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Abstract: Drought induces several challenges for plant development, growth, and production. These
challenges become more severe, in particular, in arid and semiarid countries like Egypt. In terms
of production, barley ranks fourth after wheat, maize, and rice. Seed germination and seedling
stages are critical stages for plant establishment and growth. In the current study, 60 diverse barley
genotypes were tested for drought tolerance using two different treatments: control (0-PEG) and
drought (20%-PEG). Twenty-two traits were estimated for seed germination and seedling parameters.
All traits were reduced under drought stress, and a significant variation was found among genotypes
under control and stress conditions. The broad-sense heritability estimates were very high under both
control and drought for all traits. It ranged from 0.63 to 0.97 under the control condition and from
0.89 to 0.97 under drought, respectively. These high heritabilities suggested that genetic improvement
of drought tolerance in barley at both stages is feasible. The principal component analysis revealed
that root-related parameters account for the largest portion of phenotypic variation in this collection.
The single-marker analysis (SMA) resulted in 71 quantitative trait loci (QTLs) distributed across the
seven chromosomes of barley. Thirty-three QTLs were detected for root-length-related traits. Many
hotspots of QTLs were detected for various traits. Interestingly, some markers controlled many traits
in a pleiotropic manner; thus, they can be used to control multiple traits at a time. Some QTLs were
constitutive, i.e., they are mapped under control and drought, and targeting these QTLs makes the
selection for drought tolerance a single-step process. The results of gene annotation analysis revealed
very potential candidate genes that can be targeted to select for drought tolerance.

Keywords: single-marker analysis; barley; drought tolerance index; QTL; PCA

1. Introduction

Water is the essence of life. It is the limiting factor of plant development and crop production, in
particular, in arid and semiarid regions. With climate change, drought is a growing constraint for plant
growth and crop production. Drought occurs in different regions worldwide, but especially in Africa,
Asia, and Australia. Even in Europe, drought is expected to become more severe. Thus, developing
drought-tolerant genotypes is an important target for genetic and breeding programs [1]. In terms of
production, barley (Hordeum vulgare L.) ranks fourth after wheat (Triticum aestivum L.), rice (Oryza sativa

Plants 2020, 9, 1425; doi:10.3390/plants9111425 www.mdpi.com/journal/plants


http://www.mdpi.com/journal/plants
http://www.mdpi.com
https://orcid.org/0000-0002-4036-0436
https://orcid.org/0000-0003-1387-6135
https://orcid.org/0000-0002-9109-6954
https://orcid.org/0000-0002-7811-728X
http://dx.doi.org/10.3390/plants9111425
http://www.mdpi.com/journal/plants
https://www.mdpi.com/2223-7747/9/11/1425?type=check_update&version=2

Plants 2020, 9, 1425 2 of 22

L.), and maize (Zea mays L.). In drought-prone regions, cereal seed germination becomes irregular
and takes more time [2]. Within cereals, barley is the most abiotic stress-tolerant crop. Therefore, it
had been frequently employed in studies to uncover the genetic basis of drought tolerance [3,4]. Seed
vigor and early seedling establishment were found to be correlated with higher yields [5]. Drought
stress could be lethal to the germinating seeds when the seed moisture level is lower than the critical
moisture content [6]. As the plant’s response to drought is very complex, studying drought tolerance
is very complex. Drought tolerance during seed germination and seedling establishment in barley are
under polygenic control [7-9]. The traits related to seed germination and seedling establishment vary
markedly under abiotic stress compared to normal growth conditions. Thus, selection for drought
tolerance based on a single phenotypic trait would be insufficient [10]. Moreover, uncovering the
molecular basis of drought tolerance during seed germination and seedling establishment would allow
the development of stress-tolerant genotypes through the disentangling of complex traits.

Compared to the seed germination and seedling establishment stages, a plethora of studies have
investigated the genetic control of drought tolerance at late developmental stages in barley. Quantitative
trait loci (QTLs) for root-related parameters were identified [11-13] for several morphological traits
(internode length and leaf length [14,15]) and for physiological parameters (membrane stability [16],
osmotic adjustment, proline accumulation, and leaf wilting score [17-22], Photosystem II (PSII) activity,
gas exchange, relative water content, and electrolyte leakage [23]). As yield is the final target of
breeding programs, the effect of drought and the mapping of QTLs for the reproductive stage and seed
set have been intensively studied under various conditions [14,24-32]. Additional studies have dealt
with the effects of drought on flowering time, plant height, and kernel weight [33,34]. Polyethylene
glycol (PEG-6000) was frequently used to simulate osmotic stress. PEG-6000 is not absorbed by the
plants; thus, the concentration remains constant throughout the experiment, making it the best osmotic
stress inducer compared to other osmotic stress inducers such as mannitol and sugar. Moreover, it
is a nontoxic osmoticum [35-37]. Albeit several studies have investigated the drought effect on seed
germination and seedling establishment of barley [38—44], little attention has been given to identifying
QTLs for seed germination and seedling establishment. To the best of our knowledge, few studies have
dealt with the identification of the genetic architecture of drought tolerance during seed germination
and on seedling vigor [7-9]. Thus, the genetic control of drought tolerance during seed germination
and seedling establishment is poorly understood. Currently, little is known about the genetic control
of seed germination and seedling establishment relative to our knowledge about genetic control of
the later stages of barley growth. Therefore, the objectives of the current study are (1) to evaluate
the drought tolerance of a diverse set of barley genotypes during seed germination and seedling
establishment and (2) to map the QTLs controlling drought stress in these two stages.

2. Results

2.1. Phenotypic Variation in Germination and Seedling Traits

A set of 60 spring barley genotypes was tested for polyethylene glycol 6000 (PEG)-induced
drought tolerance during seed germination and seedling development. Twenty-two phenotypic traits
were scored and estimated under both conditions, control (0-PEG) and drought (20%-PEG); the full
names, abbreviations, and methods of measurement are listed in Table 1.

The ranges and mean values of all traits had significant reductions under drought stress compared
to their corresponding values under the control treatment, as was expected, except for the shoot-root
ratio (SRR; Table 2 and Table S2). Noteworthy, only for germination pace (GP), some genotypes reached
the maximum value (GP = 1) after a day. All genotypes had a wide phenotypic variation under both
treatments. Germination percentage and GP had higher heritability (H?) under drought than under
control, while approximate similar heritability estimates were reported in other traits under both
conditions (Table 52). Similarly, a wide variation was observed in the calculated parameters among the
trait values under control and drought conditions. The distribution of all genotypes for germination
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percentage (G%), shoot length (SL), root length (RL), and fresh weight (FW) under both conditions is
presented in Figure 1. For drought tolerance index (DTI) means, the genotypes’ mean values were 90.20,
83.20, 65.80, 60.90, and 69.50 for G%, GP, SL, RL, and FW, respectively (Table 2, Figure 2). Likewise, the
heritability was very high and ranged from 0.88 to 0.95 for GP_DTI and RL_DTI, respectively. For
reduction indices, the genotypes” mean values were 9.72, 0.16, 4.47, 4.30, and 1.11 for G%, GP, SL, RL,
and FW, respectively (Table S2). The heritability was very high and varied from 0.83 for Reduction_GP
to 0.95 for Reduction_RL (Table S2).

Table 1. The names, abbreviations, and descriptions of measurement for all estimated traits in 60 types

of Egyptian spring barley.

Name Abbreviation Description of Measurement
G% = % %100, where n is the number of
Germination Percentage G% germinated seeds at the end of the
experiment, N is the total number of seeds.
GP = < x 100, where N is the number
Y(nxg)
of germinated seeds at the end of the
Germination Pace GP experiment, n is the number of newly
germinated seed at certain day g, g =
(1,2,3,...)
Root Length RL Root length was mee.isured with a scaled ruler
(in cm)
Shoot length SL Shoot length was me.asured with a scaled
ruler (in cm)
Shoot-Root Length Ration SRR as the ratio of the SL to the RL
Fresh weight was recorded in grams using a
Fresh Weight FwW sensitive balance (Sartorius AC 1215,
Germany)
Reduction of Germination . o Reduction of G% = G% under control — G%
Reduction_G%
Percentage under drought
Reduction of Germination Pace Reduction_GP Reduction of GP’ = GP under control — GP
under drought
Reduction of Root Length Reduction_RL Reduction of RL = RL under control ~ RL
under drought
Reduction of Shoot Length Reduction_SL Reduction of SL = SL under control - SL
under drought
Reduction of Fresh Weight Reduction_FW Reduction of FW = FW under control — FW
under drought

Drought Tolerance Index

G% under drought

(Germination Percentage) G%_DTI G%_DTI = Goinder contror X 100
7 Getminaton P9 Gr_pm GP_DII ~ G st 100
Drou‘?’gzzfgi;ﬁ)lndex RL_DTI RL_DTI = S-under drought 5,
R o -
Drought Tolerance Index FW_DTI FW_DTI = FW under drought _ 0

(Fresh Weight)

~— FW under control
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Table 2. Analysis of variation for the traits scored on 60 types of Egyptian spring barley under control

(0-PEG) and drought (20%-PEG) conditions.

Source of Germination Germination Shoot Root Shoot/Root Fresh
Variance Percentage Pace Length Length Ration Weight
Treatments (T) 118.77 ** 115.76 ** 591.64 ** 463;03 333.09 ** 29.58 **
Replications 1.76 5.64 ** 0.36 0.01 3.29* 0.03
Genotypes (G) 14.55 ** 9.19 ** 23.92* 43.05 ** 57.57 ** 26.83 **
TxG 10.83 ** 5.19 ** 15.57 ** 20.46 ** 12.30 ** 12.60 **
*, ** significant at p < 0.05 and p < 0.01, respectively.

Distribution of Germination Percentage Control and Drought

= Control mDrought
50
40
E
330
o
20
10
0
60 70 80 90 10

10 20 30 40 50
Germination percentage

0

Distribution of root length Contro and Drought
40

35

30
.25
c
E 20
15
10
5
0
0 2 4 6 8 10 12 14 16

Root length (cm)

45

35
30
E25
S 20
15
10

Distribution of shoot length (cm) Control and Drought

4 6 8 10 12 14 16 18

Shoot length (cm)

Distribution of fresh weight Control and Drought

0 0.5 1 15 2 25 3 3.5 4 45 5

Fresh weight (gm)

Figure 1. Distribution of traits during seed germination and postgermination development in 60
Egyptian spring barley under control (0-PEG) and drought (20%-PEG).
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Figure 2. Distribution of drought tolerance index for traits during seed germination and postgermination
development in 60 Egyptian spring barley estimated under control (0-PEG) and drought (20%-PEG).
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The analysis of variance revealed a highly significant variation (p < 0.01) among genotypes for all
traits under both treatments (Table 2). To estimate the contribution of each trait to the total observed
variance, a PCA analysis was conducted. The eigenvectors resulting from the PCA analysis showed
that under both treatments, the RL criteria contributed a large portion of the total variation maintained
in this collection (data not shown).

The DTIs for the five traits—G%, GP, SL, RL, and FW—were used to select the most drought-tolerant
genotypes at the seedling stage as well as at the adult stage (Table S6). The 10 most drought-tolerant
genotypes were selected in each DTI. Then, the genotype was finally selected if it was among the
10 most drought-tolerant genotypes in at least two DTIs. As a result, in the current study, a set of
13 genotypes were assigned as drought-tolerant. Four genotypes, SCSAL-21, PNBYT15, SCCAL-36,
PNBYT1, and SC4-41, were found to be among the 10 most drought-tolerant genotypes in three DTIs,
while nine others were the most drought-tolerant in two DTIs (Table 3).

Table 3. List of the most drought-tolerant genotypes based on the five drought tolerance indices for the
corresponding traits.

Genotype  Traits G% GP SL RL FW

SCSAL-21 3 X X X
PNBYT15 3 X X X
SCSAL-36 3 X X X
PNBYT1 3 X X X
SC4-41 2 X X
SCBNB57 2 X X
SCSAL-52 2 X X
SCYT-28 2 X X
PNBYT27 2 X X
SC2-19 2 X X
INTROD-46 2 X X
SCSAL-10 2 X X
Gizal35 2 X X

2.2. Correlation Analysis

Pearson’s correlations were computed for all traits using the mean values (Figure 3a,b). Under
the control condition, all significant correlations were positive except for the correlation between SRR
and RL, with r = —0.70 ** (Figure 3a). Germination percentage (G%) had positive and significant
correlations only with GP under both treatments (Figure 3a,b). Under drought stress, a positive and
significant correlation was found between SL and RL, with r = 0.52 **. SRR and RL had a negative and
significant correlation, with r = —0.75 ** (Figure 3b).

For all traits, the phenotypic correlations between their corresponding DTIs and their reduction
indices were negative and significant (Figure S1). Among DTIs, the highest positive and significant
correlations were observed between G% and GP, as well as between SL and RL. Similarly, for reduction
indices, G% with GP and RL with SL showed the highest positive and significant correlations.
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Figure 3. Correlations of the traits in 60 Egyptian spring barley, (a) under control and (b) drought
stress (20% PEG). G% = Germination percentage, GP = Germination pace, RL = Root length, SL =
Shoot length, FW = Fresh weight and SRR = Shoot-Root length ration. Where (X) stands for the
non-significant correlations.

2.3. Marker-Trait Association (QTL Analysis)

The distribution of the single nucleotide polymorphism (SNP) markers on each chromosome is
presented in Figure 4. The SNP markers ranged from 1352 (7H chromosome) to 3286 (2H chromosome).

3500
3000
2500

2000

Number of SNPs

1500

1000

500

1H 2H 3H 4H SH 6H 7H

Figure 4. Distribution of SNP markers resulted from GBS across barley chromosomes.

The single-marker analysis (SMA) resulted in 71 significant marker—trait associations controlling
17 traits (Table S3). The summary of the SMA results is presented in Table 4. No QTLs were identified
for shoot length under the control condition (SL_C) or under drought (SL_D), root length control
(RL_C), or Red_GP and GP_DTI. The number of QTLs was distributed unevenly across the seven
barley chromosomes (Figure 5a,b). Chromosome 1H had the highest number of QTLs (21), while
chromosome 4 had only 4 QTLs. Several hotspots of QTLs were identified across all chromosomes
except chromosome 4H. For example, for the root-related traits, on chromosome 1H, two hotspots
of QTLs were detected. The first included 4 QTLs in the region between 1,828,706 to 2,838,678 bp.
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The second hotspot enclosed 4 QTLs; this region extended between 436,585,416 to 455,758,766 bp.
Additionally, on chromosome 2H, another hotspot for root length under drought included 4 QTLs and
extended from 609,969,235 to 614,052,626 bp (Table S3). The number of QTLs detected under drought
stress (n = 35) was higher than those detected under control conditions (n = 15). Under drought
stress, 21 QTL were found for root length, with R? ranging from 26.9% to 44.3%, while under control
conditions, seven QTLs were found to be associated with G%, with R? ranging from 29.1% to 47%
(Table 4). Figure 5 shows that chromosomes 1H and 2H can be targeted to select for root length under
drought; chromosome 3H is suitable to select for fresh weight under control as well as for germination
pace under drought, whilst chromosome 5H harbors QTLs that can be harnessed to improve G%.

a) ® A . . ; . ® eRLD ® G%C3 ® G%.C6
. e / / | eRLDT e GPC ® G%_C7
/» ° L T | esRRCt ® G% D2 © Red_G%
\® | [\ | \ ls ®SRRC2 © Red_FW © G% DT
\® | ¢ \ || e G%D1 © GPD 0 G%_D3
\* i\ [ ec%ct © Red ALY © SRR_DI
t i o FW_DTI ® G%_C4 ® SL_DTIt

h . . \ I?  ecw%ce ® G%_C5 © Red_SL1
M | ' il A/ eFwC
® f | il Ly
° f | t b
. I ® g i ) . 22 1
i: t M % 20 -
=7 i/ ° | ]‘\ v 18
° ) 7H®  § 16 1
[/ | = 14
Y _I [ ] / g 12 1
/o = / | Z 10
HK A\ / /o s 5
e / g
=N\ . o
® —t o, 2 6
1H E 4
3H 4H 5H 6H 7 2
2H 0-

1 2 3 4 5 6 7

Chromosome

Figure 5. (a) the distribution of QTL detected under drought and control conditions across all barley
chromosome, (b) the number of QTLs on each chromosome.

Table 4. Number of quantitative trait loci (QTLs) for seed germination and seedling establishment
related traits per chromosome and under each treatment in 60 types of Egyptian spring barley under
control (0-PEG) and drought (20%-PEG) conditions.

Treatment No. of QTL Chromosome. R?
Traits
Root Length Drought C - - -
D 21 1,234,7 26.9-44.3%
Shoot Length/Root Length Ratio Control C 1 7 34.3%
D 2 1 52.7%
Germination Percentage C 7 1,2,5 29.1-47.0%
D 3 1,2,6 32.1-42.9%
Germination Pace C 2 2,5 38.8-46.1%
D 5 3 35.7-43.9%
Fresh Weight C 4 3,6 27.5-55.1%
D 4 3,6 28.7-57.5%
QTL under Control 15
QTL under Drought 35
Total 50
Drought tolerance index
Fresh Weight Drought Tolerance Index 1 1 34.2%
Shoot Length Drought Tolerance Index 1 7 36.2%
Drought Tolerance Index 3 6 30.9-33.1%
Shoot Length Drought Tolerance Index 11 1,2,7 28.0-58.2%
Total 16
Reduction index
Reduction of Fresh Weight 1 3 47.6%
Reduction of Shoot Length 1 7 28.3%
Reduction of Root Length 1 5 37.8%
Shoot Length/Root Length Ratio Drought 1
Fresh Weight Control 1 2 30.2%
Total 5
Total Number of QTLs for all traits 71

C stands for control, D stands for drought, and R? phenotypic variation explained by marker alleles.
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2.3.1. QTLs for G% Traits

The single-marker analysis resulted in ten QTLs: seven for G%_C and three for G%_D. The QTLs
for control were localized on three chromosomes: 5H (4), 1H (2), and 2H (1). The QTL G%_1H_C2
explained 47% of the phenotypic variation of G%_C. For G%_D, three QTLs were distributed on
chromosomes 1H, 2H, and 3H. The QTL G%_1H_D1 accounted for 42% of the phenotypic variation
(Table S3). For G%-related indices, three QTLs for G%_DTI and three QTLs for Red_G% were detected.
Notably, all of them were mapped on chromosome 6H. The most effective QTLs, G%_6H_DTI3 and
Red_6H_G%4, contributed to 33% and 33% of the phenotypic variation for G%_DTI and Red_G%,
respectively. Noteworthy, the SNP marker S6_520541285 is attributed to three QTLs controlling G%_D,
G%_DTI, and Red_G%. These results suggest that this marker resides in a genomic region with
pleiotropic effects and harbors genes controlling the variation of more than one trait under contrasting
growth conditions.

2.3.2. QTLs for GP Traits

Seven QTLs were detected: two for GP_C on chromosomes 2H (1) and 5H (1), and five QTLs for
GP_D; all of them resided on chromosome 3H. For GP_C, the QTL GP_5H_C2 explains 46% of the
phenotypic variation. For GP_D, five QTLs were clustered at a region from 428,008,275 to 428,278,949
bp (Table S3).

2.3.3. QTLs for RL Traits

The highest number of QTLs for a single trait was detected for root length under drought (RL_D)
with 20 QTLs. The QTLs for RL_D were distributed on all chromosomes except chromosome 6H.
The QTL RL_4H_D18 showed great potential by explaining 44% of the phenotypic variation of the
corresponding trait, with an allele effect of 5.87. All of these QTLs are treatment-specific, i.e., adaptive
QTLs, as they underlie their variation of root length under drought only. For RL_DTI, eleven QTLs
were mapped: 1H (5), 3H (2), 5H (2), and 6H (2). The most powerful QTL for this trait, namely
RL_5H_DTI6, accounts for 58% of the phenotypic variation. For Reduction_RL, one QTL was detected,
namely, Red_5H_RL1 on 5H, which explained 38% of the phenotypic variation with a —6.2 effect for
the favorable allele (Table S3).

2.3.4. QTLs for SL Traits

Remarkably, no QTLs were mapped under the control or drought conditions for SL. However,
two QTLs were detected for SL_DTI and Reduction_SL, namely, SL_7H_DTI1 and Red_7H_SL1. Both
QTLs were mapped on chromosome 7H and explained 36% and 28% of the phenotypic variation of
SL_DTI and Reduction_SL, respectively (Table S3).

2.3.5. QTLs for FW Traits

Five QTLs were localized under the control condition, and four QTLs were identified under
drought (Table 4). It is noteworthy that four SNP markers were found to be associated with four
QTLs under the control condition as well as four QTLs under drought. These results suggested that
these QTLs harbor alleles that activate under control and drought conditions, i.e., these QTLs are
constitutive QTLs. The major QTLs were mapped on chromosomes 6H (FW_6H_C4 and FW_6H_D4)
and explained 55% and 57% of the total variation under control and drought conditions, respectively.
For FW-related indices: one QTL was mapped on chromosome 1H (FW_1H_DTI1) and one QTL
on chromosome 3H for reduction (Red_3H_FW1). They explained 48% and 34% of the variation of
FW_DTT and Reduction_FW, respectively (Table S3).
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2.3.6. QTLs for SRR Traits

In total, three QTLs were identified: two QTLs under the control condition and one QTL under
drought. The SRR_1H_C1 and SRR_7H_D1 are very effective QTLs that explained 53% and 34% of the
phenotypic variation in SRR under control and drought conditions, respectively.

The SNP markers that have a significant association with more than one trait are presented in Table 5.
Chromosome 6H had four markers that were found to be associated with more than one trait. Three SNPs on
chromosome 3H, S3_465596823 (T), S3_471113003 (C), and S3_50419767 (C), were found to be associated with
increased FW under control and drought conditions. Additionally, the S7_61794629 marker on chromosome
7H was associated with increased FW under both conditions. Three markers located on chromosome 6H were
associated with Reduction_G% and G%_DTI (Table S3).

Table 5. Candidate genes associated with the most effective markers and the annotation of genes.

Marker Chr SNP Position Traits Candidate Genes Annotation
FW_C HORVU3Hr1G061080 Glutaredoxin family protein
53_465596823 SH 465596823 FW_D HORVU3Hr1G061120 Gibberellin 2-beta-dioxygenase 1
FW_C HORVU3Hr1G061850 RING/U-box superfamily protein
S3_471113003 SH 471113003 FW_D HORVU3Hr1G061860 Protein kinase superfamily protein
Basic helix-loop-helix ((HLH)
DNA-binding family protein
FW_C HORVU3Hr1G018980 .
S3_50419767 3H 50419767 FW_D HORVU3Hr1G019070 Late embryoggnem.s abundant (LEA)
hydroxyproline-rich glycoprotein
family
RL_DTI HORVU5Hr1G021110 ABC transporter G family member 5
5599278943 5H 99278943 Reduction_RL HORVU5Hr1G021120 ABC transporter G family member 1
o
S5_526418931 5H 526418931 %l/: —g HORVU5Hr1G069950 At4g40080-like protein
Reduction_G% HORVU6Hr1G008640 Catalase 1
56_15937118 6H 15937118 G%_DTI HORVU6Hr1G008520 Chromosome 3B genomic scaffold
Reduction_G% HORVU6Hr1G008730 Catalase 3
56_15937146 6H 15937146 G%_DTI HORVU6Hr1G008880 Heat shock 70 kDa protein C
Cytochrome P450 superfamily protein
FW_C HORVU6Hr1G016350 . :
$6_37139810 6H 37139810 FW D HORVU6Hr1G016260 Transducin/W. ]?40 repgat-llke
superfamily protein
Reduction_G% . .
S6_520541285 6H 520541285 G%_DTI HORVU6Hr1G075640 AP2-like ethylene-responsive
o transcription factor
G%_D
o 6179469 - 61794629 SL_DTI HORVU7Hr1G030700 Dehydrogenase/ recLuctzse SDR family
- Reduction SL  HORVU7Hr1G030810 member

Glutathione peroxidase 1

The linkage disequilibrium (R?) between each pair of the significant SNP located on the same
chromosome was calculated (Table S3). As a result, 16 highly significant LD genomic regions (R? >
0.60) were detected. High LD was found among all SNPs located on chromosome 3H for GP_D. In
RL_D, two separated high LD regions were found on chromosome 1H. The first region consisted of six
SNPs, while the second region consisted of four SNPs. There was no high LD between the two regions.

Gene annotation was performed for each QTL found in this study (Table 53). The genomic regions
flanking the physical position of the corresponding SNP marker were scanned for candidate genes in
0.5 Mbp before and after the marker. We focus on the marker that had an association with more than
one trait in our discussion.

2.4. QTLs Associated with Drought Tolerance at Different Growth Stages

A set of 20 simple sequence repeat marker alleles that were previously reported [45], with
their significant association with nine QTLs controlling drought tolerance at the adult growth stage,
was tested with all traits scored in this study to find any possible causative QTLs controlling traits
under different growth stages (Table 54). Out of the 9 QTLs, one QTL (DSI-GYPS-Gh) was found
to be associated with Red_FW at the seedling stage (Table 6). The visible allele of this marker was
considered to increase tolerance to drought by decreasing the reduction in grain yield per spike under
drought conditions.
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Table 6. Previously reported QTL associated with drought tolerance at the adult growth stage.

Traits in
~ 2 1 s . .
QTL Name Marker Allele p-Value R Allele Eff This Study Traits in Earlier Studies

Drought susceptibility index for grain

DSI-GYPS-Gh  stm773-2_149 0.00010 229 —-0.433 Red_FW yield per spike (Sallam et al. 2019)

I The effect of the visible allele.

3. Discussion

3.1. Genetic Variation in Drought Tolerance at Germination and Seedling Stages

Seed germination and seedling establishment are of great importance for subsequent plant
development and growth. Low water content during the seedling stage can cause a complete
failure of crop production [46]. The high genetic variation found among genotypes for all traits,
and high heritability estimates are very useful for barley breeding programs to efficiently select the
drought-tolerant genotypes and improve drought tolerance. The genetic variation and heritability are
of high importance to select for the traits of interest and to select which genotypes will do better than
others under drought stress [47].

In this study, drought tolerance was evaluated based on five different traits, representing the
germination and seedling stages. All five traits had a direct relation to drought stress. Recently, in a
worldwide collection of barley, Thabet and Moursi et al. [7] found that all seed-germination-related and
seedling-related (G%, GP, RL, and SL) traits were significantly reduced under equivalent drought stress.
Similarly, the germination rate, root and shoot length, as well as seedling fresh weight, were markedly
decreased under drought stress in barley [8,45,48]. It was reported that multiple-trait-based selection is
more efficient than single-trait-based selection [49]. Thus, five drought tolerance indices were estimated
and used to select the most drought-tolerant genotypes. As a result, a set of 13 genotypes were
classified as drought-tolerant in at least two DSIs at the seedling stage. Remarkably, the same set of
material was evaluated for drought tolerance at the adult growth stage in two locations [45]. PNBYT15
was among the 15 most drought-tolerant genotypes for the 1000-kernel weight (DSI-TKW-Gh and
DSI-TKW-AS) and grain yield per spike (DSI-GYPS-AS and DSI-GYPS-Gh) categories. In this study, the
same genotype was identified as one of the most drought-tolerant genotypes at the germination and
seedling stages (G%, RL, and FW). Therefore, PNBYT15 can tolerate drought stress at different growth
stages. Using PNBYT15 as a parent in future breeding programs will undoubtedly improve drought
tolerance in barley. Moreover, the same set of genotypes was tested under heat stress at adult growth
stages for two successive seasons [48]. Among the heat-tolerant genotypes, six genotypes—SCSAL-21,
PNBYT15, SCSAL-36, SC4-41, SCSAL-52, and PNBYT27—were among the drought-tolerant genotypes
in this study.

3.2. Phenotypic Correlation

The phenotypic correlations among traits under control conditions were higher than those under
drought conditions (Figure 3). The same results were previously reported among the same traits on
barley [7]. Under drought stress, there was no correlation between the germination and seedling
stages. Therefore, it is very important to consider both types of traits under drought studies to select
drought-tolerant genotypes. This can be partially explained by the independent distribution of QTLs
for germination-related traits and those for seedling traits across the seven chromosomes of barley
(Figure 5). Under drought stress and control conditions, the most significant phenotypic correlation
was with RL. Root traits play an important role in tolerating drought.

As mentioned above, the same materials were tested for drought tolerance at the adult growth
stage in field experiments. We tested the correlation among drought tolerance in the germination,
seedling, and adult growth stages. We did not find high significant correlations among drought
tolerance in the three stages, except for G%_DTI with TKW-DSI-Gh, r = 0.27 * (Table S5). These results



Plants 2020, 9, 1425 11 of 22

suggest that selection for drought tolerance cannot be accomplished based on a single stage. Thus, for
producing elite drought-tolerant genotypes, pyramiding the alleles associated with drought tolerance
at different growth stages is necessary. Drought stress can occur in any growth stage, and genotypes
performed differently through different growth stages. Similar results were obtained in wheat by
Sallam and Mourad et al. [50]. Drought stress is stage- and genotype-dependent.

3.3. The Marker—Trait Association

In the current study, a set of 16,966 SNPs were generated from GBS and distributed on all the seven
chromosomes. This number of markers allowed many QTLs for all traits under both conditions to be
detected using single-marker analysis. Once SNP markers are significantly associated with the desired
trait, they can be used by plant breeders for marker-assisted selection (MAS) to select individual plants
that have a combination of alleles of interest from large segregated populations [51,52]. The highest
number of QTLs was detected for root-related parameters (33 QTLs). This result is in accordance with
earlier studies on different barley collections. Naz and Arifuzzaman et al. [53] reported that out of 28
QTLs, 19 were identified for root-related traits. Similarly, Thabet and Moursi et al. [7] found 36 QTLs
for root-related parameters; Abdel-Ghani and Sharma et al. [9] mapped 34 QTLs for root-related traits
under control and drought conditions. This is a further indication of the vital role of the roots under
drought stress as it creates considerable differences among genotypes and allows distinction between
the tolerant and susceptible groups. These results suggested that SMA is a useful approach to precisely
map marker—trait associations. Moreover, the results show that these genotypes possess a sufficient
level of genetic diversity to be used for MAS.

A total of 71 QTLs, distributed on all chromosomes, were detected in this study under both
treatments. Highly significant LD genomic regions were found. These high genomic regions represented
one QTL, and the SNPs that were in high LD tend to be coinherited together. The R? of all QTLs was
ranged from 0.275 to 0.582, which suggested that the detected QTLs have major effects. Interestingly,
some markers were found to be associated with more than one trait. These markers had pleiotropic
effects that have a very important impact on the marker-assisted selection and identification of candidate
genes [54]. Hence, we will focus on those that were associated with more than one trait.

Three SNPs on the 3H chromosome were found to be associated with FW under control and
drought conditions. A complete LD was found between S3_471113 and S3_50419767, indicating
that these two markers are coinherited together and represented the same QTL. Both markers had
nonsignificant LD with S3_471113003. Allele C of S3_471113003 had the lowest R? and allele effects
for FW under both conditions compared to alleles T and C for 53_471113003 and S3_50419767,
respectively. These two markers, with significant LD, could be very important in a breeding program
for marker-assisted selection as they are associated with increased FW under both conditions.

On chromosome 5H, the SNP marker S5_526418931 had a significant association with two QTLs,
G%_5H_C6 and GP_5H_C2, indicating a pleiotropic mode of action for the genes residing in this QTL’s
vicinity. For G%-related traits, the major QTL that explained 47% of the total phenotypic variation
under the control condition (G%_1H_C2) was localized at 463,037,615 bp (61.83 cM). This result agreed
with the results of Thabet and Moursi et al. [7], who mapped a QTL for GP_D. This result is supported
by the positive and significant correlation between G% and GP under control and drought (Figure 3a,b)
conditions. For GP-related parameters, it is noteworthy that all five GP_D-related QTLs were mapped
on chromosome 3H, approximately at the same position of 428,008,275 bp (51.63 cM). Very close to
this cluster of QTLs for GP, a cluster of QTLs for biomass and shoot dry weight was detected under
drought [9]. The other SNP, located on the same chromosome, was S5_99278943, which controlled
RL_DTI and Reduction_RL. There was no LD between the two SNPs due to the long physical distance
between the two SNPs, suggesting that there were different QTLs on the same chromosome (Figure 5).
In agreement with that, RL_DTI and Reduction_RL showed a very high negative and significant
correlation, with r = —0.93 *** (Figure S1).
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Three important significant SNP markers on chromosome 6H (S6_15937118, S6_15937146, and
56_520541285) revealed significant associations with QTLs for G%_DTI and Red_G%. A high LD was
found between S6_15937118 and S6_15937146, while there was no significant LD between these two
SNPs with 56_520541285. Presumably, these alleles regulate the variation of these traits conversely, i.e.,
they increase one trait and decease the second at the same time. This interpretation is supported by the
significantly high negative correlation between Red_G% and G%_DTI (r = —0.93 ***). Additionally,
these alleles should be very valuable for selection for drought tolerance because they orchestrate the
variation under both growth conditions. Therefore, the selection for drought tolerance can be made
under control conditions only or under drought. These QTLs appear to be novel as no equivalent
QTLs were mapped at the same position in the earlier studies. The S6_37139810 SNP was found to
be associated with FW under both treatments, and it explained 55% and 58% of the total variation
for FW under control and drought conditions, respectively. The S6_37139810 SNP seemed to be
more important than those that were found on chromosome 3H. Moreover, it had a higher significant
association (p-value = 0.0002 under both conditions) with FW than the other three SNPs located on
chromosome 3H.

The SNP markers that have pleiotropic effects could be converted to kompetitive allele-specific
PCR (KASP) and validated in different germplasm before use for MAS.

3.4. Marker Validation

Sallam and Amro et al. [45] found 20 marker alleles that were associated with nine QTLs controlling
grain weight and grain yield per spike under normal and drought conditions and drought susceptibility
indices at the adult growth stage using SSR markers (Table S4). In the current study, we tested the
association between these significant SSR markers and phenotypic data scored under both conditions.
We found that one marker/QTL (stm?773-2-149/DSI-GYPS-Gh) was found to be associated with the trait
(Reduction- FW). This QTL (DSI-GYPS-Gh) was previously reported to be associated with increased
drought tolerance by decreasing the drought susceptibility index for the trait of grain yield per spike
(DSI = —0.903). Likewise, in this study, the same marker was strongly associated with the reduction in
FW (p-value of 0.00010 and R? of 22.9%). The visible allele of that marker was found to be associated
with a decreased reduction in FW. This result suggested that although the different growth stages
are controlled by different genes generally, detecting an interesting genomic region harboring genes
controlling drought tolerance at different growth stages could be possible. Many studies have reported
that fresh weight and dry weight at the seedling stage have a significant association with grain weight
under various stresses. A positive and strong correlation was found between seedling FW and final
grain weight in sorghum (Sorghum bicolor (L.) Moench) under drought stress (r = 0.89 **) [55].

3.5. Analysis of Gene Annotation

The candidate genes were identified for the most effective markers that had associations with
more than one trait. Chromosome 6H harbored the highest number of candidate genes. The gene
HORVU6Hr1G008640 and HORVUG6Hr1G008730, associated with G%-related traits, encode Catalsel
and Catalase3 isozymes (Table 5). It has been proven that drought is associated with high H,O, levels.
Several studies have demonstrated the pivotal role of catalase activity to equilibrate the concentration
of HyO; in the embryonic tissues during seed germination, as reviewed by Hite and Auh et al. [56].
Furthermore, on chromosome 6H, the gene HORVU6Hr1G008880 is annotated to be heat shock 70 kDa
protein C (hsp70). hsp70 chaperones are needed to ensure optimal folding of the novo-synthesized
proteins via preventing protein aggregation that occurs after seed rehydration. Moreover, hsp70 ensures
the rapid biosynthesis and transportation of proteins during the rapid embryogenesis that characterizes
the seed germination stage [57]. The overexpression of tobacco hsp70 enhanced drought stress [58]. The
cytosolic hisp70 transcripts dramatically increased over 50-fold under PEG-induced drought stress in
barley [59]. Moreover, HORVU6Hr1G075640 encoded the AP2-like ethylene-responsive transcription
factor (AP2/ERF). AP2/ERFs positively regulated drought tolerance in Arabidopsis thaliana (L.) [60].
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AP2/ERFs improved drought tolerance in Arabidopsis via activating the expression of Aquaporin
genes [61]. AP2/ERFs negatively regulate ABA signaling during seed germination by regulating the
expression of abscisic acid insensitive (ABI3, ABI4, ABI5) during seed germination and early seedling
development [62]. Expression of AhAP2/ERF from peanut in Arabidopsis increased ABA sensitivity and
conferred drought tolerance [63]. The last two genes on chromosome 6H, HORVU6Hr1G016350, and
HORVU6Hr1G016260, encode cytochrome P450 superfamily protein and transducin/WD40 repeat-like
superfamily protein, respectively, and are associate with FW-related traits. The expression of the
cytochrome P450 family gene, AtCYP78A7, from Arabidopsis into rice improved drought tolerance [64].
Similarly, the overexpression of GmCYP82A3 from soybean (Glycine max (L.) in tobacco enhanced
seed germination under osmotic stress through inducing the expression of the jasmonic acid/ethylene
(JA/ET) signaling pathway-related genes [65]. Supportive of that, the overexpression of wheat
TuWDA40D positively controlled drought tolerance during seed germination and seedling development
in Arabidopsis. In the same study, the suppression of TaWD40D in wheat decreased seed vigor and
seedling development [66]. Gachomo and Jimenez-Lopez et al. [67] found that GIGANTUS1 (GTS1),
a member of the transducin/WD40 protein superfamily, regulated seed germination, growth, and
biomass accumulation in Arabidopsis. Taking these findings together, the genes on chromosome 6H
are potentially involved in drought tolerance in barley. Most of them regulate seed germination and
biomass traits; therefore, they are potential targets to select for drought tolerance.

Notably, the genes on chromosome 3H strictly accounted for the variation of FW under control
and drought conditions. Of these, the gene HORVU3Hr1G061080 was annotated to the glutaredoxin
family protein. Glutaredoxin conferred drought tolerance in maize at the seedling stage [68]. The
overexpression of OsGRXS8 from rice increased drought tolerance in Arabidopsis [69]. Under drought,
MeGRXC15 from cassava boosted seedling development in Arabidopsis via the ABA signaling pathway;
thereby, the growth parameters for transgenic plants were higher than those of wild plants [70]. Similarly,
the overexpression of glutaredoxins genes LOC_0s02g40500 and LOC_0Os01g27140 from rice conferred
drought tolerance in Arabidopsis by inducing enzymatic antioxidants and reducing the levels of
reactive oxygen species (ROS). The transgenic plants had longer roots and a higher germination
percentage than the wild-type plants [71]. Additionally, HORVU3Hr1G061120 encodes gibberellin
2-beta-dioxygenasel (GA2o0x1). GAox regulates the active gibberellin homeostasis as they are involved
in biosynthesis, as well as the deactivation of gibberellin. The role of gibberellins (GAs) as a class of
growth hormones in the response of plants to abiotic stress has been shown. Gibberellins positively
regulate plant organ development. GA20x1 was significantly upregulated under 10%-PEG drought
stress in tea plants, indicating that GA20x1 is involved in stress-response regulation [72]. Arabidopsis
mutants overexpressing AtGAox1 and AtGAox2 showed lower drought tolerance [73]. These findings
demonstrated that GA20x1 negatively regulated drought tolerance via controlling the bioactive GA
levels. The remaining genes on chromosome 3H encode different classes of transcription factors (TFs;
Table 5). The first and the second TFs, namely, RING/U-box superfamily protein and protein kinase
superfamily proteins (PKs), respectively, are involved in the positive regulation of ABA-dependent
drought tolerance at seed germination and root growth in Arabidopsis [74]. Additionally, in wheat,
TaPK2622 can improve drought tolerance via triggering Ca2* signaling and regulating the intracellular
ion homeostasis [75]. The third TF is the basic helix-loop-helix ((HLH) DNA-binding family protein
(bHLH). Waseem and Li [76] found that SIbHLH22, when overexpressed, confers higher seedling vigor
and drought tolerance in transgenic tomato plants relative to wild-type plants. That effect was caused
by high activation in the enzymatic antioxidant machinery components as well as antioxidant-related
genes. The fourth TF is in the late embryogenesis abundant (LEA) hydroxyproline-rich glycoprotein
family. In Brassica napus, four LEA transcription factors were found to be negative regulators of GA
signaling. LEA proteins conferred drought tolerance through their involvement in the ABA signaling
pathway [77]. Given these findings, it seems that GA and LEA are working antagonistically; GA
increases organ development, and, on the contrary, LEA diminishes GA levels and, consequently,
reduces organ development. This interdependency may help the plant to channel resources to
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withstand drought rather than for organ development. Overall, genes on chromosome 3H are diverse,
including regulatory genes such as TF-coding genes and functional genes such as antioxidant-related
genes. This result suggests that barley combines different mechanisms to cope with drought. Moreover,
most of these genes are involved in the ABA signaling pathway, suggesting a compensatory mode of
action. Of high importance is that all genes on chromosome 3H are attributed to the variation of FW
under control and drought conditions; thus, 3H represents a target to select for FW improvement.
Three genes on chromosome 5H control the variation of root length and germination parameters.
Of these, two genes encode ATP-binding cassette (ABC) transporter G family member 5 and ABC
transporter G family member 1 (Table 5). Both genes account for the variation of RL-related traits.
The ABC transporters are involved in ABA transport under drought stress. Arabidopsis AtABCG25
transporter was greatly expressed in vascular tissues; it is an ABA efflux carrier [78]. In the current
study, ABC transporters are involved in root length variation. Supportive of our results, the ABC
transporter is mainly expressed in several organs, including leaves and roots [78]. Kim and Jin et al. [79]
reported that the overexpression of AtABCG36 enhanced drought tolerance that was demonstrated
by a 1.7-fold increase in shoot biomass and a 1.2-fold increase in root length. Upon prolonged water
deficit, ABC transporters were responsible for translocating root-derived ABA via the xylem to the
aboveground plant parts [80]. Altogether, ABC transporters are responsible for ABA transportation
under drought, and they accounted for the root response. Our conclusion is supported by previous
research [81] that reported that another member of the ABC transporters, AtABCG16, peaked in the root
plasma membrane. The silencing of StABCGL1 in Solanum tuberosum L., which is mainly expressed in the
roots, resulted in alterations in root and tuber morphology as well as hypersensitivity to drought [82].
A further gene on chromosome 5H encodes At4g40080-like protein, which accounts for variation in G%
and GP (Table 5). This protein has clathrin-dependent endocytosis in the Golgi apparatus and includes
the epsin N-terminal homology (ENTH) domain. Clathrin-mediated endocytosis was involved in the
seed germination of Gastrodia elata [83]. Endocytosis is triggered immediately upon seed imbibition, but
Arabidopsis seed germination was greatly delayed when endocytosis was inhibited under drought [84].
This result suggested that endocytosis has a pivotal role in seed germination and root development.
Two genes on chromosome 7H account for SL-related trait variations (Table 5), which encode
dehydrogenase/reductase SDR family member 4 (DHRS4) and glutathione peroxidase 1 (GPX1).
DHRS4 was upregulated under drought stress in grapevine, indicating its involvement in the drought
response [85]. This gene has an oxidoreductase activity, with a prominent role in shoot apex
development and shoot apical meristem maintenance in Arabidopsis [86]. The second gene encodes
GPX1. Arabidopsis GPX1 transcripts were found to be abundant in shoots of wild-type plants as well
as mutant plants [87]. GPX is the main constituent of the ascorbate—glutathione (ASC-GSH) cycle
that is the main cycle for detoxifying excess H,O, produced upon drought [88]. Under drought, the
induction of AsA-GSH-related genes significantly increased the drought tolerance in wheat seedlings,
as demonstrated by increased shoot lengths and shoot dry weights, along with a low H,O, content [89].

4. Materials and Methods

4.1. Plant Material

The diverse set consisted of 60 spring barley genotypes. The biological status, pedigree information,
and population structure have been illustrated [90]. The list of all genotypes is presented in Table S1.

Seed Germination Test

All genotypes were tested under two treatments: control (0-PEG) and 20%-PEG for drought
stress. For control (0-PEG) as well as for drought stress (20%-PEG), each genotype was replicated three
times in a randomized complete block design (RCBD). In each replicate, 20 seeds from each genotype
were spread in a 9-cm diameter Petri dish on 2 filter papers, Whatman No.1, moistened by 10 mL of
the corresponding solution; the Petri dishes were incubated under 20 °C in the darkness. The seed
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germination was scored every 24 h for up to ten days. The seed was considered germinated when the
radicle length was 2 cm. Twenty-two seed germination and seedling traits were scored, as described in
Table 1. Germination parameters were assessed according to International Seed Testing Association
rules (ISTA); Table 1 summarizes the names, abbreviations, and estimation descriptions for all traits.

For shoot length and root length measurements, 10 seeds from each genotype were placed in a
piece of rolling paper [91]; the papers were placed in 1 L beakers approximately filled with water for
the control treatment or 20%-PEG for the drought treatment. The 20%-PEG solution was replaced every
second day until the end of the experiment. After 12 days, the shoot length (SL) and root length (RL;
in cm) were manually measured. The fresh weight (FW) was recorded (g) using a sensitive balance
(Sartorius AC 1215, Germany). The shoot- and root-related parameters—shoot length/root length ratio
(SRR), reduction of shoot length (Reduction_SL), reduction of root length (Reduction_RL), drought
tolerance index of shoot length (DTI-SL), and drought tolerance index of root length—were calculated
as described in Table 1.

4.2. Data Analyses

Analysis of variance (ANOVA), broad-sense heritability (H?), and correlation coefficients were
calculated using PLABSTAT [92] and R software.

Principal component analysis (PCA) under control and drought conditions was calculated for all
traits. PCA converts the values of the potentially related traits into an uncorrelated measure called
principal components. The PCA dimensions are arranged in a descending manner, where the first
dimension encompasses the highest observed variance, giving the best-estimated variance in the
experiment. The PCA analysis revealed that RL, SL, and FW attributed to the most variation in this
collection. The PCA was computed in accordance with Julkowska et al. [93].

4.3. DNA Extraction and Genotyping-by-Sequencing (GBS)

Four-to-five leaves from each genotype (five-day-old plants) were collected to extract DNA. The
extraction protocol was DNAzol reagent (Molecular Research Center, Inc. Technical Bulletin 6). The
concentration of DNA for each genotype was measured using spectrophotometry (Gen5TM microplate
reader and image software, with Take3TM microvolume plates from BioTek, Winooski, VT, United
States) and prepared for GBS. The DNA was genotyped using GBS by digesting the DNA with two
different restriction enzymes, Pstl, and Mspl, as described in Poland and Rife [94]. Pooled libraries
were sequenced using Illumina Inc. NGS platforms. The reads of the sequence were used for single
nucleotide polymorphism (SNP) calling using a TASSEL 5.0 v2 GBS pipeline [95]. Barley cv. Morex
(version MorexV2, as a reference genome) was used for identifying SNP markers, their physical
position, and localization. The SNP markers identified were filtered for minor allele frequency (MAF
> 0.05), maximum missing sites per SNP < 20%, and maximum missing sites per genotype < 20%.
Heterozygous loci were then marked as missing to obtain better estimates of marker effects (Peter
Bradbury, personal communication).

Single-marker analysis (SMA) was used to test the associations between SNP markers, and all
phenotypic data scored on all genotypes. The analysis was done using R software following this model:

Y = u + f (marker) + error,

where Y is equal to the value of the respective trait value, p refers to the mean of the population, and f
(marker) is a function of the significant markers [96].

4.4. Candidate Gene Identification

The physical positions of the significant SNPs were used to find the candidate genes, which
colocalize or are very close to them (around 0.5 Mbp). We used a recent barley genome dataset and
geneset (BARLEX; http://apex.ipk-gatersleben.de) to annotate the genes as candidates. The physical
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positions in base pairs and their corresponding genetic position in centiMorgan (cM) of the significant
SNPs were detected using the most recent maps of barley [97,98].

4.5. QTLs Controlling Drought Tolerance at Different Growth Stages

A set of 20 SSR marker alleles controlling nine QTLs, reported by Sallam et al. [45], was tested
in this study, with all traits scored at the germination and seedling stages. The QTL names, traits,
and significant SSR markers are listed in Table S4. The association was examined using single-marker
analysis, as described above.

5. Conclusions

Taking these results together, this diverse barley collection contained adequate phenotypic
diversity to better understand drought stress on germination and early seedling growth. Interestingly,
this material was evaluated for drought tolerance at three important growth stages, and we concluded
that the PNBYT15 genotypes can tolerate drought in all these three growth stages. This conclusion
was shown by the high consistency with other studies, as several clusters of QTLs for various traits
were detected in nearly the same positions. Both the drought-tolerant genotypes and the sensitive
ones are of high importance. The former can be used further in breeding programs as donors of the
favorable alleles, while the sensitive ones can be used as contrasting parents to develop new mapping
populations to better understand drought stress tolerance. The effective alleles are valuable to select
for improving several traits at once under drought stress. The drought tolerance index is a valuable
criterion for selection. The analysis of gene annotation confirmed the power of SMA to detect the
association between SNPs and target traits. The consistency of our results with previous studies
that have harnessed larger populations and different marker—trait association methods suggests that
single-marker analysis is successful in identifying significant comparable associations. The identified
candidate genes are of high importance to select for improving numerous traits; genes on chromosomes
3H, 5H, 6H, and 7H are potential genes to select for FW, RL, G%, and SL, respectively. Finally,
the marker stm773-2-149, which was found to be associated with drought tolerance at germination,
seedling, and adult growth stages, is very important and can be used for marker-assisted selection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/11/1425/s1.
Figure S1: Correlations of the drought tolerance indices in 60 Egyptian spring barley. G%_DTI = germination
percentage drought tolerance index, GP_DTI = germination pace drought tolerance index, SL_DTI = shoot length
drought tolerance index, RL_DTI = root length drought tolerance index, FW_DTI = fresh weight drought tolerance
index, Reduction_G% = reduction of germination percentage, Reduction_GP = reduction of germination pace,
Reduction_SL = reduction of shoot length, Reduction_RL = reduction of root length, and Reduction_ FW =
reduction of fresh weight. X indicates the nonsignificant correlations at p = 0.05. Table S1: The biological status
and pedigree information of the collection of 60 types of Egyptian spring barley. Table S2: Ranges, means, and
heritability for all traits estimated in 60 Egyptian barley genotypes under control and drought stress conditions
during seed germination and seedling establishment. Table S3: Detailed description of the single-marker analysis,
linkage disequilibrium, and gene annotation, including QTLs and the candidate genes residing in the intervals
among these linked markers. Table S4: List of QTLs associated with drought tolerance at the adult growth
stage found by Sallam et al. [45]; all these markers were tested in the current study; the marker associated with
traits in the current study as well as with traits at the adult stage is highlighted yellow. Table S5: Phenotypic
correlation analysis among drought tolerance genes at different growth stages (germination, seedling, and adult
growth stages). Table S6: Raw data for the selection indices of the respective traits under drought stress at seed
germination, seedling development, and adult stages of spring barley.
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Abbreviations

PEG-6000 = polyethylene glycol 6000, ANOVA = analysis of variance, SMA = single-marker analysis, SNP = single
nucleotide polymorphism, R? = the ratio of phenotypic variation explained by a QTL, C = control, D = drought, H? =
heritability, PCA = principal component analysis, GBS = genotyping by sequencing, and r* = linkage disequilibrium
(LD). Traits” nomenclature, abbreviations, and description: Germination Percentage (G%) = germinated seeds/total
number of seeds x 100; Germination Pace (GP) = GP = N/}, (n X g) X 100, where N is the number of germinated
seeds at the end of the experiment, 1 is the number of newly germinated seeds at a certain day g, g = (1, 2, 3,
... ); Shoot length (SL) = the shoot length measured by a regular ruler (cm); Root length (RL) = the root length
measured by a regular ruler (cm); Shoot/Root length ration (SRR) = Shoot length/Root length; Fresh weight (FW) =
fresh weight recorded in grams using a sensitive balance (Sartorius AC 1215, Germany); Reduction of Germination
Percentage (Reduction_G%) = G% control — G% drought; Reduction of Germination Pace (Reduction_GP) = GP
control — GP drought; Reduction of Shoot length (Reduction_SL) = SL control — SL drought; Reduction of Root length
(Reduction_RL) = RL control — RL drought; Reduction of Fresh weight (Reduction_FW) = FW control — FW drought;
Drought Tolerance Index of G% (G%_DTI) = G% control/G% drought x 100; Drought Tolerance Index of GP (GP_DTI)
= GP control/GP drought X 100; Drought Tolerance Index of SL (SL_DTI) = SL control/SL drought x 100; Drought
Tolerance Index of RL (RL_DTI) = RL control/RL drought x 100; Drought Tolerance Index of FW (FW_DTI) = FW
control/FW drought x 100; Traits’ names consist of the abbreviation of the respective trait, followed by a symbol for
the treatment (for example, G%_C = Germination percentage control); QTL names consist of the abbreviations of trait,
chromosome, and treatment, followed by a number (for example, RL_1H_D1 = QTL number one for root length on
chromosome 1H under drought stress treatment).

References

1. Nazari, L.; Pakniyat, H. Assessment of drought tolerance in barley genotypes. J. Appl. Sci. 2010, 10, 151-156.
[CrossRef]

2. Bourgne, S.; Job, C.; Job, D. Sugarbeet seed priming: Solubilization of the basic subunit of 11-S globulin in
individual seeds. Seed Sci. Res. 2000, 10, 153-161. [CrossRef]

3. Baum, M.; VonKorff, M.; Guo, P.; Lakew, B., Hamwieh, A.; Lababidi, S.; Udupa, S.M.; Sayed, H.; Choumane, W.;
Grando, S. Molecular approaches and breeding strategies for drought tolerance in barley. In Genomics-Assisted
Crop Improvement; Springer: Dordrecht, The Netherlands, 2007; pp. 51-79.

4. Hackenberg, M.; Gustafson, P; Langridge, P.; Shi, B.J. Differential expression of micro RNA s and other
small RNA s in barley between water and drought conditions. Plant Biotechnol. ]. 2015, 13, 2-13. [CrossRef]
[PubMed]

5. Harris, D. The effects of manure, genotype, seed priming, depth and date of sowing on the emergence and
early growth of Sorghum bicolor (L.) Moench in semi-arid Botswana. Soil Tillage Res. 1996, 40, 73-88.

6. Chen, K; Arora, R.; Arora, U. Osmopriming of spinach (Spinacia oleracea L. cv. Bloomsdale) seeds and
germination performance under temperature and water stress. Seed Sci. Technol. 2010, 38, 36-48. [CrossRef]

7. Thabet, S.G.; Moursi, Y.S.; Karam, M.A.; Graner, A.; Alqudah, A.M. Genetic basis of drought tolerance during
seed germination in barley. PLoS ONE 2018, 13, €0206682. [CrossRef]

8. Wehner, G.G.; Balko, C.C.; Enders, M.M.; Humbeck, K.K.; Ordon, EF. Identification of genomic regions
involved in tolerance to drought stress and drought stress induced leaf senescence in juvenile barley.
BMC Plant Biol. 2015, 15, 125. [CrossRef]

9.  Abdel-Ghani, A.H.; Sharma, R.; Wabila, C.; Dhanagond, S.; Owais, S.J.; Duwayri, M.A.; Al-Dalain, S.A.;
Klukas, C.; Chen, D.; Liibberstedt, T. Genome-wide association mapping in a diverse spring barley collection
reveals the presence of QTL hotspots and candidate genes for root and shoot architecture traits at seedling
stage. BMC Plant Biol. 2019, 19, 216. [CrossRef]

10. Hittalmani, S.; Huang, N.; Courtois, B.; Venuprasad, R.; Shashidhar, H.; Zhuang, J.; Zheng, K.; Liu, G.;
Wang, G.; Sidhu, J. Identification of QTL for growth-and grain yield-related traits in rice across nine locations
of Asia. Theor. Appl. Genet. 2003, 107, 679—-690. [CrossRef]

11.  Chloupek, O.; Dostal, V; Stfeda, T.; Psota, V.; Dvorackovd, O. Drought tolerance of barley varieties in relation
to their root system size. Plant Breed. 2010, 129, 630-636. [CrossRef]

12. Reinert, S.; Kortz, A.; Léon, J.; Naz, A.A. Genome-wide association mapping in the global diversity set
reveals new QTL controlling root system and related shoot variation in barley. Front. Plant Sci. 2016, 7, 1061.
[CrossRef] [PubMed]


http://dx.doi.org/10.3923/jas.2010.151.156
http://dx.doi.org/10.1017/S0960258500000167
http://dx.doi.org/10.1111/pbi.12220
http://www.ncbi.nlm.nih.gov/pubmed/24975557
http://dx.doi.org/10.15258/sst.2010.38.1.04
http://dx.doi.org/10.1371/journal.pone.0206682
http://dx.doi.org/10.1186/s12870-015-0524-3
http://dx.doi.org/10.1186/s12870-019-1828-5
http://dx.doi.org/10.1007/s00122-003-1269-1
http://dx.doi.org/10.1111/j.1439-0523.2010.01801.x
http://dx.doi.org/10.3389/fpls.2016.01061
http://www.ncbi.nlm.nih.gov/pubmed/27486472

Plants 2020, 9, 1425 18 of 22

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Robinson, H.; Hickey, L.; Richard, C.; Mace, E.; Kelly, A.; Borrell, A.; Franckowiak, J.; Fox, G. Genomic
regions influencing seminal root traits in barley. Plant Genome 2016, 9, 1-13. [CrossRef]

Tarawneh, R.A. Mapping and identifying genes for drought tolerance in barley (Hordeum vulgare L.). Ph.D.
Thesis, Der Martin-Luther-Universitdt Halle-Wittenberg, Halle, Germany, 2020. [CrossRef]

Fakheri, B.A.; Aghnoum, R.; Nezhad, N.M.; Ataei, R. GWAS analysis in spring barley (Hordeum vulgare L.)
for morphological traits exposed to drought. PLoS ONE 2018, 13, 0204952.

Hansen, L.; von Wettstein-Knowles, P. The barley genes Acll and Acl3 encoding acyl carrier proteins I and
III are located on different chromosomes. Mol. Gen. Genet. MGG 1991, 229, 467-478. [CrossRef] [PubMed]
Teulat, B.; Monneveux, P.; Wery, J.; Borries, C.; Souyris, I.; Charrier, A.; This, D. Relationships between
relative water content and growth parameters under water stress in barley: A QTL study. New Phytol. 1997,
137,99-107. [CrossRef]

Teulat, B.; This, D.; Khairallah, M.; Borries, C.; Ragot, C.; Sourdille, P; Leroy, P.; Monneveux, P.; Charrier, A.
Several QTLs involved in osmotic-adjustment trait variation in barley (Hordeum vulgare L.). Theor. Appl. Genet.
1998, 96, 688—698. [CrossRef]

Teulat, B.; Borries, C.; This, D. New QTLs identified for plant water status, water-soluble carbohydrate
and osmotic adjustment in a barley population grown in a growth-chamber under two water regimes.
Theor. Appl. Genet. 2001, 103, 161-170. [CrossRef]

Sayed, M.A.; Schumann, H.; Pillen, K.; Naz, A.A.; Léon, ]. AB-QTL analysis reveals new alleles associated
to proline accumulation and leaf wilting under drought stress conditions in barley (Hordeum vulgare L.).
BMC Genet. 2012, 13, 61. [CrossRef]

Fan, Y,; Shabala, S.; Ma, Y.; Xu, R.; Zhou, M. Using QTL mapping to investigate the relationships between
abiotic stress tolerance (drought and salinity) and agronomic and physiological traits. BMC Genom. 2015, 16,
43. [CrossRef]

Ahmed, LM.; Dai, H.; Zheng, W.; Cao, F,; Zhang, G.; Sun, D.; Wu, E. Genotypic differences in physiological
characteristics in the tolerance to drought and salinity combined stress between Tibetan wild and cultivated
barley. Plant Physiol. Biochem. 2013, 63, 49-60. [CrossRef] [PubMed]

Wojcik-Jagta, M.; Fiust, A.; KoScielniak, J.; Rapacz, M. Association mapping of drought tolerance-related
traits in barley to complement a traditional biparental QTL mapping study. Theor. Appl. Genet. 2018, 131,
167-181. [CrossRef]

Baum, M.; Grando, S.; Backes, G.; Jahoor, A.; Sabbagh, A.; Ceccarelli, S. QTLs for agronomic traits in the
Mediterranean environment identified in recombinant inbred lines of the cross ‘Arta’x H. spontaneum 41-1.
Theor. Appl. Genet. 2003, 107, 1215-1225. [CrossRef] [PubMed]

Diab, A.A.; Teulat-Merah, B.; This, D.; Ozturk, N.Z.; Benscher, D.; Sorrells, M.E. Identification of
drought-inducible genes and differentially expressed sequence tags in barley. Theor. Appl. Genet. 2004, 109,
1417-1425. [CrossRef] [PubMed]

Guo, P,; Baum, M,; Varshney, R.K.; Graner, A.; Grando, S.; Ceccarelli, S. QTLs for chlorophyll and chlorophyll
fluorescence parameters in barley under post-flowering drought. Euphytica 2008, 163, 203—214. [CrossRef]
Honsdorf, N.; March, T.J.; Berger, B.; Tester, M.; Pillen, K. High-throughput phenotyping to detect drought
tolerance QTL in wild barley introgression lines. PLoS ONE 2014, 9, €97047. [CrossRef] [PubMed]

Lakew, B.; Henry, R.J.; Ceccarelli, S.; Grando, S.; Eglinton, J.; Baum, M. Genetic analysis and phenotypic
associations for drought tolerance in Hordeum spontaneum introgression lines using SSR and SNP markers.
Euphytica 2013, 189, 9-29. [CrossRef]

Rollins, J.A.; Drosse, B.; Mulki, M.; Grando, S.; Baum, M.; Singh, M.; Ceccarelli, S.; von Korff, M. Variation
at the vernalisation genes Vrn-H1 and Vrn-H2 determines growth and yield stability in barley (Hordeum
vulgare) grown under dryland conditions in Syria. Theor. Appl. Genet. 2013, 126, 2803-2824. [CrossRef]
Alqudah, A.M.; Samarah, N.H.; Mullen, R.E. Drought stress effect on crop pollination, seed set, yield and
quality. In Alternative Farming Systems, Biotechnology, Drought Stress and Ecological Fertilisation; Springer:
Dordrecht, The Netherlands, 2011; pp. 193-213.

Varshney, R.; Paulo, M.; Grando, S.; Van Eeuwijk, F; Keizer, L.; Guo, P; Ceccarelli, S.; Kilian, A.;
Baum, M.; Graner, A. Genome wide association analyses for drought tolerance related traits in barley
(Hordeum vulgare L.). Field Crops Res. 2012, 126, 171-180. [CrossRef]


http://dx.doi.org/10.3835/plantgenome2015.03.0012
http://dx.doi.org/10.25673/32717
http://dx.doi.org/10.1007/BF00267471
http://www.ncbi.nlm.nih.gov/pubmed/1944232
http://dx.doi.org/10.1046/j.1469-8137.1997.00815.x
http://dx.doi.org/10.1007/s001220050790
http://dx.doi.org/10.1007/s001220000503
http://dx.doi.org/10.1186/1471-2156-13-61
http://dx.doi.org/10.1186/s12864-015-1243-8
http://dx.doi.org/10.1016/j.plaphy.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23232247
http://dx.doi.org/10.1007/s00122-017-2994-1
http://dx.doi.org/10.1007/s00122-003-1357-2
http://www.ncbi.nlm.nih.gov/pubmed/12898030
http://dx.doi.org/10.1007/s00122-004-1755-0
http://www.ncbi.nlm.nih.gov/pubmed/15517148
http://dx.doi.org/10.1007/s10681-007-9629-6
http://dx.doi.org/10.1371/journal.pone.0097047
http://www.ncbi.nlm.nih.gov/pubmed/24823485
http://dx.doi.org/10.1007/s10681-012-0674-4
http://dx.doi.org/10.1007/s00122-013-2173-y
http://dx.doi.org/10.1016/j.fcr.2011.10.008

Plants 2020, 9, 1425 19 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Forster, B.; Ellis, R.; Moir, J.; Talame, V.; Sanguineti, M.; Tuberosa, R.; This, D.; Teulat-Merah, B.; Ahmed, I;
Mariy, S. Genotype and phenotype associations with drought tolerance in barley tested in North Africa.
Ann. Appl. Biol. 2004, 144, 157-168. [CrossRef]

Mikolajczak, K.; Kuczynska, A.; Krajewski, P.; Sawikowska, A.; Surma, M.; Ogrodowicz, P.; Adamski, T.;
Krystkowiak, K.; Gorny, A.G.; Kempa, M. Quantitative trait loci for plant height in Maresi x CamB barley
population and their associations with yield-related traits under different water regimes. J. Appl. Genet. 2017,
58, 1. [CrossRef]

Von Korff, M.; Grando, S.; Del Greco, A.; This, D.; Baum, M.; Ceccarelli, S. Quantitative trait loci associated
with adaptation to Mediterranean dryland conditions in barley. Theor. Appl. Genet. 2008, 117, 653-669.
[CrossRef]

Boyer, J.S.; Kramer, P.J. Water Relations of Plants and Soils; Academic Press, Inc.: Cambridge, MA, USA, 1995.
Dami, I.; Hughes, H.G. Effects of PEG-induced water stress onin vitro hardening of ‘Valiant’grape. Plant Cell
Tissue Organ Cult. 1997, 47, 97-101. [CrossRef]

Lawlor, D. Absorption of polyethylene glycols by plants and their effects on plant growth. New Phytol. 1970,
69, 501-513. [CrossRef]

Samarah, N.; Alqudah, A. Effects of late-terminal drought stress on seed germination and vigor of barley
(Hordeum vulgare L.). Arch. Agron. Soil Sci. 2011, 57, 27-32. [CrossRef]

Tabatabaei, S. Effect of osmo-priming on germination and enzyme activity in barley (Hordeum vulgare L.)
seeds under drought stress conditions. J. Stress Physiol. Biochem. 2013, 9, 25-31.

Abdel-Ghani, A.H.; Neumann, K.; Wabila, C.; Sharma, R.; Dhanagond, S.; Owais, S.J.; Borner, A.; Graner, A.;
Kilian, B. Diversity of germination and seedling traits in a spring barley (Hordeum vulgare L.) collection under
drought simulated conditions. Genet. Resour. Crop Evol. 2015, 62, 275-292. [CrossRef]

Kaczmarek, M.; Fedorowicz-Stroniska, O.; Gtowacka, K.; Waskiewicz, A.; Sadowski, J. CaCl, treatment
improves drought stress tolerance in barley (Hordeum vulgare L.). Acta Physiol. Plant. 2017, 39, 41. [CrossRef]
Schmidthoffer, I.; Szildk, L.; Molnar, P.; Csontos, P.; Skribanek, A. Drought tolerance of European barley
(Hordeum vulgare L.) varieties. Agriculture (Pol’nohospoddrstvo) 2018, 64, 137-142. [CrossRef]

Chloupek, O.; Hrstkova, P; Jurecka, D.; Graner, A. Tolerance of barley seed germination to cold- and
drought-stress expressed as seed vigour. Plant Breed. 2003, 122, 199-203. [CrossRef]

Hellal, F.; El-Shabrawi, H.; El-Hady, M.A.; Khatab, I.; El-Sayed, S.; Abdelly, C. Influence of PEG induced
drought stress on molecular and biochemical constituents and seedling growth of Egyptian barley cultivars.
J. Genet. Eng. Biotechnol. 2018, 16, 203-212. [CrossRef] [PubMed]

Sallam, A.; Amro, A.; Elakhdar, A.; Dawood, M.E; Moursi, Y.S.; Baenziger, P.S. Marker-trait association for
grain weight of spring barley in well-watered and drought environments. Mol. Biol. Rep. 2019, 46, 2907-2918.
[CrossRef] [PubMed]

Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.; Saud, S.
Crop production under drought and heat stress: Plant responses and management options. Front. Plant Sci.
2017, 8, 1147. [CrossRef] [PubMed]

Falconer, D.S. Introduction to Quantitative Genetics; Pearson Education India: Bangalore, India, 1996.
Sallam, A.; Amro, A.; Ammar, E.-A.; Dawood, M.E,; Kumamaru, T.; Baenziger, P.S. Genetic diversity and
genetic variation in morpho-physiological traits to improve heat tolerance in Spring barley. Mol. Biol. Rep.
2018, 45, 2441-2453. [CrossRef] [PubMed]

Sallam, A.; Alqudah, A.M.; Dawood, M.E; Baenziger, P.S.; Borner, A. Drought stress tolerance in wheat and
barley: Advances in physiology, breeding and genetics research. Int. J. Mol. Sci. 2019, 20, 3137. [CrossRef]
Sallam, A.; Mourad, A.M.; Hussain, W.; Baenziger, P.S. Genetic variation in drought tolerance at seedling
stage and grain yield in low rainfall environments in wheat (Triticum aestivum L.). Euphytica 2018, 214, 169.
[CrossRef]

Oraguzie, N.C.; Gardiner, S.E.; Rikkerink, E.H.; Silva, H.N. Association Mapping in Plants; Springer:
New York, NY, USA, 2007.

Sallam, A.; Martsch, R. Association mapping for frost tolerance using multi-parent advanced generation
inter-cross (MAGIC) population in faba bean (Vicia faba L.). Genetica 2015, 143, 501-514. [CrossRef]

Naz, A.A.; Arifuzzaman, M.; Muzammil, S.; Pillen, K.; Léon, J. Wild barley introgression lines revealed novel
QTL alleles for root and related shoot traits in the cultivated barley (Hordeum vulgare L.). BMC Genet. 2014,
15,107. [CrossRef]


http://dx.doi.org/10.1111/j.1744-7348.2004.tb00329.x
http://dx.doi.org/10.1007/s13353-016-0358-1
http://dx.doi.org/10.1007/s00122-008-0787-2
http://dx.doi.org/10.1007/BF02318944
http://dx.doi.org/10.1111/j.1469-8137.1970.tb02446.x
http://dx.doi.org/10.1080/03650340903191663
http://dx.doi.org/10.1007/s10722-014-0152-z
http://dx.doi.org/10.1007/s11738-016-2336-y
http://dx.doi.org/10.2478/agri-2018-0014
http://dx.doi.org/10.1046/j.1439-0523.2003.00800.x
http://dx.doi.org/10.1016/j.jgeb.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30647723
http://dx.doi.org/10.1007/s11033-019-04750-6
http://www.ncbi.nlm.nih.gov/pubmed/30904979
http://dx.doi.org/10.3389/fpls.2017.01147
http://www.ncbi.nlm.nih.gov/pubmed/28706531
http://dx.doi.org/10.1007/s11033-018-4410-6
http://www.ncbi.nlm.nih.gov/pubmed/30411192
http://dx.doi.org/10.3390/ijms20133137
http://dx.doi.org/10.1007/s10681-018-2245-9
http://dx.doi.org/10.1007/s10709-015-9848-z
http://dx.doi.org/10.1186/s12863-014-0107-6

Plants 2020, 9, 1425 20 of 22

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Schrooten, C.; Bovenhuis, H. Detection of pleiotropic effects of quantitative trait loci in outbred populations
using regression analysis. |. Dairy Sci. 2002, 85, 3503-3513. [CrossRef]

Almodares, A.; Hadi, M.; Kharazian, Z.A. Sweet sorghum: Drought tolerance and high biomass sugar crop.
In Biomass Detection Production and Usage; InTechOpen: Rijeka, Croatia, 2011.

Hite, D.R.; Auh, C.; Scandalios, ].G. Catalase activity and hydrogen peroxide levels are inversely correlated
in maize scutella during seed germination. Redox Rep. 1999, 4, 29-34. [CrossRef]

Sung, D.Y.; Vierling, E.; Guy, C.L. Comprehensive expression profile analysis of the Arabidopsis Hsp70 gene
family. Plant Physiol. 2001, 126, 789-800. [CrossRef] [PubMed]

Alvim, ET.C.; Carolino, S.N.M.; Cascardo, J.C.; Nunes, C.C.; Martinez, C.A.; Otoni, W.C.; Fontes, E.P.
Enhanced accumulation of BiP in transgenic plants confers tolerance to water stress. Plant Physiol. 2001, 126,
1042-1054. [CrossRef] [PubMed]

Landji, S.; Capasso, G.; Azaiez, B.; Ezzahra, F; Jallouli, S.; Ayadi, S.; Trifa, Y.; Esposito, S. Different roles of heat
shock proteins (70 kDa) during abiotic stresses in barley (Hordeum vulgare) genotypes. Plants 2019, 8, 248. [CrossRef]
[PubMed]

Cheng, M.-C.; Hsieh, E.-].; Chen, ].-H.; Chen, H.-Y; Lin, T.-P. Arabidopsis RGLG2, functioning as a RING
E3 ligase, interacts with AtERF53 and negatively regulates the plant drought stress response. Plant Physiol.
2012, 158, 363-375. [CrossRef]

Zhu, D.; Wu, Z,; Cao, G,; Li, J.; Wei, J.; Tsuge, T.; Gu, H.; Aoyama, T.; Qu, L.-]. TRANSLUCENT GREEN,
an ERF family transcription factor, controls water balance in Arabidopsis by activating the expression of
aquaporin genes. Mol. Plant 2014, 7, 601-615. [CrossRef]

Feng, C.Z.; Chen, Y,; Wang, C.; Kong, Y.H.; Wu, W.H.; Chen, Y.F. Arabidopsis RAV 1 transcription factor,
phosphorylated by S n RK 2 kinases, regulates the expression of ABI 3, ABI 4, and ABI 5 during seed
germination and early seedling development. Plant |. 2014, 80, 654—668. [CrossRef]

Zhang, B.; Su, L.; Hu, B.; Li, L. Expression of AhDREB1, an AP2/ERF transcription factor gene from peanut,
is affected by histone acetylation and increases abscisic acid sensitivity and tolerance to osmotic stress in
Arabidopsis. Int. ]. Mol. Sci. 2018, 19, 1441. [CrossRef]

Nam, K.-H.; Kim, D.-Y.; Shin, H.J.; Nam, KJ.; An, J.H.; Pack, 1.-S.; Park, ]J.-H.; Jeong, S.-C.; Kim, H.B,;
Kim, C.-G. Drought stress-induced compositional changes in tolerant transgenic rice and its wild type.
Food Chem. 2014, 153, 145-150. [CrossRef]

Yan, Q.; Cui, X;; Lin, S.; Gan, S.; Xing, H.; Dou, D. GmCYP82A3, a soybean cytochrome P450 family gene
involved in the jasmonic acid and ethylene signaling pathway, enhances plant resistance to biotic and abiotic
stresses. PLoS ONE 2016, 11, e0162253. [CrossRef]

Kong, D.; Li, M.; Dong, Z.; Ji, H.; Li, X. Identification of TaWD40D, a wheat WD40 repeat-containing protein
that is associated with plant tolerance to abiotic stresses. Plant Cell Rep. 2015, 34, 395-410. [CrossRef]
Gachomo, EW.,; Jimenez-Lopez, J.C.; Baptiste, L.J.; Kotchoni, S.0. GIGANTUS1 (GTS1), a member of
Transducin/WD40 protein superfamily, controls seed germination, growth and biomass accumulation
through ribosome-biogenesis protein interactions in Arabidopsis thaliana. BMC Plant Biol. 2014, 14, 37.
[CrossRef] [PubMed]

Ding, S.; He, F; Tang, W.; Du, H.; Wang, H. Identification of Maize CC-Type Glutaredoxins That Are
Associated with Response to Drought Stress. Genes 2019, 10, 610. [CrossRef] [PubMed]

Sharma, R.; Priya, P; Jain, M. Modified expression of an auxin-responsive rice CC-type glutaredoxin gene
affects multiple abiotic stress responses. Planta 2013, 238, 871-884. [CrossRef] [PubMed]

Ruan, M.-B; Yang, Y.-L.; Li, K.-M.; Guo, X.; Wang, B.; Yu, X.-L.; Peng, M. Identification and characterization
of drought-responsive CC-type glutaredoxins from cassava cultivars reveals their involvement in ABA
signalling. BMC Plant Biol. 2018, 18, 329. [CrossRef]

Kumar, A.; Dubey, A K.; Kumar, V.; Ansari, M.A.; Narayan, S.; Kumar, S.; Pandey, V.; Shirke, P A ; Pande, V.;
Sanyal, I. Overexpression of rice glutaredoxin genes LOC_0s02g40500 and LOC_Os01g27140 regulate plant
responses to drought stress. Ecotoxicol. Environ. Saf. 2020, 200, 110721. [CrossRef]

Pan, C.; Tian, K,; Ban, Q.; Wang, L.; Sun, Q.; He, Y.; Yang, Y; Pan, Y.; Li, Y,; Jiang, ]. Genome-wide analysis of
the biosynthesis and deactivation of gibberellin-dioxygenases gene family in Camellia sinensis (L.) O. Kuntze.
Genes 2017, 8, 235. [CrossRef]

Colebrook, E.H.; Thomas, S.G.; Phillips, A.L.; Hedden, P. The role of gibberellin signalling in plant responses
to abiotic stress. J. Exp. Biol. 2014, 217, 67-75. [CrossRef]


http://dx.doi.org/10.3168/jds.S0022-0302(02)74439-1
http://dx.doi.org/10.1179/135100099101534710
http://dx.doi.org/10.1104/pp.126.2.789
http://www.ncbi.nlm.nih.gov/pubmed/11402207
http://dx.doi.org/10.1104/pp.126.3.1042
http://www.ncbi.nlm.nih.gov/pubmed/11457955
http://dx.doi.org/10.3390/plants8080248
http://www.ncbi.nlm.nih.gov/pubmed/31357401
http://dx.doi.org/10.1104/pp.111.189738
http://dx.doi.org/10.1093/mp/sst152
http://dx.doi.org/10.1111/tpj.12670
http://dx.doi.org/10.3390/ijms19051441
http://dx.doi.org/10.1016/j.foodchem.2013.12.051
http://dx.doi.org/10.1371/journal.pone.0162253
http://dx.doi.org/10.1007/s00299-014-1717-1
http://dx.doi.org/10.1186/1471-2229-14-37
http://www.ncbi.nlm.nih.gov/pubmed/24467952
http://dx.doi.org/10.3390/genes10080610
http://www.ncbi.nlm.nih.gov/pubmed/31409044
http://dx.doi.org/10.1007/s00425-013-1940-y
http://www.ncbi.nlm.nih.gov/pubmed/23918184
http://dx.doi.org/10.1186/s12870-018-1528-6
http://dx.doi.org/10.1016/j.ecoenv.2020.110721
http://dx.doi.org/10.3390/genes8090235
http://dx.doi.org/10.1242/jeb.089938

Plants 2020, 9, 1425 21 of 22

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Cho, S.K.; Ryu, M.Y,; Seo, D.H.; Kang, B.G.; Kim, W.T. The Arabidopsis RING E3 ubiquitin ligase AtAIRP2
plays combinatory roles with AtAIRP1 in abscisic acid-mediated drought stress responses. Plant Physiol.
2011, 157, 2240-2257. [CrossRef]

Wei, K.; Li, Y. Functional genomics of the protein kinase superfamily from wheat. Mol. Breed. 2019, 39, 141.
[CrossRef]

Waseem, M.; Li, Z. Dissecting the Role of a Basic Helix-Loop-Helix Transcription Factor, SIbHLH22, Under
Salt and Drought Stresses in Transgenic Solanum lycopersicum L. Front. Plant Sci. 2019, 10, 734. [CrossRef]
Wu, J.; Yan, G.; Duan, Z.; Wang, Z.; Kang, C.; Guo, L.; Liu, K,; Tu, J.; Shen, J.; Yi, B. Roles of the Brassica napus
DELLA Protein BnaA6. RGA, in Modulating Drought Tolerance by Interacting With the ABA Signaling
Component BnaA10. ABF2. Front. Plant Sci. 2020, 11, 577. [CrossRef] [PubMed]

Jarzyniak, K.M.; Jasiski, M. Membrane transporters and drought resistance-a complex issue. Front. Plant Sci.
2014, 5, 687. [CrossRef] [PubMed]

Kim, D.Y; Jin, J.Y.; Alejandro, S.; Martinoia, E.; Lee, Y. Overexpression of AtABCG36 improves drought and
drought stress resistance in Arabidopsis. Physiol. Plant. 2010, 139, 170-180. [CrossRef] [PubMed]

Goodger, J.Q.; Schachtman, D.P. Re-examining the role of ABA as the primary long-distance signal produced
by water-stressed roots. Plant Signal. Behav. 2010, 5, 1298-1301. [CrossRef]

Ji, H.; Peng, Y.; Meckes, N.; Allen, S; Stewart, C.N.; Traw, M.B. ATP-dependent binding cassette transporter G
family member 16 increases plant tolerance to abscisic acid and assists in basal resistance against Pseudomonas
syringae DC3000. Plant Physiol. 2014, 166, 879-888. [CrossRef]

Landgraf, R.; Smolka, U.; Altmann, S.; Eschen-Lippold, L.; Senning, M.; Sonnewald, S.; Weigel, B.; Frolova, N.;
Strehmel, N.; Hause, G. The ABC transporter ABCGI is required for suberin formation in potato tuber
periderm. Plant Cell 2014, 26, 3403-3415. [CrossRef]

Zeng, X.; Li, Y;; Ling, H.; Liu, S.; Liu, M.; Chen, J.; Guo, S. Transcriptomic analyses reveal clathrin-mediated
endocytosis involved in symbiotic seed germination of Gastrodia elata. Bot. Stud. 2017, 58, 31. [CrossRef]
Pagnussat, L.; Burbach, C.; Baluska, F.; de la Canal, L. Rapid endocytosis is triggered upon imbibition in
Arabidopsis seeds. Plant Signal. Behav. 2012, 7, 416-421. [CrossRef]

Haider, M.S.; Zhang, C.; Kurjogi, M.M.; Pervaiz, T.; Zheng, T.; Zhang, C.; Lide, C.; Shangguan, L.; Fang, J.
Insights into grapevine defense response against drought as revealed by biochemical, physiological and
RNA-Seq analysis. Sci. Rep. 2017, 7, 13134. [CrossRef]

Callos, ].D.; DiRado, M.; Xu, B.; Behringer, EJ.; Link, B.M.; Medford, J.I. The forever young gene encodes an
oxidoreductase required for proper development of the Arabidopsis vegetative shoot apex. Plant J. 1994, 6,
835-847. [CrossRef]

Passaia, G.; Queval, G.; Bai, ].; Margis-Pinheiro, M.; Foyer, C.H. The effects of redox controls mediated
by glutathione peroxidases on root architecture in Arabidopsis thaliana. ]. Exp. Bot. 2014, 65, 1403-1413.
[CrossRef] [PubMed]

Lou, L.; Li, X;; Chen, J.; Li, Y.; Tang, Y.; Lv, J. Photosynthetic and ascorbate-glutathione metabolism in the flag
leaves as compared to spikes under drought stress of winter wheat (Triticum aestivum L.). PLoS ONE 2018, 13,
€0194625. [CrossRef]

Liting, W.; Lina, W.; Yang, Y.; Pengfei, W.; Tiancai, G.; Guozhang, K. Abscisic acid enhances tolerance of wheat
seedlings to drought and regulates transcript levels of genes encoding ascorbate-glutathione biosynthesis.
Front. Plant Sci. 2015, 6, 458.

Elakhdar, A.; EL-Sattar, M.A.; Amer, K.; Rady, A.; Kumamaru, T. Population structure and marker—trait
association of drought tolerance in barley (Hordeum vulgare L.). Comptes Rendus Biol. 2016, 339, 454—461.
[CrossRef] [PubMed]

Hetz, W.; Hochholdinger, E.; Schwall, M.; Feix, G.n. Isolation and characterization of rtcs, a maize mutant
deficient in the formation of nodal roots. Plant J. 1996, 10, 845-857. [CrossRef]

Utz, H. PLABSTAT: Ein Computerprogramm zur Statistischen Analyse von Pflanzenziichterischen Experimenten,
Version 2B; Institut fiir Pflanzenziichtung, Saatgutforschung und Populationsgenetik, Universitat Hohenheim:
Stuttgart, Germany, 1997.

Julkowska, M.M.; Saade, S.; Agarwal, G.; Gao, G.; Pailles, Y.; Morton, M.; Awlia, M.; Tester, M.
MVAPP—Multivariate analysis application for streamlined data analysis and curation. Plant Physiol.
2019, 180, 1261-1276. [CrossRef]


http://dx.doi.org/10.1104/pp.111.185595
http://dx.doi.org/10.1007/s11032-019-1045-9
http://dx.doi.org/10.3389/fpls.2019.00734
http://dx.doi.org/10.3389/fpls.2020.00577
http://www.ncbi.nlm.nih.gov/pubmed/32477388
http://dx.doi.org/10.3389/fpls.2014.00687
http://www.ncbi.nlm.nih.gov/pubmed/25538721
http://dx.doi.org/10.1111/j.1399-3054.2010.01353.x
http://www.ncbi.nlm.nih.gov/pubmed/20088904
http://dx.doi.org/10.4161/psb.5.10.13101
http://dx.doi.org/10.1104/pp.114.248153
http://dx.doi.org/10.1105/tpc.114.124776
http://dx.doi.org/10.1186/s40529-017-0185-7
http://dx.doi.org/10.4161/psb.19669
http://dx.doi.org/10.1038/s41598-017-13464-3
http://dx.doi.org/10.1046/j.1365-313X.1994.6060835.x
http://dx.doi.org/10.1093/jxb/ert486
http://www.ncbi.nlm.nih.gov/pubmed/24470466
http://dx.doi.org/10.1371/journal.pone.0194625
http://dx.doi.org/10.1016/j.crvi.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27660095
http://dx.doi.org/10.1046/j.1365-313X.1996.10050845.x
http://dx.doi.org/10.1104/pp.19.00235

Plants 2020, 9, 1425 22 of 22

94.

95.

96.

97.

98.

Poland, J.A; Rife, T.W. Genotyping by sequencing for plant breeding and genetics. Plant Genome 2012, 5,
92-102. [CrossRef]

Bradbury, PJ.; Zhang, Z.; Kroon, D.E.; Casstevens, T.M.; Ramdoss, Y.; Buckler, E.S. TASSEL: Software for
association mapping of complex traits in diverse samples. Bioinformatics 2007, 23, 2633-2635. [CrossRef]
Francis, D.; Merk, H.; Namuth-Covert, D. Introduction to Single Marker Analysis (SMA). 3-5. 2011.
Available online: https://plant-breeding-genomics.extension.org/introduction-to-single-marker-analysis-
sma/ (accessed on 26 August 2020).

Mascher, M.; Gundlach, H.; Himmelbach, A.; Beier, S.; Twardziok, S.O.; Wicker, T.; Radchuk, V.; Dockter, C.;
Hedley, PE.; Russell, J. A chromosome conformation capture ordered sequence of the barley genome. Nature
2017, 544, 427-433. [CrossRef]

Bayer, M.M.; Rapazote-Flores, P.; Ganal, M.; Hedley, P.E.; Macaulay, M.; Plieske, ].R.; Ramsay, L.; Russell, J.;
Shaw, P.D.; Thomas, W. Development and evaluation of a barley 50k iSelect SNP array. Front. Plant Sci. 2017,
8,1792. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3835/plantgenome2012.05.0005
http://dx.doi.org/10.1093/bioinformatics/btm308
https://plant-breeding-genomics.extension.org/introduction-to-single-marker-analysis-sma/
https://plant-breeding-genomics.extension.org/introduction-to-single-marker-analysis-sma/
http://dx.doi.org/10.1038/nature22043
http://dx.doi.org/10.3389/fpls.2017.01792
http://www.ncbi.nlm.nih.gov/pubmed/29089957
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Detailed Genetic Analysis for Identifying QTLs Associated with Drought Tolerance at Seed Germination and Seedling Stages in Barley
	Authors

	Introduction 
	Results 
	Phenotypic Variation in Germination and Seedling Traits 
	Correlation Analysis 
	Marker–Trait Association (QTL Analysis) 
	QTLs for G% Traits 
	QTLs for GP Traits 
	QTLs for RL Traits 
	QTLs for SL Traits 
	QTLs for FW Traits 
	QTLs for SRR Traits 

	QTLs Associated with Drought Tolerance at Different Growth Stages 

	Discussion 
	Genetic Variation in Drought Tolerance at Germination and Seedling Stages 
	Phenotypic Correlation 
	The Marker–Trait Association 
	Marker Validation 
	Analysis of Gene Annotation 

	Materials and Methods 
	Plant Material 
	Data Analyses 
	DNA Extraction and Genotyping-by-Sequencing (GBS) 
	Candidate Gene Identification 
	QTLs Controlling Drought Tolerance at Different Growth Stages 

	Conclusions 
	References

