61.93 2807.4 3.99 0.235
GCV% 7.97 1247 2131 31.92 32.23 345 11.85
PCV% 8.23 15.24 23.11 35.75 36.23 7.05 12.19
Heg}b;hty 93.97 66.99 85.06 79.72 79.15 23.98 94,51
b

*, ** Significant at 5% and 1% level of probability, respectively. HD is heading date (days), PH is plant height (cm), NSPLM is number of
spikes per linear meter (spikes Im~!), GWPLM is grain weight per linear meter (g Im~!), BWPLM is biological weight per linear meter
(g Im~1), HI is harvest index (%), and TGW is thousand grain weight (g).

The reduction percentages due to increased salinity levels and the salinity tolerance
index values of the S42 population and its parents calculated in each season for all mea-
sured traits are shown in Table S52. A significant reduction was observed in all traits due
to increasing salinity levels, from 9.35 to 13.5 ds/m, in both seasons. The reduction per-
centage ranged from 9.2% (HD, second season) to 58.2% (GWPLM,, first season) in the S42
population. It also varied between parents, and showed approximately the same reduction
in the days to heading to avoid the stress effects of extreme salinity. ISR 42-8 showed
remarkable tolerance to salinity by exhibiting a low reduction in PH and NSPLM compared
to Scarlett, which may be due to an increasing number of infertile tillers of ISR 42-2. The
STI was different for the studied characteristics; and the genotypes with high values of
STI were categorized as salt tolerant. ISR 42-8 had high STI values in PH (in the first year),
GWPLM, BWPLM, and HI. Scarlett had high values of STI in NSPLM and TGW. For the
DHLs, closed values of the STI in both seasons were noted for all traits. The DHLs SI001,
51043, S1044, S1028, S1242, S1035, and SIO05 had high STI values, ranging between 1.5 and
3. These lines could be characterized as salt tolerant. The DHLs SI261, SI1203, S1190, SI1205,
SI085, SI206 and SI209 had low values of STI ranged between 0.05 and 0.10, and were
considered intolerant to salinity (Table S3).

Days to heading was associated significantly and negatively with all measured traits
under the two salinity levels, except with HI, which was non-significant. Positive and
high significant correlations were observed between PH and each of NSPLM, GWPLM,
and BWPLM under both salinity levels. Furthermore, strong positive and significant
correlations were obtained between NSPLM and each of GWPLM and BWPLM under
both salinity levels. Grain weight Im ! was associated significantly and positively with
BWPLM and TGW under both treatments. A negative and highly significant correlation
was observed between HI and BWPLM (Table 54).
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3.2. Identification of QTL

A total of 25 putative QTL marker main effects and marker x environments additive
interactions were detected for seven measured traits across two salinity levels and over
two seasons (Table 4 and Figure 1). The detected QTL were mapped on all chromosomes of
barley except 6H. Among these loci, eight (32%) QTL showed a marker main effect, twelve
(48%) QTL showed marker x environment additive interaction effects (Figure 2), and five
(20%) QTL showed both effects. Four QTL were identified for HD and mapped on 3H,
4H, 5H, and 7H. In addition, the QTL gHD.3H displayed QTL by environment additive
interaction effects (Figure 2A). The exotic alleles showed a desirable performance in terms
of reducing days to heading at this locus. Three QTL showed QTL additive main effects,
and the strongest QTL was at marker locus bPb-5260 (7H, 115.6 cM) and explained 9.49%
of the phenotypic variance. Three chromosomal regions were responsible for reducing
HD due to the presence of the elite alleles. The QTL analysis revealed six QTL for PH,
localized on chromosomes 1H, 3H, 5H and 7H. Four regions showed QTL by environment
additive interaction effects (Figure 2B) and two showed QTL with additive main effect.
The strongest QTL effect, qPH.3H was detected on 3H where an exotic allele accounted for
22.51% of the phenotypic variance.

Three QTL for NSPLM were identified on chromosomes 3H and 4H. The marker
locus bPb-7719 (4H, 96.78 cM) showed a QTL X E additive interaction effect (Figure 2C)
and explained 3.40% of the phenotypic variance. At this region, the elite alleles exhibited
desirable performance in increasing NSPLM under higher salinity levels. The SSR markers
HVM33 (3H, 83 cM) and MGB396 (4H, 95 cM) exhibited QTL main additive effects and
accounted for 1.48 and 6.66% of the total variance, respectively. High additive values
were detected for both QTL, since the exotic and elite alleles led to an increase of the
NSPLM in the DHLs carrying these alleles under salinity conditions. Additionally, two
significant QTL qGWPM.4H and qGWPM.7H control GWPLM and were found on 4H and
7H, with the nearest markers bPb-3739 and bPb-8161, respectively. Both regions showed
QTL main additive and QTL X E additive interaction effects (Figure 2D) of 23.71 and
31.70, respectively. Interestingly, at these loci, the elite and exotic alleles showed desirable
performances in increasing GWPLM under higher salinity levels (Table S5).

Three QTL for biological weight per linear meter were detected on chromosomes 4H
and 7H. The marker locus bPb-5480 (4H, 72.2 ctM) showed QTL x E additive interaction
effects (Figure 2E) and explained 3.20% of the phenotypic variance. In addition, a QTL
placed on 7H with the nearest marker of bPb-8161 was associated with BWPLM, and
showed both effects. Four QTL for HI were identified on chromosomes 2H, 3H, 5H, and
7H. The marker loci bPb-6088 (2H, 81.7 ctM) and bPb-5260 (7H, 115.6 cM) showed QTL
main additive and QTL x E additive interaction effects (Figure 2F), and explained 4.80
and 4.58% of the phenotypic variance, respectively. Three QTL for TGW were mapped
on chromosomes 3H and 7H, and showed QTL x E additive effects (Figure 2G). The elite
alleles exhibited a desirable performance in increasing TGW under salinity levels at the
marker loci HVM33 (3H, 83 cM) and bPb-5260 (7H, 115.6 cM), whereas at the marker locus
bPb-7724 (3H, 179.5 cM), the exotic alleles showed preferable performance for TGW under
salinity conditions.
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Table 4. Characterization of detected QTL as marker main- and/or by environments additive effects for measured traits under salinity conditions.

12 QTL by E Additive Effects and S.E.

as) ~
Trait @ QTL @Ch  ®Marker  “Posi(cM)  © Effect ©@F-Stat. “LOD ©®R? @ Addi 0 Allele U SE. 13 g1 E2 E3 E4 SE-D
a9 A1 R? A2 R? A3 R? A4 R?
HD qHD.3H 3H bPb-0361 165.5 M x E 15.1 % 11.6 2.13 —0.79 ISR 42-8 0.45 -1.32 490 057 100 —091 220 —038 040 0.13
qHD.4H.a 4H HVPAZXG 44.0 M 10.45 ** 29 5.20 —1.36 Scarlett 0.42 Only main effect
gqHD.4H.b 4H bPb-6640 60.5 M 13.13 * 35 5.41 -1.35 Scarlett 0.37 Only main effect
qHD.7H 7H bPb-5260 115.6 M 14.92 + 4.0 9.49 -1.79 Scarlett 0.46 Only main effect
qPH.1H.a 1H GMS21 14 M x E 21.72 12.9 9.48 0.96 Scarlett 1.00 —-3.32 1700  1.69 360  -317 1600 096 1.30 0.81
qPH.1H.b 1H bPb-1487 147.2 M x E 15.03 ** 8.5 1.60 0.30 ISR 42-8 0.54 —-0.93 1.30 1.49 280  —049 040 1.14 1.90 0.44
PH qPH.3H 3H HV13GEII 150 M 40.98 ** 9.2 22,51 3.31 ISR 42-8 0.52 Only main effect
gqPH.5H.a 5H Bmag357 68 M x E 22,42+ 13.2 3.55 0.39 ISR 42-8 0.66 —1.43 3.20 2.31 6.80  —081  1.00 1.50 3.20 0.54
qPH.5H.b 5H AF043094A 156 M x E 6.83 * 3.8 291 0.99 Scarlett 0.83 —0.05 002  —227 660 0.18 010 —1.84 490 0.67
qPH.7H 7H bPb-1793 137.2 M 9.26 * 2.6 6.13 1.73 Scarlett 0.567 Only main effect
qNSPM.3H 3H HVM33 83 M 5.91* 1.8 148 9.031 ISR 42-8 3.71 Only main effect
NSPLM  gNSPM.4H.a 4H MGB396 95 M 13.14 * 3.5 6.66 12.92 Scarlett 3.56 Only main effect
gqNSPM.4H.b 4H bPb-7719 96.78 M x E 5.32 % 3.6 3.40 9.78 Scarlett 3.86 11.72 4.10 6.46 170 1346 530 7.48 2.50 2.19
GwpLm  GGWPLM4H 4H bPb-3739 96.31 M,M x E 17.79 * 139 8.43 23.71 Scarlett 5.80 —31.10  9.00 1220 610 3672 1130 1481  7.30 415
qGWPLM.7H 7H bPb-8161 2.22 M,M x E 12.45 ** 9.4 15.98 31.70 ISR 42-8 8.24 37.13 12.80 1832 1380 4811 1940 2324 1790 590
qBWPLM.4Ha  4H bPb-5480 72.2 x E 6.9 ** 4.8 3.20 42.15 Scarlett 21.49 ~75.91 670  —2252 220 5547 320  —14.68 070  14.63
BWPLM qBWPLM4Hb  4H bPb-3739 9.3 M 19.98 ** 5.0 9.55 68.17 Scarlett 15.25 Only main effect
qBWPLM.7H 7H bPb-8161 2.2 M, M x E 7.51 ** 5.3 11.10 76.74 ISR 42-8 24.31 81.44 770 4777 980 11445 1360 6328 1330 1655
qHI2H 2H bPb-6088 81.7 M,M x E 10.48 ** 7.8 4.80 0.31 Scarlett 0.10 —0.21 140  —007 030 -061 920 —034 830 0.11
- qHL3H 3H HVLTPPB 25 M x E 9.08 ** 6.6 10.68 0.04 ISR 42-8 0.26 0.85 2210 025 430  —068 1130 —026 5.0 0.27
qHL5H 5H bPb-4135 435 M x E 6.78 ** 4.7 3.53 0.16 Scarlett 0.14 —0.53 860  —025 440 0.19 090  —0.05 020 0.15
qHL7H 7H bPb-5260 115.6 M, M x E 6.55 ** 45 458 0.34 ISR 42-8 0.14 0.41 5.10 0.16 1.70 0.65 1030  0.13 1.20 0.15
qTGW.3H.a 3H HVM33 83 M x E 19.44 + 153 1.16 0.35 Scarlett 0.32 —0.68 230  —0.02 001 —068 230 —0.03 001 0.11
TGW qTGW.3H.b 3H bPb-7724 179.5 M x E 8.30 * 6.0 2.83 0.69 ISR 42-8 0.33 0.48 1.20 0.90 4.40 0.48 1.20 0.90 450 0.11
qTGW.7H 7H bPb-5260 115.6 M x E 12.34 * 9.3 2.25 0.60 Scarlett 0.36 —0.89 390 030 050 —088 400 032  0.60 0.12

M Description of quantitative trait locus. ? Chromosome. ® Linked DNA marker revealing strongest F-value ) Centimorgan positions of associated DNA marker. ® Effect of the DNA marker as QTL main
additive effect (M) and QTL x Environment additive effect (M x E). ©® F-value. ©) Logarithm of the odds. ) Genetic variance explained by QTL. ©) The additive effect 19 The contributed allele in the QTL effect.
(1 Standard error of the additive effect. 12 QTL x E additive effect in each environment. (1 (salinity levels in each year). 14) Additive effect in each salinity level. 15 S.E. of the additive effect’s differences.
*, ** Significant at 0.05 and 0.01 levels of probability; respectively.



Agronomy 2021, 11, 1774 8 of 15

Figure 1. Localization of detected QTL for grain weight and its attributes along with QTL mapped for salinity tolerance index (red color).
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Figure 2. Detected QTL for measured traits that showed QTL by environment additive interaction
under salinity conditions. Where (A) Heading date (HD), (B) Plant height (PH), (C) Number of
spikes Im~! (NSPLM), (D) Grain weight Im~1 (GWPLM), (E) Biological weight Im~1 (BWPLM),
(F) Harvest index (HI), and (G) Thousand grain weight (TGW).

Altogether, 24 QTL were detected for the STI of the measured traits, distributed on all
chromosomes except 5H (Table 5 and Figure 1). Two QTL, qSTI.HD.3H and qSTL.HD.4H,
controlling the STI (HD), were mapped on 3H and 4H, with the nearest markers bPb-0789
and HVPAZXG, and were affected by the presence of Scarlett and ISR 42-8 alleles, re-
spectively. Two QTL as main additive effects were detected for the STI (PH) and located
on 3H and 6H, since the exotic alleles contributed to both QTL. For NSPLM, three QTL
were identified for the STI of this trait and placed on 1H, 4H, and 7H. The SSR marker
S53707 (1H, 18 cM) showed QTL x E additive interactions and accounted for 9.1% of the
phenotypic variance. Four QTL were detected for the STI (GWPLM) and located on 1H,
4H, and 7H. The marker loci bPb-0405 (1H, 7.21 cM) and bPb-1604 (1H, 55.77 cM) exhibited
QTL x E additive interaction and main effects, respectively. The exotic alleles contributed
to these QTL and explained 17.8 and 8.7% of the phenotypic variance, respectively. Four
QTL identified for the STI (BWPLM) were located on 1H, 4H, and 7H. The marker loci
bPb-0405 (1H, 7.21 cM) and bPb-6706 (7H, 58.17 cM) exhibited QTL x E additive effects.
The exotic alleles contributed to these QTL and explained 16 and 15.4% of the phenotypic
variance, respectively. Five QTL were mapped on 1H, 2H, 4H, and 7H, and associated
with the STI (HI). The strongest QTL was qSTLHIL7H, with the nearest SSR marker HVSS1
(7H, 49 cM), and explain 20.4% of the phenotypic variance. This QTL showed QTL x E
additive interaction effects and was influenced by the presence of exotic alleles. Four QTL
were detected for the STI (TGW) and located on chromosomes 2H, 3H, and 4H. Three QTL
out of them showed QTL x E additive interaction effects and explained R? values ranging
from 3 to 7.8%.
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Table 5. Characterization of detected QTL as marker main- and/or by environments additive effects for salinity tolerance index of all measured traits.

(2 QTL by E Additive Effects and S.E.

Trait ® QTL @ Chr.  ® Marker  ® Posi (cM) ®) Effect ©® F-Stat. @ LOD ® R2 O Additive 10 Allele ) g g,
(13) Y1 R2 Y2 R2 (14) SE.D
HD qSTLHD.3H 3H bPb-0789 148.8 M x E 19.0 ** 7.1 8.5 0.05 Scarlett 0.013 —0.053 10.6 —0.041 6.3 0.003
qSTLHD.4H 4H HVPAZXG 44 M x E 13.9 ** 42 2.7 0.03 ISR 42-8 0.013 0.022 1.8 0.031 3.5 0.002
PH qSTLPH.3H 3H HV13GEII 150 M 15.2 ** 40 8.7 0.07 ISR 42-8 0.019 Only main effect
qSTL.PH.6H 6H bPb-4125 84.8 M 13.0 ** 3.5 5.5 0.06 ISR 42-8 0.016 Only main effect
NSPLMM qSTLNSPLM.1H 1H S53707 18 M x E 7.9 ** 3.4 9.1 0.06 ISR 42-8 0.054 0.173 12.4 0.108 5.8 0.021
qSTLNSPLM.4H 4H bPb-4216 69.66 M 13.8 ** 3.7 10.5 —0.15 Scarlett 0.041 Only main effect
qSTLNSPLM.7H 7H bPb-9914 103.37 M 10.2 ** 2.9 7.6 —0.13 Scarlett 0.040 Only main effect
GWPLM qSTLGWPLM.1H.a 1H bPb-0405 7.21 M x E 9.2%* 6.8 17.8 0.33 ISR 42-8 0.093 0.381 20.6 0.288 14.9 0.022
qSTL.GWPLM.1H.b 1H bPb-1604 55.77 M 12.0 ** 2.6 8.7 0.23 ISR 42-8 0.077 Only main effect
qSTLGWPLM.4H 4H bPb-3512 67.92 M 7.0 ** 3.3 49 —0.17 Scarlett 0.050 Only main effect
qSTLGWPLM.7H 7H bPb-6706 58.17 M 18.3 ** 2.1 144 0.30 Scarlett 0.113 Only main effect
BWPLM qSTL.BWPLM.1H 1H bPb-0405 7.21 M x E 10.7 ** 4.7 16.0 0.31 ISR 42-8 0.090 0.352 185 0.269 13.5 0.027
qSTLBWPLM.4H 4H bPb-3512 67.92 M 11.3 ** 3.1 48 —0.17 Scarlett 0.050 Only main effect
qSTL.BWPLM.7H.a 7H bPb-6706 58.17 M x E 7.2%* 3.1 154 0.30 ISR 42-8 0.113 0.349 18.2 0.259 12.5 0.034
qSTL.BWPLM.7H.b 7H bPb-5260 115.56 M 9.5 ** 2.7 5.6 —0.18 Scarlett 0.059 Only main effect
HI qSTLHI.1H.a 1H bPb-0405 7.21 M 15.7 4.1 14.9 0.04 ISR 42-8 0.009 Only main effect
qSTI.HI.lH.b 1H bPb-2240 123.09 M 18.0 ** 4.6 4.9 —0.02 Scarlett 0.005 Only main effect
qSTLHI2H 2H Bmag381 97 M 13.4 ** 3.6 4.0 0.02 ISR 42-8 0.005 Only main effect
qSTLHIL4H 4H Mlo 127.5 M 17.6 ** 4.6 5.8 0.02 ISR 42-8 0.006 Only main effect
qSTLHIL.7H 7H HVSS1 49 M x E 7.3 % 3.2 20.4 0.04 ISR 42-8 0.017 0.018 4.0 0.064 36.8 0.017
TGW qSTLTGW.2H 2H HVM36 26.5 M 12.4 ** 34 7.2 —0.07 Scarlett 0.020 Only main effect
qSTLTGW.3H 3H bPb-4472 1.48 M x E 5.0* 22 33 —0.05 Scarlett 0.032 —0.049 34 —0.046 3.1 0.001
qSTLTGW.4H.a 4H GMS89 57 M x E 14.4 ** 6.2 7.8 —0.07 Scarlett 0.017 —0.074 7.9 —0.073 7.7 0.001
qSTLTGW.4H.b 4H Mlo 127.5 M x E 9.1 ** 4.0 3.0 0.05 ISR 42-8 0.018 0.046 3.1 0.045 29 0.001

M Description of quantitative trait locus. @ Chromosome. ) Linked DNA marker revealing strongest F-value. ® Centimorgan positions of associated DNA marker. ® Effect of the DNA marker as QTL main
additive effect (M) and QTL x Environment additive effect (M xE). ©) F-value. ) Logarithm of the odds. ) Genetic variance explained by QTL. ©) The additive effect. 19 The contributed allele in the QTL effect.
(1) Standard error of the additive effect. 12 QTL x E additive effect in each year. 13 (additive effect of the QTL in investigated years). 1) S.E. of the additive effect’s difference. *, ** Significant at 0.05 and 0.01
levels of probability; respectively.
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3.3. Co-Location of QTL under Salinity Conditions

Altogether, ten QTL displayed pleiotropic effects, are presented in Table S6. A genomic
region on chromosome 1H at marker locus position bPb_0405 (7.21 cM) harbors three co-
located QTL, which were qSTL.GY.1H.a, qSTLBY.1H, and qSTL.HI.1H.a. Exotic alleles
contributed to these QTL. Furthermore, a genomic region of 3H at position 83 ¢cM carries
two co-located QTL, including qNSPM.3H and qTGW.3H.a. Another genomic position
on 3H at marker locus HV13GEIII (150 cM) harbors three co-located QTL which were
qSTL.PH.3H, qSTLTGW.3H.b, and qPH.3H. Four genomic regions on chromosomes 4H
carry two co-located QTL for each. Additionally, three genomic regions showed co-located
QTL on chromosome 7H. Significant QTL for days to heading, plant height, harvest index,
STI (BYPM), and 1000-grain weight under both conditions were found to co-localize on
specific regions at marker locus bPb-5260 (7H, 115.6 cM). The elite alleles at this genomic
region tend to increase both days to heading, 1000-grain weight, and STI of the biological
weight under salinity conditions. For harvest index, we found that exotic alleles were
associated with an increasing harvest index under both salinity levels, since this QTL
showed QTL x E additive and main additive effects.

4. Discussion
4.1. The Barley Population’s Wild Genetic Background and Salinity Tolerance

Barley is one of the most salinity tolerant cereal crops [29], and exhibits a wide genetic
variation [30]. However, improvement of salinity tolerance is still an important target
for barley breeding, especially in arid and semi-arid regions. Soil salinity and/or salty
irrigation water is one of the constraints facing barley production in Egypt. Moreover,
the lack of suitable barley cultivars, especially for high salinity soils and newly reclaimed
land, is considered another important constraint. The wild barley Hordeum vulgare ssp.
spontaneum is still widely distributed in the extremely dry areas of the Fertile Crescent
Mediterranean region, and penetrates into desert environments [31]. It has the potentiality
of adaptive genetic diversity against biotic and abiotic stresses, which could be used as
a source for salt- and drought-resistant alleles for breeding purposes [32]. Therefore, we
evaluated an advanced backcross (AB) mapping population of barley in newly reclaimed
soil under two salinity levels from groundwater aquifers in the south of Sinai. We aimed
to identify novel and beneficial QTL alleles for salinity tolerance, and to introduce them
into newly released barley cultivars. Significant differences were observed between the
two wells, and both salinity levels significantly affected all studied traits in both growing
seasons. We observed a clear significant reduction in all measured traits with increasing
salinity stress. For instance, the average grain weight was reduced by 57.8%, while heading
date was reduced by 9.65%, due to increasing salinity stress from 9.35 to 13.5 ds/m. This
result is logical, because both salinity levels are considered extremely stressful conditions.

4.2. Stress Tolerance Index and Heritability

Furthermore, a highly significant variation was noted among the BC;DH lines for
salinity tolerance, since a wide range was observed for all studied traits under both salinity
levels. The transgressive segregation which was observed among the DHLs of the 542 pop-
ulation indicates the quantitative inheritance of investigated traits among the segregating
population, derived from genetically contrasting parents. Transgressive segregation in
barley and other crops is commonly observed in segregating populations for quantitative
traits [33]. In addition, trait associations and moderate to high broad sense heritability
estimates were observed in the current study, reflecting the size of variation in the popula-
tion; providing information on the magnitude of the inheritance of quantitative traits could
obtain the best predictors of yield under high stress conditions [13,34]. This result suggests
that the phenotypic expression of one genotype that can be superior to another at the
same salinity level, but inferior at the second level of salinity, and this consequently affects
heritability estimates. Our findings agreed with other reports, where high heritability
estimate values were observed under adverse conditions [35-38]. Many reports confirmed
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that the salt-tolerance index is a better selection tool for highly salt-tolerant and productive
genotypes under salinity [13,37,38]. Where STI takes into consideration trait of interest
performance of the genotype under both of control and salt conditions, which allowing
to identify the genotypes that perform well under both of conditions [13]. We applied the
STI for both seasons, and we found that the DHLs SI001, S1043, S1044, S1028, S1242, SI035,
and SI005 had the highest STI values based on grain weight average. This finding suggests
that these doubled haploid lines possess sufficient plasticity to respond to soil and water
salinity constraints, as well as implying significant salt tolerance mechanisms. The results
are in accordance with those obtained by Thabet et al. [37] and Mwando et al. [38]. On the
other hand, twenty-six QTL were detected for the STI of the measured traits and covered
the whole genome except chromosome 5H. More than half of the detected QTL for the STI
showed main additive effects, revealing genetic regions with stable effects under different
environmental conditions. Additionally, different loci showed pleiotropic effects with
the salinity tolerance index of several traits. In addition, exotic and elite parental alleles
contributed to increasing the STI for all studied traits, but further studies are required to
understand and validate the effect of these markers. Consistent with our results, Mwando
et al. [39]. Identified 19 the QTL for salinity tolerance index of germination across the
barley genome.

4.3. Candidate Genes with Potential Functions and Corresponding QTL under Salinity Stress

We performed a BLAST search in the Ensemble Plants barley database to identify the
genes co-segregated with the significant QTL detected in this study [40]. Several genomic
regions were overlapped or located very close to candidate genes (Tables S7 and S8). The
most important gene, HORVU7Hr1G100410, has been annotated as within the MFS trans-
porter superfamily (The Major Facilitator Superfamily), accounting for the variation of
grain and biological weights under high salinity conditions. MFS transporters can play
important determinant roles in plant tolerance to environmental stresses, such as salinity,
drought, and heavy metals [41-43], through proteins that function as transporters for a
range of solutes, including micro- and macroelements [15,44]. In addition, we found that
the pleiotropic locus bPb-8161 on 7H (2.22 cM) govern grain and biological weight, which
was most closely associated with the DArT marker bPb-1209 and the SSR marker GBM1519
detected by Shavrukov et al. [15]. Interestingly, our detected locus was closely linked to the
major salinity tolerant gene HvNax3 (1.3-cM, 7H) reported by Shavrukov et al. [45], which
reduced shoot Na* accumulation by 10-25% in barley plants grown in 150 mM NaCl. At
both loci, wild accession alleles contributed to the salinity tolerance by limiting Na* accu-
mulation in the shoots under saline conditions. Additionally, Fan et al. [46] detected a locus
on 7H, but at different position, and nearest to the marker bPb-6821 (82.3 cM) linked to salt
tolerance in our study. Further, Gorham et al. [47] suggested that barley chromosomes 6H
and 7H could enhance Na* exclusion or K* /Na* ratios in the barley background. One of
the strategies to avoid Na™ toxicity in plants is sequestering excess Na* in the vacuoles, or
by reducing net Na* entry into the transpiration stream and subsequent accumulation in
vegetative tissues [48]. Again, a specific region at marker locus bPb-5260 (115.6 cM) on 7H
was the most important region, showing colocation with several traits, since it governed
HD, PH, HI, TGW, and STI(BY). Forster [49] found mutations on 5H at the Eri-e locus,
where the semidwarf growth habit was associated with low shoot Na* accumulation. We
reported significant QTL associated with yield attributes on chromosomes 3H, 4H and
7H, like number of spikes, biological yield, harvest index, and 1000-grain weight. Forster
et al. [50] detected QTL for growth and yield traits on barley chromosomes 4H and 5H
under saline conditions.

Similarly, the SSR markers Bmag357 (68 cM) and AF043094A (156 cM) on 5H con-
trolling plant height were associated with salt tolerance in barley. At the marker locus
AF043094A, the gene HORVU5Hr1G103460 annotates dehydrins (DHNSs), or group 2 LEA
(Late Embryogenesis Abundant) proteins, which play fundamental roles in plant responses
and adaptation to abiotic stresses. Moreover, exotic alleles contribute at this locus, and may
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contain one of the dehydrin genes which already exist in H. spontaneum [32]. In a study by
von Korff et al. [51], it was found that the SSR marker HVABAIP (1H, 116 cM) corresponded
to the vernalization gene Vrn-H3 published by Laurie et al. [52]. This SSR marker was
associated with reduced HD under salinity conditions in the current study. Additionally,
the SSR marker HV13GEIII (3H, 150cM) controls PH under salinity conditions; this marker
corresponds to the denso dwarfing gene, as reported by von Korff et al. [51]. Zhou et al. [53]
detected QTL for salinity tolerance in barley which correspond to vernalization genes;
some of these were close to detected QTL in the current study. The findings obtained here
probably reflect the small impact of vernalization, dwarfing, and dehydrin genes on salinity
tolerance in the field experiments.

5. Conclusions

Genetic mapping detected significant QTL for biomass production -related traits and
the salinity tolerance index of the S42 barley population. Many DHLs showed a remarkable
performance for grain weight based on the salt-tolerance index, and they probably possess
sufficient plasticity against salinity. In addition, some detected regions annotated unknown
proteins, and there is a need for further genomic function investigation to understand
and validate the effect of these regions. Chromosomes 4H, 5H, and 7H harbor valuable
novel exotic and elite alleles for salinity tolerance, which could be effectively used in
breeding programs.
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diagonal) and salinity level 2 (below diagonal) over growing seasons, Table S5: Examples of detected
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which carrying the elite and exotic alleles. Table S6: Co-location of the detected QTL in current study.
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