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Like many cereal crops, barley is also negatively affected by drought stress. However,
due to its simple genome as well as enhanced stress resilient nature compared
to rice and wheat, barley has been considered as a model to decipher drought
tolerance in cereals. In the present study, transcriptomic and hormonal profiles along
with several biochemical features were compared between drought-tolerant (Otis)
and drought-sensitive (Baronesse) barley genotypes subjected to drought to identify
molecular and biochemical differences between the genotypes. The drought-induced
decrease in the leaf relative water content, net photosynthesis, and biomass
accumulation was relatively low in Otis compared to Baronesse. The hormonal profiles
did not reveal significant differences for majority of the compounds other than the
GA20 and the cis-zeatin-o-glucoside (c-ZOG), whose levels were greatly increased in
Otis compared to Baronesse under drought. The major differences that emerged from
the transcriptome analysis are; (1), the overall number of differentially expressed genes
was relatively low in drought-tolerant Otis compared to drought-sensitive Baronesse;
(2), a wax biosynthesis gene (CER1), and NAC transcription factors were specifically
induced in Otis but not in Baronesse; (3), the degree of upregulation of betaine
aldehyde dehydrogenase and a homeobox transcription factor (genes with proven roles
in imparting drought tolerance), was greater in Otis compared to Baronesse; (4) the
extent of downregulation of gene expression profiles for proteins of the reaction center
photosystem Il (PSll) (D1 and D2) was low in Otis compared to Baronesse; and, (5),
alternative splicing (AS) was also found to differ between the genotypes under drought.
Taken together, the overall transcriptional responses were low in drought-tolerant Otis
but the genes that could confer drought tolerance were either specifically induced or
greatly upregulated in the tolerant genotype and these differences could be important for
drought tolerance in barley.

Keywords: drought tolerance, barley, photosynthesis, proline, RNA-Seq, differential gene expression, alternative
splicing
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INTRODUCTION

Drought negatively impacts the growth and productivity of many
important crops (Bartels and Sunkar, 2005; Kim et al., 2019).
Future predictions indicate that drought will worsen, challenging
worldwide food security and the needs of an increasing human
population (Meza et al., 2020). Indeed, hunger, famine, and
malnutrition are expected due to climate change and drought, in
addition to other social and political factors (Lobell et al., 2011;
Lesk et al., 2016; Cafiero et al., 2018).

Drought is known to disrupt the hormonal balance in plants,
which plays an important role in stress tolerance (Peleg and
Blumwald, 2011; Bielach et al., 2017; Ullah et al., 2018). The
enhanced accumulation of Abscisic acid (ABA) is a hallmark
of plant response to drought, which in turn controls the
stomatal closure to decrease the transpiration under drought
(Munemasa et al., 2015; Ullah et al, 2018). Auxins regulate
root growth in response to abiotic stresses including drought
(Korver et al.,, 2018). Similarly, the Gibberellin (GA) mediates
many responses to drought. GA concentration is reduced, and
the DELLA regulators accumulate, which could be attributed
to the retarded growth under drought (Colebrook et al., 2014).
Cytokinins (CKs) and their metabolism are important in plants’
adaptation to different abiotic stresses including drought (Ha
et al., 2012; Pavlu et al,, 2018). Both positive and negative effects
of CKs on drought tolerance were reported (Zwack and Rashotte,
2015). These observations suggest that the fine-tuned hormonal
homeostasis during stress conditions plays an important role in
plant’s response to abiotic stresses.

Barley (Hordeum vulgare L.) is the fourth most important crop
plant in terms of production and harvested area (Giraldo et al,,
2019). It is a relatively drought resistant crop and is cultivated
globally in more than 100 countries (Hiei et al., 2014; Giraldo
et al., 2019). Barley is considered as an important model system
for dissecting drought tolerance in cereals because of its ability to
tolerate drought better than the cereals such as rice and wheat.
Moreover, it has a reliable genetic and molecular infrastructure
(Dawson et al., 2015).

Barley subjected to drought stress has been investigated
previously (Ozturk et al., 2002; Diab et al., 2004; Talamé et al.,
2007; Guo et al, 2009; de Mezer et al., 2014; Sallam et al,
2019). Drought significantly reduced the net photosynthetic
rate, stomatal conductance, and transpiration in barley (Harb
and Samarah, 2015; Mejri et al., 2016; Schmid et al., 2016;
Hasanuzzaman et al., 2019). Tibetan barley genotypes subjected
to drought revealed the importance of ABA-dependent and
ABA-independent signaling pathways during drought, while
genes linked to photosynthesis appears to be important during
recovery from drought (Zeng et al, 2016). Comparison of
barley spikelets’ responses in drought-sensitive and drought-
tolerant lines revealed a role for a set of more recently evolved
genes in the tolerant lines (Hiibner et al, 2015). A drought-
resistant line exposed to drought stress over 30 days showed
acclimation to the stress while the gene expression profiles in
this genotype did not differ compared to a drought-sensitive
cultivar (Cantalapiedra et al., 2017). Studies also indicated that
maintaining a low background expression of drought tolerance
related genes under mild stress allows barley to respond more

quickly with the onset of the drought stress (Janiak et al., 2019).
Furthermore, recent studies underscored the importance of AS
in drought-responsive gene expression in barley (Cantalapiedra
et al, 2017). By and large, these reports reveal a complex
interaction between multiple mechanisms and processes that
differ between genotypes/landraces, tissue analyzed and duration
of the stress (Hiibner et al., 2015; Zeng et al., 2016; Cantalapiedra
et al, 2017; Wang et al, 2018). They also highlight the
importance of analyzing additional contrasting genotypes to
better understand the drought tolerance processes in barley.
Deep large-scale transcriptome sequencing allows expression
at an individual gene transcript level to be monitored. New
quasi-mapping programs (kallisto, salmon) facilitate rapid and
highly accurate measurement of transcript level expression but
require a comprehensive and accurate reference transcriptome.
A first version reference transcript dataset for barley (BaRTv1.0)
has recently been established that facilitates measurement of
dynamic reprogramming of gene expression in barley and
captures post-transcriptional regulation (Rapazote-Flores et al.,
2019). In this study, drought-tolerant (Otis) has been compared
with drought-sensitive (Baronesse) to identify biochemical and
molecular differences associated with differential sensitivities.
The drought-responsive RNA-Seq analysis revealed a greater
number of differentially expressed genes in Baronesse than in
Otis. Interestingly, several genes with proven roles in drought
tolerance such as NAC genes, wax biosynthesis gene (CER1), a
beta-expansin, and Armadillo (ARM) repeat superfamily were
only induced in Otis but not in Baronesse. By contrast, the degree
of inhibition of genes associated with PSII (D1 and D2) was much
stronger in Baronesse. Furthermore, AS was also found to differ
between the genotypes under drought.

MATERIALS AND METHODS
Plant Material

Seeds of Otis and Baronesse genotypes were obtained from Dr.
Harold Bockelman, National Small Grains Collection (NSGCQC),
U.S. Department of Agriculture - Agricultural Research Service,
Aberdeen, Idaho, USA. Otis is a two-rowed, spring feed
barley with high growth and yield in drylands (Mornhinweg
et al., 2009). This genotype was developed for growth in dry
environments and released by Colorado State University in 1951.
Baronesse is a two-rowed, spring, feed barley cultivar that was
donated by Peterson Seed Company Incorporation to the NSGC
in 1993.

Growth and Relative Water Content

Measurements

Barley seeds were germinated on moist papers and kept in
darkness at 24°C. After 3 days, seedlings were transferred to 19 x
13.5 x 17 cm plastic pots filled with BM1 potting medium (peat
moss (75-85%), vermiculite, perlite and wetting agent) (Berger,
Canada). To ensure both genotypes experienced the same level
of drought stress during the treatment, two seedlings of each
genotype were transferred to the same pot. The plants were
grown in a growth chamber maintained at 25/17°C (day/night
temperature), 14/10 h (day/night cycle), 400 jumole m ! s ! light
intensity and 50% humidity. Barely plants were fertilized twice
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(first fertilization was 2 days after seedling transfer to pots, and
the second was 10 days after the first fertilization) with Miracle-
Gro® Water-Soluble All-Purpose Plant Food (Scotts Miracle
Gro, USA). Drought treatment was initiated at the tillering stage
721 (Zadoks scale) (Zadoks et al., 1974) at which the pots were
divided into two groups: the control (well-watered) group and
the drought-treated group. For the control group, plants were
watered every other day. For imposing drought, watering was
withheld, and plants were allowed to experience progressive
drought (pDr). For the determination of growth, only main
shoot (the shoot that appeared before the tillering stage) was
chosen because the differences in the number of tillers among
the individual plants of the same genotype varied. After 7 days
of pDr, the leaf relative water content (LRWC) was calculated as
described (Schonfeld et al., 1988) LRWC% = (Fresh weight-Dry
weight)/ (Turgid weight-Dry weight) X 100.

Gas Exchange Measurements

For assessing photosynthesis-associated parameters, after 5
days of pDr (initial wilting), net photosynthetic rate, stomatal
conductance, internal CO, concentration, and transpiration rate
of the control and the drought-treated plants were measured on
the youngest fully expanded leaf of the control and drought-
treated plants (8 plants of each genotype per treatment)
using LICOR 6400XT (LI-COR Inc., NE, USA). The following
conditions were set for LICOR measurements: flow rate of 300
mmol s~!, CO; at 400 mmol, leaf temperature 25°C, and relative
humidity of 50%.

Proline Content

Proline was analyzed according to Carillo and Gibon (2011).
Fresh samples from the youngest fully expanded leaf were
homogenized using one ml extraction solution (70 ethanol: 30
water). Then, a volume of 100 1 of the extract was added to 200
! of the reaction mixture (1% (w/v) ninhydrin, 60% (v/v) acetic
acid, and 20% (v/v) ethanol). The reaction was kept in a boiling
water bath for 20 min, and then kept on ice for stopping the
reaction. The absorbance of the reaction mixture was measured
at 520 nm.

Malondialdehyde Accumulation

Oxidative stress was determined by quantification of the
malondialdehyde (MDA) levels (Heath and Packer, 1968) with
some modifications. Samples of known fresh weight of the
youngest fully expanded leaf were collected and snap frozen in
liquid nitrogen. The samples were homogenized in 1 ml of 0.1%
(w/v) trichloroacetic acid (TCA). Then, they were centrifuged at
4,100 rpm for 10 min. About 100 1 of the supernatant was added
to 400 wl of 0.5% (w/v) thiobarbituric acid in 20% (w/v) TCA
and the homogenates were boiled at 95°C for 30 min and the
reaction was stopped by cooling the tubes on ice. The reaction
mixture was centrifuged, and the absorbance was read at 532 nm
and 600 nm. After subtracting the non-specific absorbance at
600 nm, the MDA concentration was determined by its extinction
coefficient of 155 mM~! cm~!.

Hormonal Profiling

After 5 days of pDr (the initial wilting stage), three biological
replicates (ten leaves from 10 different plants were used for
each biological replicate) of the youngest fully expanded leaves
of the control and the drought-treated plants were collected,
snap frozen in liquid nitrogen and kept at —80°C. The frozen
samples were lyophilized and used for hormonal analysis. The
levels of major hormones and their metabolites were quantified
using UPLC ESI-MS/MS by the National Research Council of
Canada (Saskatchewan, Canada). The analyzed hormones and
metabolites are: cis-abscisic acid (ABA), abscisic acid glucose
ester (ABAGE), dihydrophaseic acid (DPA), phaseic acid (PA),
7’-hydroxy-abscisic acid (77OH-ABA), neo-phaseic acid (neo-
PA), trans-abscisic acid (t-ABA), gibberellin 1 (GA1), GA3, GA4,
GA7, GA8, GA9, GA19, GA20, GA24, GA29, GA34, GA44,
GA51, GA53, indole-3-acetic acid (IAA), N-(indole-3-yl-acetyl)-
aspartic acid (IAA-Asp), N-(indole-3-yl-acetyl)-glutamic acid
(IAA-Glu), N-(indole-3-yl-acetyl)-alanine (IAA-Ala), N-(indole-
3-yl-acetyl)-leucine (IAA-Leu), indole-3-butyric acid (IBA),
(trans) zeatin-O-glucoside (t-ZOG), (cis) zeatin-O-glucoside (c-
ZOG), (trans) zeatin (t-Z), (cis) zeatin (c-Z), dihydrozeatin
(dhZ), (trans) zeatin riboside (t-ZR), (cis) zeatin riboside (c-
ZR), dihydrozeatin riboside (dhZR), isopentenyladenine (iP),
isopentenyladenosine (iPR), and kinetin (KIN).

Statistical Analysis

The morphological, physiological, and biochemical data were
analyzed using Student’s t-test, 2-tailed distribution, and type
3 (2-sample unequal variance) (Excel, Microsoft, USA). A
difference in means at value < 0.05 was considered significant.

RNA Sequencing

Three biological samples per genotype per treatment were
collected from the youngest fully expanded leaf of 10
plants/sample from the control and the drought treated
plants after 5 days of drought (initial wilting stage). The total
RNA was extracted following the standard TRIzol method. The
RNA integrity was checked with Agilent Technologies 2100
Bioanalyzer (Agilent Technologies, California, USA). Poly(A)
tail-containing mRNAs were purified using oligo-(dT) magnetic
beads with two rounds of purification. The purified poly(A) RNA
was fragmented, and the library was constructed by synthesizing
first strand c¢DNA, followed by second strand cDNA with
dUTP, end repair, 3 adenylation, adaptor ligation, Uracil-DNA-
Glycosylase (UDG) treatment, and PCR. Quality analysis and
quantification of the sequencing library were performed using
Agilent Technologies 2100 Bioanalyzer High Sensitivity DNA
Chip. Paired-ended sequencing was performed on Illumina’s
NovaSeq 6000 sequencing system (LC Sciences, TX, USA). To
remove the reads that contained adaptor contamination, low
quality bases and undetermined bases in the sequenced RNA-seq
libraries, Cutadapt (Martin, 2011) and perl scripts developed
in house were used. Then, sequence quality was verified using
FastQC  (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/).
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Differential Expression and Differential

Alternative Splicing Analyses

The RNA-seq data had 4 treatment groups: Otis, drought
treatment (OD) Otis, watered treatment (OW); Baronesse
drought treatment (BD) and Baronesse, watered treatment (BW)
and each had 3 biological replicates (12 samples in total).
Transcript quantifications were generated using Salmon (Patro
et al., 2017) and the Barley transcriptome BARTv1.0-QUASI
(https://ics.hutton.ac.uk/barleyrtd/index.html) (Rapazote-Flores
et al, 2019). The 3D RNA-seq analysis App was used for
differential expression (DE) and differential alternative splicing
(DAS) analysis (Calixto et al., 2018; Guo et al,, 2019). In the
pipeline, expressed transcripts were identified when found in
> 2 of the 12 samples with count per million reads (CPM) >
1, which provided an optimal mean-variance trend of the read
count distribution. The Trimmed Mean of M-values (TMM)
method was used to normalize the gene and transcript read
counts to log>-CPM (Bullard et al., 2010). Limma-VoomWeights
method was used for DE and DAS (Law et al., 2014; Ritchie et al,,
2015). To compare the expression changes between conditions
of experimental design, the contrast groups were set as OD-
OW, BD-BW, OW-BW, OD-BD. For DE genes, the log, fold
change (L,FC) of gene abundance were calculated based on
contrast groups and p-values of multiple testing were adjusted
with Benjamini-Hochberg (BH) to correct for false discovery rate
(FDR) (Benjamini and Yekutieli, 2001). A gene was significantly
DE in a contrast group if it had adjusted p < 0.01 and L,FC > 1.
For DAS genes, each individual transcript L, FC were compared
to gene level L, FC, which was calculated as the weighted average
of L, FCs of all transcripts of the gene. Then p-values of individual
transcript comparison were summarized to a single gene level
p-value with an F-test. A gene was significantly DAS in a
contrast group if it had an adjusted p < 0.01 and any of its
transcripts had a A Percent Spliced (APS) ratio > 0.1 (see
Supplementary Report).

Functional Analysis of the DE Genes

The Venn diagram generator of the Bioinformatics and
Evolutionary Genomics lab at Ghent University and VIB,
Belgium was used to find the unique and the common DE genes
in the four contrast groups (http://bioinformatics.psb.ugent.be/
webtools/Venn/).

Gene Ontology Tags were applied to the BaRT transcripts
using Protein Annotation with Z-score (PANNZER) (T6rénen
et al, 2018) to produce GO annotations for 25,906 BaRT
genes. GO functional enrichment analysis of the DE genes
was done using g:profiler (https://biit.cs.ut.ee/gprofiler/gost)
(Raudvere et al., 2019) with reference GO annotation dataset
file BART_V_l.gmt (https://ics.hutton.ac.uk/barleyrtd/GO_
enrichment.html).

The analysis of transcription factors (TFs) and kinases
were performed using iTAK online (Zheng et al., 2016). First,
the HORV annotation was retrieved for each of DE BaRT
genes. Then, BioMart from Ensembl plants was used to get
the protein sequence for each gene using Ensembl plants
47 as the database and Horduem vulgare genes (IBSC V2)
as the dataset (https://plants.ensembl.org/biomart/martview/
31c188c3a5aft85045c3cceb489¢5597). Protein sequences of the

DE genes were the input for the transcription factor and kinase
analysis by iTAK online.

Quantitative Real-Time (qRT) PCR Analysis
Total RNA was used for cDNA conversion and the qRT PCR
reactions were performed using the Light Cycler 96 system
(Roche). Each PCR reaction was performed on two independent
biological samples with two technical replicates. The relative
expression levels of the target genes were calculated using the
formula 2-AACt (Livak and Schmittgen, 2001). Fold change was
calculated for the drought treated plants relative to the well-
watered control, but for cellulose synthase and phenylalanine
ammonia lyase the fold change was also calculated for Otis
control relative to Baronesse control. Cyclophilin A (BART1_0-
p42566) was used as reference gene for data normalization
(Burton et al., 2004). Supplementary Table 1 shows the list of
primers used.

RESULTS

Morphological and Physiological Changes
in Barley Genotypes Under Drought

Two barley genotypes with expected differences in resistance
to drought were deprived of water to examine morphological
and physiological differences between the two genotypes. The
morphology of Otis and Baronesse after 7 days of drought
is shown in Figure 1A. At this stage of drought, the leaves
of both genotypes were severe wilting, and yellowing. The
fresh weight of the main shoot of Baronesse was reduced by
49.4% of the control compared to 30.6% reduction in Otis
(Figure 1B). The dry weight of the main shoot of Baronesse
was significantly reduced by 18.7% compared to 0% reduction in
Otis (Figure 1C).

In response to drought, the LRWC was significantly reduced
in Baronesse compared to Otis (43.9 and 50.2% compared to 95.1
and 88.4% of the control, respectively). At this level of drought,
LRWC was 58% of the control in Otis, and 46.2% in Baronesse
(Figure 2A). In general, the two genotypes showed a significant
decrease in the photosynthetic characteristics [CO, assimilation
rate (Py), stomatal conductance (gs), and transpiration rate (E)]
under drought stress (Figures 2B-D). Under drought, Py was
63% and 56% of the control in Otis and Baronesse, respectively.
A similar trend was observed for gs and E (Figures 2C,D). In
the drought-treated Otis, the gs and E showed 24 and 27%
of the control, respectively, whereas these were 19 and 21%
of the control, respectively, in Baronesse. Under well-watered
conditions, Otis showed significantly less gs and E (0.092 and
2.31 mmol m~2 S~1) than Baronesse (0.148 and 3.72 mmol m 2
S~1). Both morphological and physiological tests show that both
genotypes respond to the loss of water, but Otis shows greater
endurance under these conditions.

Biochemical and Hormonal Changes in
Barley Genotypes Under Drought

The differential responses between the barley genotypes were
further assessed using biochemical and hormonal profiles.
Proline accumulation was frequently observed in plants subjected
to drought. Drought stress significantly increased proline content
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FIGURE 1 | Morphological changes between Otis and Baronesse under drought stress. (A) Barley plants of Otis and Baronesse under well-watered (WW) and
drought (Dr) conditions. (B) Fresh weight (FW) of the main shoot (g). (C) Dry weight (DW) of the main shoot (g). Bars represent standard errors of the means. N = 10
plants. **P < 0.01 and **P < 0.001.

in the leaves of both genotypes. However, the accumulation
found to be higher in Otis (86.94 pwmol g-1 FW) compared
to Baronesse (43.27 wmol g-1) (Figure 3A). Differential gene
expression analysis of proline synthesis and turnover pathway
genes further support the accumulation of proline in the
leaves under water deficit stress (Supplementary Figure 1). The
amount of lipid peroxidation (quantified as MDA) has been
often correlated with the degree of stress-induced injury. The
concentration of MDA was increased in both the genotypes,
although the increase was significant only in the case of
Baronesse (Figure 3B).

Changes in the major hormonal groups (ABA, auxins,
cytokinins, and GAs) and their metabolites were analyzed in Otis
and Baronessse at the initial wilting stage of pDr. The levels
of ABA and its metabolites such as DPA, ABGE, and PA were
significantly increased in the drought-treated Otis and Baronesse
compared to their respective well-watered controls (Figure 3C).
The concentration of ABA and its metabolites such as 7°OH
ABA, neo-PA, and t-ABA was not significantly different between
the genotypes under both conditions. In the drought-treated
Otis, the concentration of ABA, 70OH ABA, neo-PA, and t-
ABA was 1,528.71, 61.82, 50.69, and 18.22 ng g-1 dry weight

(DW), respectively, while their concentration in the drought-
treated Baronesse was 1,882.68, 80.96, 60.82, and 22.54 ng g-1
DW, respectively.

The analysis of 14 GAs including GA19 did not reveal
significant differences between the genotypes both under
well-watered and drought conditions (Figure 3D). However,
GA20 was only detected in the drought-treated Otis but not
in Baronesse. This observation indicates that the GA20 is
specifically induced under drought in drought-tolerant Otis.

Among the auxins, the IAA was detected in both the genotypes
under well-watered as well as drought conditions. However,
no significant differences were observed between the genotypes
under both the conditions (Figure 3D).

The response of cytokinins, specifically t-ZOG accumulation
under drought did not reveal significant differences between the
genotypes compared to their respective controls (Figure 3D).
However, the c-ZOG was significantly increased in the drought-
treated Otis but not in Baronesse (Figure 3D). The concentration
of c-ZOG was 496.85, and 177.22 ng g-1 DW in the drought-
treated and the control plants of Otis genotype, respectively.
Similarly, the iPR levels were increased in both the genotypes
under drought but the degree of increase was higher in Otis
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FIGURE 2 | Physiological changes in Otis and Baroness under drought. (A) LRWC. (B) Net photosynthetic rate (Py). (C) Stomatal conductance (gs). (D) Transpiration
rate (E). Values are the means of 10 plants for LRWC and 6 plants for photosynthesis measurements. Bars represent standard errors of the means. **P < 0.01 and
**P < 0.001.

than in Baronesse (3.32 and 2.25 ng g-1 DW in the drought-
treated and 1.58 and 1.92 ng g-1 DW in the controls of Otis and
Baronesse, respectively).

Overview of the RNA-Seq Analysis of
Drought Response in Two Barley
Genotypes

RNA sequencing resulted in at least 40 million paired end
reads per sample. The abundance of RNA transcripts in each
Otis and Baronesse replicated samples were determined using
Salmon and the reference transcript dataset BaRTv1.0. The raw
RNA-Seq data has 176,343 transcripts and 59,930 genes After
data processing to remove poorly expressed transcripts, there
were 57,971 expressed transcripts and 23,970 genes. Principal
Component Analysis (PCA) was performed using gene level log,
CPM values of the data to visualize RNA-seq data variation
between the samples and replicates. The PCA scatter plot shows
that replicates of the watered samples of Otis and Baronesse
form distinct groups highlighting differences between the two

genotypes. The watered samples were also distinct from the
water deprived samples which showed less distinct grouping
due to some variation between the replicates but both drought
treated genotypes remained distinct (Figure 4). Differential gene
expression analysis was calculated for four contrast groups (OD-
OW, BD-BW, OW-BW, and OD-BD) to compare the differences
in gene expression between genotypes Otis and Baronesse (O
and B, respectively), and between drought (D) and watered
(W) treatments in each of the genotypes. Expression analysis
across all the contrast groups revealed a total number of 3,330
significant differentially expressed (DE) genes [adjusted p = <
0.01; >2 fold change (log, FC >1)]; 3,221 genes were regulated
at the transcription level (DE), 314 genes were regulated by DAS
(adjusted p = < 0.01; >10% change in alternative splicing) and
109 genes were regulated by both DE and DAS (Figure 5A).
The BD-BW contrast group showed the highest total of DE
genes (1,203 up-regulated and 786 down-regulated), and OD-
BD showed the lowest number of DE genes (396 up-regulated
and 292 down-regulated), indicating that Baronesse showed the
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FIGURE 3 | Biochemical and hormonal profiles in Otis and Baronesse under drought stress. (A) Proline content. (B) Malondialdehyde (MDA) content. (C)
Concentration of ABA and some of its metabolites (DPA, ABGE, and PA). (D) Concentration of Gibberellin 19 (GA19), Indole-3-acetic acid (IAA), trans-zeatin-O-
glucoside (t-ZOG), and cis- zeatin-O-glucoside (c-ZOG). Hormones concentrations are the means of 3 biological replicates (each biological replicate is a pool of 10
plants). Bars represent standard errors of the means. *P < 0.05, **P < 0.01, and ***P < 0.001.
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greatest transcriptional response to 5 days of drought. Some
genes showed a similar up (286 genes) and downregulated
(171 genes) expression response in both genotypes to the
water deprived conditions (Table 1; Figure 5B). However, both
genotypes responded differently to the drought conditions and
there were 675 Baronesse genes and 126 Otis genes that were
uniquely regulated in each genotype contributing to a different
response by these two genotypes to the condition (Figures 5C,D).
In addition, each genotype showed differentially expressed genes
despite application of the condition (contrast groups OW-
BW and OD-BD). These gene expression differences highlight
common responses to the deprived water condition but also show
that these genotypes differ substantially from each other, which
supports the morphological and physiological variation found.
Supplementary Tables 2-7 show the detailed results of RNA Seq
and gene expression.

Differentially Expressed Genes in Otis and

Baronesse Under Drought

The categories of genes enriched in response to water deprivation
were determined by performing a GO-enrichment analysis.
The top three functional groups that were enriched in the
common up-regulated genes between Otis and Baronesse

were: response to water deprivation (GO:0009414), cation
binding (GO:0043169), and raffinose alpha-galactosidase activity
(GO:0052692) (Table 2). The unique up-regulated genes in Otis
showed no significantly enriched processes. Whereas, the unique
up-regulated genes of Baronesse were significantly enriched
for cytosolic part (GO:0044445) and structural constituent of
ribosome (G0O:0003735) (Table 2).

The common down-regulated genes between the genotypes
under water deprivation were found to be enriched for
peptidyl-tyrosine modification (GO:0018212) (Table2). The
uniquely down-regulated genes of Otis (OD-OW) showed no
significantly enriched processes. The top four processes that were
enriched in the unique down-regulated genes of Baronesse (BD-
BW) are: protein phosphorylation (GO:0006468), ATP binding
(G0O:0005524), plasma membrane (GO:0005886), and protein
kinase activity (GO:0004672).

The BARTV1.0 and HORVU annotations of the 21 genes
under the GO term response to water deprivation (GO:0009414)
are shown in Table 3. The common up-regulated genes showed
known stress responsive genes such as chaperones, annexin,
signaling genes (kinases and phosphatases), aquaporin, and
transcription factors. The expression level of most of these
genes in the drought treated plants of the two genotypes
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FIGURE 4 | Principal component analysis of the data showing the variation due to genotype and treatment.

TABLE 1 | Number of genes that are regulated by differential expression and/or
by differential alternative splicing (DAS) in the different contrast groups.

Contrast DE genes DE only DE and DAS DAS only
OD-OW 774 773 1 36
BD-BW 1,809 1,806 3 61
OW-BW 1,328 1,280 48 260
OD-BD 688 669 19 131

is almost the same, except for a few genes. For example,
the log, FC of homeobox-leucine zipper protein ATHB-6 is
3.83 and 4.89 in the drought treated Otis and Baronesse

plants, respectively. And the log, FC of betaine aldehyde
dehydrogenase was 2.43 and 1.52 in the drought treated Otis and
Baronesse, respectively.

The common down regulated genes between Otis and
Baronesse were enriched for peptidyl-tyrosine modification
(G0O:0018212). Under this process 13 genes were down regulated
under drought compared to the control. The BART and HORVU
annotations of these genes are shown in Table4. In general,
the common-down regulated genes are groups of kinases such
as cysteine-rich receptor like protein kinase 5, leucine-rich
receptor-like protein kinase family protein isoform 2, and
serine/threonine protein kinase. A number of these kinase
genes show a much greater down-regulation in expression
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FIGURE 5 | Differential gene and alternative splicing analysis in two barley genotypes under progressive drought. (A) Number of genes regulated only by transcription
(DE), only by alternative splicing (DAS) and by both transcription and alternative splicing (DE4+DAS) across barley contrast groups (OD-OW, BD-BW, OW-BW, and
BD-OD). (B) Number of up- and down-regulated DE genes in the different contrast groups. (C) Venn diagram of the up-regulated genes of the different contrast groups
(OD-OW, BD-BW, OD-BD, and OW-BW). (D) Venn diagram of the down-regulated genes of the different contrast groups (OD-OW, BD-BW, OD-BD, and OW-BW).

TABLE 2 | GO enrichment of the differentially expressed genes in Otis and Baronesse under drought compared to well-watered control (OD-OW and BD-BW).

Commonly up-regulated genes between Otis and Baronesse under drought (OD-OW and BD-BW)

Term name Term ID Adjusted P-value Term size Query size Intersection size
Response to water deprivation G0:0009414 1.42E-07 399 240 21
Cation binding G0:0043169 0.000373003 75 240 8
Raffinose alpha-galactosidase activity G0:0052692 0.000416886 33 240 6
Metabolic process G0:0008152 0.01750248 37 240 5

Commonly down-regulated genes between Otis and Baronesse under drought (OD-OW and BD-BW)

Peptidyl-tyrosine modification G0:0018212 0.007915027 507 145 13

Uniquely up-regulated genes BD-BW

Cytosolic part G0:0044445 0.00131172 146 507 14
Structural constituent of ribosome G0:0003735 0.006559518 1,094 507 44

Uniquely down-regulated genes BD-BW

Protein phosphorylation G0:0006468 9.99E-12 3,331 422 113
ATP binding G0:0005524 1.30E-07 6,392 422 163
Plasma membrane G0:0005886 3.88E-07 3,249 422 99
Protein kinase activity G0:0004672 1.35272E-05 2,578 422 80
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TABLE 3 | The BART and HORVU annotations of the commonly up-regulated genes under drought.

BART gene ID BART annotation HORVU gene ID HORVU annotation Log, FC Log, FC
OD-OW BD-BW
BART1_0-P29927 2C-type protein HORVU4Hr1G060370 Protein phosphatase 3.41 3.33
phosphatase protein 2C family protein
BART1_0-P34164 Molecular chaperone HORVU5Hr1G027910 Chaperone protein 1.65 1.44
HtpG htpG family protein
BART1_0-p07678 Aquaporin protein HORVU2Hr1G010990 Aquaporin-like 3.11 2.58
superfamily protein
BART1_0-P51213 Low quality protein: HORVU7Hr1G037080 Annexin 1 3.08 3.57
annexin D2
BART1_0-P39278 Cold-regulated plasma HORVU5Hr1G098190 Cold acclimation 1.69 2.59
membrane protein 2 protein WCOR413
family
BART1_0-P07561 Putative ATP-binding HORVU2Hr1G009580 ABC transporter C 2.58 2.08
cassette subfamily C family member 14
member 8
BART1_0-P50224 Leucine-rich repeat, HORVU7Hr1G023610 F-box protein MAX2 2.15 1.44
cysteine-containing
subtype
BART1_0-P45680 Homeobox-leucine HORVUBHr1G061390 Homeobox-leucine 3.83 4.89
Zipper protein ATHB-6 Zipper protein family
BART1_0-P36679 Non-specific HORVU5Hr1G065350 Serine/threonine 1.78 1.32
serine/threonine kinase protein kinase 1
protein kinase
BART1_0-P35808 RNA recognition motif HORVU5Hr1G053230 RNA-binding protein 1 1.32 117
domain
BART1_0-P47576 Betaine aldehyde HORVU2Hr1G070680 Betaine aldehyde 2.43 1.62
dehydrogenase dehydrogenase 2
BART1_0-P13794 Abscisic stress-ripening HORVU2Hr1G092710 Homeobox-leucine 3.17 1.75
protein 2 Zipper protein family
BART1_0-P47022 Class | HORVUBHr1G080670 bZIP transcription 1.49 1.31
homeodomain-leucine factor 27
Zipper protein 22
BART1_0-P12382 G-box-binding factor 4 HORVU2Hr1G074770 Abscisic stress-ripening 3.49 3.60
protein 3
BART1_0-P46765 Signal transduction HORVUGHr1G077070 Histidine kinase 3 1.28 1.15
response regulator
BART1_0-P37103 Molecular chaperone HORVU5Hr1G070720 Chaperone protein 1.65 1.79
HtpG htpG family protein
BART1_0-P29183 Sucrose synthase HORVU4Hr1G049500 Sucrose synthase 3 1.28 1.15
BART1_0-P29382 Hexosyltransferase HORVU4Hr1G052450 Hexosyltransferase 2.79 217
BART1_0-P21831 2C-type protein HORVU3Hr1G067380 Protein phosphatase 2.98 3.27
phosphatase protein 2C family protein
BART1_0-P15058 Putative zeaxanthin HORVU2Hr1G 106880 Chloroplastic lipocalin 1.18 1.21
epoxidase
BART1_0-P29181 Sucrose synthase HORVU4Hr1G049500 Sucrose synthase 3 2.03 2.02

in Baronesse compared to Otis (Table4). For example,
the Log, FC of LRR receptor-like serine/threonine-protein
kinase EFR (BART1_0-p15086) is —1.94 in Otis and —3.18
in Baronesse.

The Most Highly Regulated Genes Under

Drought in Genotype-Dependent Manner
Differential gene expression analysis of the RNA-seq data
identified highly induced or reduced genes as a response

to drought. Both genotypes showed a different gene
responding highly to the condition. In Otis, CER1 protein
(BART1_0-p02677), Triticum beta-expansin (BART1_0-
p22302), multidrug/pheromone exporter, ABC superfamily
(BART1_0-p46064), Armadillo (ARM) repeat superfamily
protein (BART1_0-p34106), STAM-binding protein (BART1_0-
p13576), jasmonate induced protein (BART1_0-p25925), and
NAC-type transcription factor (BART1_0-p58823) showed
an expression level of > 5 Log, FC. In Baronesse, the top
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TABLE 4 | The BART and HORVU annotations of the common down-regulated genes in barley plants under drought stress.

BART gene ID BART annotation HORVU gene ID HORVU annotation Log,FC Log,FC
OD-OW BD-BW
BART1_0-p16694 Cysteine-rich HORVU2Hr1G041380 receptor kinase 1 —2.77 —-3.62
receptor-like protein
kinase 5 (Fragment)
BART1_0-p22957 Leucine-rich HORVU3Hr1G081600 Leucine-rich repeat —2.66 —-3.33
receptor-like protein receptor-like protein
kinase family protein kinase family protein
isoform 2
BART1_0-p16935 Serine- HORVU3Hr1G000350 Protein kinase —-2.14 —-3.32
threonine/tyrosine- superfamily protein
protein kinase catalytic
domain-containing
protein
BART1_0-p41113 Serine/threonine- HORVU5Hr1G 120420 Receptor —1.98 —-3.25
protein serine/threonine kinase,
kinase putative
BART1_0-p15086 LRR receptor-like HORVU2Hr1G107180 Leucine-rich —1.94 —-3.18
serine/threonine- receptor-like protein
protein kinase kinase family protein
EFR
BART1_0-p10197 Protein serine/threonine HORVU2Hr1G042210 Serine/threonine- —1.68 —2.24
kinase protein
kinase
BART1_0-p16723 ATP binding protein HORVU2Hr1G124530 Protein kinase —1.66 —-2.12
superfamily protein
BART1_0-p38965 Serine/threonine- HORVU5Hr1G094510 Protein kinase —1.60 —1.49
protein kinase superfamily protein
HT1
BART1_0-p10214 Protein serine/threonine HORVU2Hr1G042220 Serine/threonine- —1.58 —1.47
kinase protein
kinase
BART1_0-p45360 LRR receptor-like HORVUBHr1G057240 Leucine-rich repeat —1.37 —1.22
serine/threonine- receptor-like protein
protein kinase kinase family
EFRprotein
BART1_0-p16670 Protein kinase HORVU2Hr1G125210 Receptor kinase 1 —0.133 —1.21
BART1_0-p13090 Inactive LRR HORVU2Hr1G084260 Receptor-like protein -1.28 -1.07
receptor-like kinase 4
serine/threonine-
protein kinase
BIR2
BART1_0-p51631 Transmembrane HORVU7Hr1G043150 Protein kinase —-1.14 —1.04

receptor protein
serine/threonine kinase

superfamily protein

up-regulated genes with Log, FC > 7.5 were: peptidyl-prolyl
cis-trans  isomerase (BART1_0-p44951), monooxygenase
(BART1_0-p00176), late embryogenesis abundant protein-
like  (BART1_0-p38756), dehydrin  (BART1_0-p23589),
late embryogenesis abundant (BART1_0-p47280), rRNA
N-glycosylase =~ (BART1_0-p31866), late  embryogenesis
abundant protein (BART1_0-p48484), and asparagine
synthetase [glutamine-hydrolyzing] (BART1_0-p35535)
(Supplementary Table 8).

The most significant down-regulated genes in Otis were

(BART1_0-p56454), glucan endo-1,3-beta-glucosidase 13
(BART1_0-p06463), peroxidase (BART1_0-p08311), and O-
acyltransferase WSD1 (BART1_0-p05934). In Baronesse, 6
of the most significant down-regulated genes were kinases
such as L-type lectin-domain containing receptor kinase
IX.1 (BART1_0-p48873), putative receptor protein kinase
ZmPK1 (BART1_0-p21390), and Cysteine-rich receptor-like
protein kinase 25 (BART1_0-p06472). Interestingly, aquaporin
(BART1_0-p57239), transcription factor MYB4 (BART1_0-
p45446), and nicotianamine synthase (BART1_0-p47748) are

catalytic genes such as NADPH-hemoprotein reductase  among the most highly down-regulated genes in Baronesse (see
(BART1_0-p22029), myrcene synthase, chloroplastic ~ Supplementary Table 9).
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FIGURE 6 | Percentage of DEGs encoding kinases in Otis and Baronesse
under drought.

Photosynthesis Genes Were Repressed
Under Drought

The expression levels of several photosynthesis related genes were
significantly down regulated in both the genotypes, indicating
a general suppression of photosynthesis under drought. In
drought-treated Otis, the expression level of photosystem
II protein D1 (BART1_0-pl16339), NAD(P)H-quinone
oxidoreductase subunit 2, chloroplastic (BART1_0-p59777),
ferredoxin-dependent glutamate synthase, chloroplastic-like
(BART1_0-p10355), ATPase subunit IV (BART1_0-p59370),
and proton-transporting ATP synthase activity (BART1_0-
p26862) were significantly downregulated. Likewise in
Baronesse, the abundances of PSII protein D1 (Fragment)
(BART1_0-p60027), PSII D2 protein (Fragment) (BART1_0-
pl6337), NAD(P)H-quinone oxidoreductase subunit 2,
chloroplastic (BART1_0-p44871), photosynthetic NDH subunit
of subcomplex B (BART1_0-p46676), NADH-plastoquinone
oxidoreductase subunit 5 (BART1_0-p03209), and ATP synthase
CF1 alpha subunit, chloroplastic (BART1_0-p60215) were
significantly down regulated under drought.

The Differentially Expressed Kinases in the
Two Genotypes Under Drought

In plants, the kinases represent one of the largest category of
genes which play significant roles in response to stress conditions.
Differential gene expression analysis revealed that the kinases
are the highest number of down-regulated genes in Baronesse
under drought (Figure 6). Kinases account for 17.6 and 4.6% of
down- and up-regulated genes in Baronesse, respectively, while
the differentially regulated kinases represent 8% each for the
upregulated and downregulated categories in Otis.

The DE kinases in the two genotypes are shown in Table 5;
Supplementary Tables 10-13. In the down-regulated group of
genes from Baronesse, the dominant family-subfamily was
receptor like kinase-Pelle (RLK-Pelle). In this family/subfamily,
14 types of kinases were significantly down regulated more
than 2-fold, including 10 RLK-Pelle-DLSV, 8 RLK-Pelle-WAK,
8 RLK-Pelle-L-LEC, and 7 RLK-Pelle-SD-2b. Baronesse also

showed 7 RLK-Pelle genes up-regulated more than 2-fold.
Otis showed 12 categories of kinases regulated under reduced
water. For example, two Ca2+/calmodulin-dependent protein
kinases (CAMK) (OST1L and CAMKL-CHK1) were significantly
down-regulated while CAMK-CAMKL-CHK1 was uniquely up-
regulated in Otis. In addition, two different categories of plant
specific tyrosine kinase like (TLK) genes were significantly up
regulated in the two genotypes under drought conditions.

Differentially Expressed Transcription
Factors in the Two Genotypes Under
Drought

Transcription factors (TFs) are key regulatory genes that
coordinate regulation of plant development and conditional
responses to a variety of stresses including drought. The number
of differentially expressed TFs was higher in Baronesse (52 genes)
compared to Otis (8 genes) (Supplementary Tables 14-17). In
Otis, two bZIP and one NAC TFs were significantly down-
regulated while mainly NAC TFs were up-regulated. In Baronesse
plants under drought stress, 4 out of 21 down-regulated
TFs were WRKY, 3 MYB and 3 bZIP domain TFs were
down-regulated too. The up-regulated TFs in drought-stressed
Baronesse were 3 GATA, 2 NAC domain, 2 bZIP, 2 MYB, nuclear
factor Y subunit B, PLATZ, trihelix, and ethylene-responsive
transcription factor 5 TFs.

Altered Expression of Chromatin
Remodeling and Epigenetics-Associated
Genes Under Drought

Epigenetic mechanisms are involved in the plant’s transcriptional
response to environmental stresses such as drought. Baronesse
showed the greatest transcriptional response to water
depravation and showed regulation of chromatin remodeling
genes. One histone methyl transferase (SET) (BART1_0-p53128)
and 2 Snf2-family ATPases (SNF2 chromatin remodeler)
(BART1_0-p18056, BART1_0-p51557) were significantly down
regulated while two SET (BART1_0-p38488, and BART1_0-
p46523) and 1 GCN5-related N-terminal acetyltransferase
(GNAT) (BART1_0-p31567) genes were up-regulated.

Differential Alternative Splicing Under
Drought Stress

Serine and arginine-rich (SR) proteins are a group of
highly conserved alternative splicing factors that have a
role in regulating AS, changing the proportions of gene
transcript isoforms under different plant stresses (Duque,
2011). Differential gene expression analysis identified
barley orthologs of splicing factor RS31 (BART1_0-p31971;
HORVU4Hr1G088790) and SC35-like splicing factor SCL30
(BART1_0-p26316; HORVU1Hr1G043200) genes that were
up-regulated in response to water deprivation. RS31 showed a
2.7-fold increase in Otis and 3.6-fold in Baroness, while SCL30
showed a 1.7-fold increase in Otis and 2.5-fold increase in
Baronesse in response to the drought stress (Figure 7A). Gene
expression analysis using the barley reference transcript dataset
allowed quantification of individual transcript isoforms and
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TABLE 5 | The differentially expressed kinases in Otis and Baronesse under drought stress.

OD-OW Down

OD-OW Up

BD-BW Down

BD-BW Up

CAMK
(Ca2+/calmodulin-dependent
protein kinase) _OST1L (Open
stomata-like kinase)

CAMK_CAMKL-CHK1

CAMK_CDPK
(calcium-dependent protein
kinases)

CAMK_CAMKL-CHK1

(CAMK-Like, Checkpoint Kinase
1)

RLK-Pelle_RLCK-Vlla-2
(Receptor Like Cytoplasmic
Kinase-Vlla-2)

CMGC_MAPK

RLK-Pelle_WAK (Wall Associated RLK-Pelle_DLSV (DUF26, SD-1,

Kinase) LRR-VIIl and VWA, a
moss-specific new RLK
subfamily)

RLK-Pelle_LRR-XI-2 RLK-Pelle_WAK

(Leucine-rich repeat-XI-2)

RLK-Pelle_LRR-V

TKL-PI-4 (Tyrosine kinase like
Plant-specific 4)

CAMK_CAMKL-CHK1

WNK_NRBP [With No Lysine (K)’

CAMK_CDPK

RLK-Pelle_RLCK-Vlla-1

kinases and nuclear receptor
binding protein (NRBP)]
PEK_GCN2 (Pancreatic
eukaryotic initiation factor-2alpha
kinase, general control
non-derepressible)

ULK_ULK4 (Unc-51 Like Kinase RLK-Pelle_CrRLK1L-1
4) (Catharanthus roseus RLK1-like)

RLK-Pelle_DLSV

NEK [Mitotic Kinase family, also
known as NRK (NimA-Related
Kinase, based on Aspergillus
NimA)]

RLK-Pelle_WAK
RLK-Pelle_SD-2b (S Domain 2b)

RLK-Pelle_RLCK-Os

RLK-Pelle_RLCK-V
RLK-Pelle_L-LEC
RLK-Pelle_LRR-Xa RLK-Pelle_PERK-1 (Plant
External Response Like Kinase 1)

TKL_Gdt (growth-differentiation
transition)

RLK-Pelle_LRR-VIII-1

RLK-Pelle_L-LEC (L-type lectin)
RLK-Pelle_LRR-XII-1
(Leucine-rich repeat-XII-1)
RLK-Pelle_RLCK-Os (Receptor
Like Cytoplasmic Kinase-Os)
RLK-Pelle_LRR-Xb-1

RLK-Pelle_LRK10L-2
(LRK10-like kinase type 2)

RLK-Pelle_DLSV

to determine significant DAS events using the 3D RNA-seq
App (Rapazote-Flores et al.,, 2019). To identify significant DAS
genes, expression changes of a log2 fold change between gene
transcripts were determined along with an adjusted p < 0.01
and a minimum 0.1 (10%) change in the proportion of spliced
transcripts (A Percent Spliced — APS). Across the two genotypes
under watered and drought conditions 423 genes were detected
that showed significant changes in transcript isoforms across
the different genotypes and conditions and 109 of these genes
were regulated by both transcription and AS such that 314
genes were uniquely regulated by AS, with no overall significant
change in gene expression (Figure 5A). Pair-wise comparisons
of Otis and Baronesse’s response to drought stress showed
only 37 and 61 significant DAS genes, respectively, and only
6 genes were common between the two genotypes (Table 1;
Supplementary Figure 2; Supplementary Tables 18-22). Of the
6 genes showing significant changes in AS in both genotypes,
BART1_0-u33753 (HORVUS5Hr1G021770) has similarity to unc-
93 homolog A, a positive regulator of abiotic stress tolerance in
Arabidopsis (Xiang et al., 2018). This showed a complete reversal

of the most abundant transcript BART1_0-u33753.005 in the
watered samples of both genotypes to the BART1_0-u33753.001
transcript which was most abundant in drought samples
(Figure 7B). This complete switch in transcript processing does
not affect the protein coding sequence but results in the retention
of an intron in the 3’UTR. GO enrichment analysis did not
find any enrichment of GO terms, due to the broad range of
different types of genes affected by AS genes and low number of
AS genes found. These studies suggest that alternative splicing is
less frequently affected under drought compared to other abiotic
stresses. The results here also show genotype-specific differences
in DAS responses under drought.

Validation of the RNA-Seq Profiles Using

RT-gPCR

We used qRT-PCR and validated the gene expression profiles
of several genes (Figure8). For example, the cytokinin-o-
glucosyltransferase 2 (BART_0-p11824) was up-regulated under
drought stress in both the genotypes (OD-OW and BD-
BW showed 1.69- and 1.30-fold change (RNA Seq) and 2.23
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and 6.81 (qPCR), respectively). Tryptophan aminotransferase  control conditions compared to Baronesse plants [-2.99 (RNA
related 2 (BART1_0-p18317) was down-regulated in Baronesse = Seq) and—19.87 (qPCR]. But it was up regulated in Otis under
under drought (-2.67 (RNA Seq) and 0.24-fold change (qQPCR).  drought stress compared to Baronesse. Phenylalanine ammonia
Cellulose synthase was downregulated in Otis plants under lyase was down-regulated in Otis plants under control conditions
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compared to Baronesse plants [-1.16 (RNA Seq) and —1.76
(qPCR)]. But it was up regulated in Otis under drought stress
compared to Baronesse.

DISCUSSION

When compared with Otis, Baronesse was found to be more
sensitive to drought as revealed by the biomass, leaf relative water
content, proline accumulation, and the parameters associated
with photosynthesis. Although significant decrease in the net
photosynthetic rate (PN), stomatal conductance (gs), and the
transpiration rate (E) was observed in both the barley genotypes
under drought, but the degree of inhibition was less in the
Otis compared to Baronesse. Indeed, this difference between the
genotypes was supported by the RNA-Seq analysis that revealed
a greater down regulation of several photosynthesis-related genes
(genes for D1 protein (PsbA) and D2 protein (PsbD) in Baronesse
compared to Otis. PSII (both D1 and D2 proteins are needed
for assembly of a stable PSII complex) plays an important role
in response to environmental stresses (Baker, 1991). In wheat
genotypes, drought resulted in different degrees of repression of
PsbA and PsbD genes, however, less repression of both genes
(especially the PsbD gene) in the drought tolerant genotype (Liu
et al., 2006).

Under well-watered conditions, Otis plants showed
significantly less gs and E than Baronesse. This suggests that
Otis might have lower stomatal density compared to Baronesse,
which could be one player in drought tolerance of Otis. In line
with this, the overexpression of epidermal patterning factor
(EPF) (HvEPFI) in barley resulted in a significant reduction in
stomatal density without adverse effects on the normal growth
of the overexpression lines (Hughes et al., 2017). In addition, the
overexpression lines showed less gs than the wild type under well-
watered conditions. And under drought stress, they have higher

water use efficiency and drought tolerance compared to the wild
type. In drought tolerant rice and wheat genotypes, transpiration
efficiency (TE) was enhanced by maximizing mesophyll
conductance (gm) and minimizing stomatal conductance (gs)
(Ouyang et al, 2017). Indeed, the drought tolerant rice and
wheat showed low stomatal density, and thick mesophyll with
thin cell walls.

Correlations Between the Gene Expression
Profiles of Proline and Glycine Betaine and
Their Accumulation and Relative Water

Content

Proline content was increased in both genotypes under drought,
but the increase was significantly higher in Otis plants. Proline
is an imino acid that acts as an osmoprotectant, a metal
chelator, an antioxidative molecule, and a signaling molecule
that enhances drought tolerance by maintaining the osmotic
balance of the cells (Blum, 2009; Hayat et al, 2012). The
LRWC of the two genotypes was significantly reduced, but
drought treated Otis plants showed less reduction in their LRWC
(Figure 2A). This response highlights one aspect of several
mechanisms that could be used by Otis to tolerate drought
better compared to Baronesse. High proline accumulation in
the leaves of barley plants under severe osmotic stress leads to
less membrane injury (Bandurska, 2001). In wild barley high
proline accumulation in the leaves increased drought tolerance
compared to cultivated barley (Bandurska and Stroihski, 2003).
Indeed, in many major crop plants such as wheat, barley, and
maize, osmotic adjustment was positively correlated with stress
resistance (Blum, 2017). The expression of proline biosynthesis
and turnover genes reflect this enhanced production of proline
in both genotypes under drought. Pyrroline-5-carboxylate
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synthase (P5CS), pyrroline-5-carboxylate reductase, pyrroline-
5-carboxylate dehydrogenase and Orn-3-aminotransferase were
all significantly induced in drought conditions. Only the
proline turnover gene proline dehydrogenase expression was
reduced under drought conditions. Although differences between
the genotypes were not significant under reduced water
conditions, the trend showed larger levels of expression in Otis
(Supplementary Figure 1).

Glycine betaine (GB) is another important osmolyte and
is known to accumulate in response to abiotic stresses in
a variety of plant species (Ashraf and Foolad, 2007). GB is
produced from choline via choline monooxygenase (CMO) and
betaine aldehyde dehydrogenase (BADH). In barley, BADH1 and
BADH2 genes were significantly induced under drought and
salinity (Nakamura et al., 2001). Our results reveal that BADH
(BART1_0-p47576, HORVU2Hr1G070680) was induced in both
genotypes under drought. However, its expression was higher in
Otis compared to Baronesse.

Hormonal Profiles

Among the hormones, ABA is the most important hormone
regarding its role in plant drought tolerance (Daszkowska-
Golec, 2016; Sah et al., 2016; Vishwakarma et al., 2017). In
this study, both genotypes accumulated ABA as well as several
ABA-related metabolites under drought but the accumulation
levels did not differ greatly between the genotypes. Likewise,
the response of auxin levels was hardly differed between the
genotypes under drought.

Cytokinins (CKs) and their metabolism is important in
plants’ adaptation to different abiotic stresses including drought
(Ha et al, 2012; Pavlu et al, 2018). Drought stress caused a
significant increase in the cytokinin, cZOG in Otis compared
to Baronesse, suggesting a potential role for cZOG in the
drought tolerance. Conjugation of O-glucose to cZ CKs (O-
glucosylation) results in the formation of O-glucosides, and it
is a reversible modification and the O-glucosides such as c-
ZOG are storage forms of ¢Z CKs (Schifer et al, 2015). A
role for cis-Zeatin (cZ) CKs in plant growth and development
has been reported (Kudo et al, 2012; Schifer et al., 2015).
It was also suggested that ¢Z CKs could be important for
maintaining minimum CK activity for cell survival under stress
conditions (Gajdosovd et al., 2011).

With over 100 identified GAs, only a few are bioactive:
GA1, GA3, and GA4 (Yamaguchi, 2008). The levels of GAs
were found to be decreased under drought stress, and this
could be associated with the retarded plant growth under stress
(Nelissen et al., 2018). In small cereals (Tef and finger millet), the
inhibition of GA biosynthesis resulted in an enhanced tolerance
to osmotic stress (Plaza-Wiithrich et al., 2016). It was further
reported that the reduction of GAs enhanced drought tolerance
by osmotic adjustment and maintenance of leaf turgor of tomato
(Omena-Garcia et al., 2019). Remarkably, GA20 levels were only
increased in the drought-treated Otis. GA20 is an intermediate
of GAl and GA3, which is converted to GAl by GA 3-
oxidase (GA30x) (Yamaguchi, 2008). This conversion was shown
to be inhibited by heat, dehydration, and salinity (Colebrook

et al,, 2014). The increase in GA20 in the drought-treated Otis
suggests a less conversion of this gibberellin to the bioactive
forms of GA.

For hormonal profiling, samples of barley leaves were taken
at the initial wilting stage of drought (5 days of drought). At this
stage, no significant changes were observed for shoot length or
biomass in the two genotypes under drought stress compared
to the control. This might explain the observed small number
of differences regarding hormonal profiles under drought in
the genotypes.

General Transcriptional Responses Greatly
Differed Between the Genotypes

The drought sensitive genotype Baronesse showed higher
number of differentially expressed genes (DEGs) under drought
(1,023, and 786 up and down-regulated, respectively), compared
to Otis (460, and 314 up and down-regulated genes, respectively),
in the drought-tolerant Otis indicating that the transcriptional
changes were far greater in sensitive genotype. Indeed, previous
studies have reported a greater number of stress-regulated genes
in the sensitive genotypes compared to the tolerant genotypes
subjected to stress treatments (Silveira et al., 2015; Cantalapiedra
et al., 2017; Janiak et al., 2019; Ereful et al., 2020).

The Shared Responses Between Otis and
Baronesse as Revealed by the

Differentially Expressed Genes

In this study, several differentially regulated genes (signaling
genes (kinases and phosphatases), transcription factors,
chaperones, annexins, and aquaporins) that showed almost
similar level of regulation in both the genotypes under
drought have been identified and these could be important for
maintaining cellular homeostasis under stress.

Chaperones have been shown to stabilize membranes and
proteins by assisting with folding, association, translocation, and
degradation of proteins under stress (Priya et al., 2019). The
chaperone gene BART1_0-p34164 (HORVU5Hr1G027910) was
up regulated in the drought-treated Otis and Baronesse (Log2
FC is 1.55 and 1.44, respectively). The ortholog of this gene
in Arabidopsis was shown to be induced under drought stress
(Gupta and Senthil-Kuma, 2017).

Aquaporins (AQPs) are pore forming proteins belonging
to the major intrinsic proteins (MIP) superfamily which
transport water and other small neutral compounds across
the membrane. The upregulation of AQPs in response to
abiotic stresses is known in plants (Quigley et al, 2001;
Scharwies, 2017; Kapilan et al, 2018). The aquaporin,
BART1_0-p07678, HORVU2Hr1G010990 was significantly
induced in both the genotypes under drought stress. The rice
ortholog (OsPIP2.6) of this gene (LOC_Os04g16450), has
shown to be induced in the drought tolerant parent and the
inbred lines but repressed in the drought sensitive parent
(Baghyalakshmi et al., 2020).

Annexins are a diverse, multigene family of calcium-
dependent, membrane-binding proteins that serve as targets for
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Ca2+ in most eukaryotic cells (Clark et al., 2001). An annexin
gene (BART1_0-p51213, HORVU7Hr1G037080) was one among
the commonly up regulated genes in Otis and Baronesse under
drought stress (Log2 FC is 3.08 and 3.57, respectively). The
orthologous gene in rice (LOC_Os06g11800) was shown to
be upregulated under drought stress (Gorantla et al., 2005).
The Arabidopsis ortholog of Annexin 1 (AT1G35720) was also
induced by drought and its overexpression confers enhanced
drought tolerance (Konopka-Postupolska et al., 2009). A possible
mode of Annexin 1 in drought tolerance include the alleviation of
the oxidation of the membrane’s lipids and proteins (Jami et al.,
2008).

A Gene for Wax Biosynthesis was Uniquely
and Highly Induced in Otis Genotype Under

Drought

ECERIFERUM1 (CERI) gene [CER1 from fatty acid hydrolase
superfamily (BART1_0-p02677)] involved in wax biosynthesis
was highly upregulated in Otis under drought. The Arabidopsis
and rice orthologs of this gene are CERI (AT1G02205) and
WAX2 (LOC_Os10g33250), respectively. In drought treated
Arabidopsis plants, the expression of CERI gene was up
regulated, along with a significant increase in the very long
chain (VLC) alkanes in the cuticle (Kosma et al., 2009).
The Arabidopsis CERI gene codes for an important enzyme
involved in the biosynthesis of VLC alkanes of the cuticle
(Bourdenx et al., 2011). The cuticle is a hydrocarbon epidermal
extension, that acts as a protective barrier against water loss
under drought stress. Indeed, the overexpression of CERI in
Arabidopsis conferred drought tolerance due to reduced water
loss (Bourdenx et al., 2011). In Brachypodium, eight homologs
of CERI were identified (Wu et al., 2019). BACERI-8 was highly
expressed in the leaves, and it was significantly induced by
drought and osmotic stress. Moreover, BICERI-8 rescued the
biosynthesis of the VLC alkanes in cerl Arabidopsis mutant
(Wu et al., 2009). The overexpression of the transcription factor
TaSHNI in wheat resulted in reduced stomatal density and
leaf water loss, and thereby improved drought tolerance of the
transgenic lines (Bi et al., 2018). In addition, the analysis of the
cuticle composition of TaSHNIoverexpression lines revealed a
significant increase in the alkanes under control and drought
conditions. The overexpression of TaSHN1 also resulted in more
than 10-fold upregulation of the cuticle biosynthetic genes such
as: ATT1/CYP86, CER4-6, KCSI, and LACS3. This indicates
that one mechanism of the improved drought tolerance in
the TaSHNI overexpression lines is through changes in the
cuticle composition both at the molecular and biochemical
levels. The induction of CERI in the drought-treated Otis
is one of the few major differences of supporting drought
tolerant nature of Otis compared to Baronesse. This might
explain the less reduction in the leaf relative water content in
Otis under drought stress. Indeed, a detailed analysis of the
cuticle composition of Otis and Baronesse under drought and
control conditions will shed more light on drought tolerance
in barley.

A Beta-Expansin Gene was Uniquely and
Highly Induced in Otis Genotype Under
Drought

Expansin gene family is one group of cell wall modifying
genes (Cosgrove, 2000). Expansin genes are important players
in cell growth through loosening of the cell wall (Cosgrove,
2015). Phylogenetically, expansin genes are divided into two
major families: EXPA (a-expansins) and EXPB (p-expansins)
(Cosgrove, 2015). In barley, a total of 34 expansin genes (14
EXPA, 17 EXPB, and 3 EXPLA) were identified (Lombardi, 2012).
The expression of the barley expansin genes showed specific
expression profile for each tissue, organ, and developmental
stage. Previous studies showed the involvement of expansin genes
in many growth and developmental processes (Choi et al., 2003;
Marowa et al.,, 2016). Moreover, expansin genes were found to
be differentially expressed under different abiotic stresses (Wu
et al,, 2001; Bray, 2004; Harb et al., 2010; Marowa et al., 2016).
The overexpression of TAEXPA2 in tobacco and wheat enhanced
drought tolerance in the transgenic plants (Chen et al., 2016;
Yang et al,, 2020). Moreover, improved tolerance to salinity
and drought was also shown in tobacco plants overexpressing
the tobacco EXPA4 (Chen et al, 2018). In barley, HVEXPB7
improved the growth of barley root hairs under drought in the
drought tolerant Tibetan wild barley genotype (He et al., 2015).
The beta expansin gene (BART1_0-p22302) was highly induced
in the drought stressed Otis (Log2 FC is 6). The Arabidopsis
and rice orthologs of this gene are AT1G65680 (AtEXPB2), and
LOC_0s03g01270 (OsEXPB7). The rice gene was significantly
repressed under dehydration conditions (Zhou et al., 2007; Ray
et al., 2011; Shaik and Ramakrishna, 2012). In these studies,
the changes in gene expression were tested in one genotype of
rice under dehydration stress, which is considered as a shock
stress to plants. Whereas, in this study, two barley genotypes
with contrasting drought tolerance were exposed to progressive
drought for 5 days. Indeed, a low correlation between gene
expression under dehydration shock and that under progressive
(gradual) drought was shown in barley (Talamé et al., 2007).

An Armadillo (ARM) Repeat Gene is Highly
Upregulated in Otis Genotype Under

Drought

Armadillo (ARM) repeat gene family has the ARM repeat
domain, which is composed of one short and two relatively
longer a-helices (Mudgil et al, 2004; Sharma and Pandey,
2016). It includes members of diverse functions such as: signal
transduction, nuclear transport, cell adhesion, and protein
degradation (Sharma et al.,, 2014). The most common protein
arrangement of ARM family is U-box/ARM (PUB/ARM), which
suggests a role in protein ubiquitination (Sharma and Pandey,
2016). This will result in higher plasticity in response to the
changing environments. The Armadillo gene was among the
drought responsive genes in the drought tolerant potato genotype
(Pieczynski et al., 2018). In rice plants, 36 OsARM genes were
differentially expressed under different abiotic stresses (drought,
salt, and cold) (26 up-regulated and 10 down-regulated) (Sharma
et al,, 2014). Out of the 26 up-regulated genes 7 were uniquely
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drought induced genes, and 4 out of 10 were uniquely drought
repressed genes. In barley, 5 PUB/ARM genes [class II U-box
E3 ubiquitin ligases (HvPUB7, HvPUB9, HvPUB15, HvPUBI16,
HvPUB21, and HvPUB22)] were significantly induced, and one
gene (HVPUB18) was repressed under dehydration stress (Ryu
et al., 2019). The ARM repeat gene (BART1_0-p34106) was
highly induced in Otis drought stressed plants (Log2 FC 5.88).
This gene is not a member of the U-box E3 ubiquitin ligase family
in barley (Ryu et al., 2019). This suggests that it might function in
drought tolerance of Otis via mechanism (s) other than protein
ubiquitination and degradation.

Kinases are Predominantly Down
Regulated in Baronesse Plants Under
Drought

Genes encoding protein kinases (Pks) were overrepresented
among the down regulated genes in drought-treated Baronesse.
Most of these kinases are receptor like kinase-Pelle (RLK-
Pelle). Receptor like kinase-Pelle is the largest gene family in
Arabidopsis and rice, which are responsive to different abiotic
and biotic stresses (Lehti-Shiu et al., 2009). In rice, receptor-like
cytoplasmic kinase GROWTH UNDER DROUGHT KINASE
(GUDK) was shown to improve drought tolerance through the
activation of the transcription factor APETALA2/ETHYLENE
RESPONSE FACTOR OsAP37 (Ramegowda et al.,, 2014). The
overexpression of poplar leucine-rich repeat (LRR) receptor-
like kinase in Arabidopsis enhanced water use efficiency (Xing
et al.,, 2011). The general down regulation of many kinases in
Baronesse relative to Otis could be one of the factors associated
with drought sensitivity.

Transcription Factors

Transcription factors (TFs) are regulatory proteins that play an
important role in almost all plant processes including adaptation
to biotic and abiotic stresses (Nakashima et al., 2014; Joshi
et al., 2016). TF genes such as AP2/EREBP, bZIP, MYB/MYC,
NAC, WRKY have been implicated in drought stress responses
(Gahluat et al., 2016). The number of DEGs encoding TFs were
more in the drought-stressed Baronesse than in Otis.

NAC genes are plant-specific transcription factors involved in
growth and development and stress responses. Overexpression
of several NAC genes from Arabidopsis, rice, and soybean
increased the tolerance of transgenic plants to abiotic stresses
including drought (Nakashima et al., 2007; Hao et al., 2011; Wang
and Dane, 2013; Shim et al., 2018). In drought stressed Otis,
two NAC genes were up regulated, while one NAC gene was
down regulated. The overexpression of wheat NAC TF improved
tolerance to drought and salt stress in Arabidopsis (Huang et al.,
2015).

One of the induced NAC genes in Otis genotype is BART1_0-
p58823 (HORVUOHr1G017490), which has Log2FC of 5.33.
The rice ortholog of this gene is LOC_0s02g56600, which
was induced in the salt-tolerant rice genotype but repressed
in the salt-sensitive genotype (Garcia-Morales et al,, 2014).
The other NAC gene that was induced specifically in the Otis
genotype is BART1_0-p12809 (HORVU2Hr1G080460), which

has Log2FC of 2.95. The ortholog of this gene in rice is
LOC_0s04g38720 (OsNAC2), which was also induced by salt
stress (Narsai et al., 2013). The one NAC gene that was uniquely
repressed (Log2FC of—2.09) in Otis under drought is BART1_0-
p22840 (HORVU3Hr1G080100). The rice ortholog of this gene
is OsNAC4 (LOC_0s01g60020), which was induced in the
dehydrated wild rice (Oryza rufipogon) (Zhang et al., 2017).
Another study showed this gene was highly induced in the
drought tolerant rice genotype than the sensitive genotype after
3 hours of dehydration (Borah et al., 2017). In the two previous
studies, rice plants were exposed to a dehydration shock rather
than a progressive drought treatment.

The rice ortholog of BART1_0-p13794 gene is OsHOX22
(LOC_0Os04g45810), which was induced by desiccation, salinity,
cold, and osmotic stresses (Bhattacharjee et al., 2016). Moreover,
it was among the drought expressed genes in rice in the
co-expression analysis of different transcriptome datasets (Lv
et al.,, 2019). The expression level of this gene greatly differed
between Otis and Baronesse (3.17 and 1.75 Log2FC, Otis
and Baronesse, respectively). The higher induction of this
gene in Otis might be important for drought tolerance in
this genotype.

Tryptophan-arginine-tyrosine (WRKY) proteins are one
of the largest families of transcription factors specific to
plants (Zhang and Wang, 2005). Many WRKY genes have
been shown to be induced by abiotic stresses including
drought (Chen et al, 2011). Their overexpression resulted in
improved drought tolerance in different plant species (Wu
et al., 2009; Cai et al,, 2014; Xu et al,, 2014; Ding et al., 2016).
In this study, 4 out of the 21 drought-repressed TFs in the
Baronesse plants were WRKY TFs with Log2 FC <—2. These
WRKY genes are: BART1_0-p09203 (HORVU2Hr1G029450),
BART1_0-p23505 (HORVU3Hr1G088200), BART1_0-
p01968 (HORVUI1Hr1G027700), and BART1_0-p21247
(HORVU3Hr1G059210)  with  Log2FC—3.22,—2.31,—2.82,
and—2.95, respectively. The rice orthologs of these
genes are: OsWRKY69 (LOC_0Os08g29660), OsWRKY24
(LOC_0Os01g61080), OsWRKY67 (LOC_0s05g09020), and
OsWRKY15 (LOC_0Os01g46800). OsWRKY69 was up regulated
in the leaves and root of drought tolerant rice genotype (Silveira
et al, 2015; Baldoni et al., 2016). Whereas, OsWRKY24,
OsWRKY67, and OsWRKY15 were found to play a role in
tolerance of phosphorus deficiency, bacterial resistance, and cold
tolerance, respectively (Yang et al., 2015; Deng et al., 2018; Liu Q.
etal, 2018).

Alternative Splicing

Alternative splicing (AS) is an important posttranscriptional
mechanism in which different combinations of exons of a
primary transcript are joined to produce diverse messenger RNA
(mRNA) isoforms. Interestingly, the abiotic stresses were shown
to alter the AS pattern in plants (Reddy et al.,, 2013; Laloum et al.,
2018). In this study only a relatively small number of AS genes
(37 genes in Otis and 61 genes in Baronesse) were identified in
barley genotypes exposed to drought (Table 1). It was reported
previously that the DAS events were relatively smaller under
drought compared to other abiotic stresses. For example, in
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wheat, only 200 genes undergoing DAS under drought while
this number is rather high (3,576 genes) under heat stress (Liu
Z. et al, 2018). In Cassava, only 1,025 genes showed DAS in
response to drought stress compared to 3,292 genes in response
to cold stress (Li et al., 2020). In maize, 1,045 and 985 genes
showed DAS under heat and cold stresses, respectively, while
only 281 and 204 genes showed DAS during drought stress in
ovary and leaf, respectively, and only 14 of these DAS genes were
common to both tissues indicating a tissue-specific differences
(Mei et al., 2017). These studies suggest that alternative splicing
is less frequently used under drought compared to other abiotic
stresses. The results here also show genotype-specific differences
in DAS responses under drought.

Interestingly, the proteins involved in splicing were also
modulated by stress conditions (Ali and Reddy, 2008). In the
present study, we found that the levels of two splicing factors
(RS31 and SCL30) were significantly upregulated in drought-
stressed Otis and Baronesse (Figure 7A). Arabidopsis orthologs
of these genes have been found to regulate plant splice site
selection and it is possible that changes in their expression will
also lead to DAS in barley (Lopato et al, 1996; Yan et al.,
2017). Remarkably, most DAS events were genotype-specific in
this study indicating differences in AS between the two barley
genotypes. Some of these transcript changes led to a switch from
one major abundant isoform to an alternative transcript, which
became the abundant transcript isoform under drought stress
(Figure 7B; Supplementary Figure 2). Such large changes in AS
transcript abundances have been described previously in human
cancers and were considered as post-transcriptional biological
markers of the condition (Climente-Gonzélez et al., 2017). We
found drought induced AS events affecting exon skipping and
changes in the selection of alternative 5° and 3’ splice sites. But
many stress changes led to transcripts that show intron retention.
In some cases, the switched transcript under drought led to a
transcript with an intron retention (Figure 7B is one example).
Intron retentions alters the length of the 3'UTR and may affect
transcript stability or transport from the nucleus (Kalyna et al.,
2012; Gohring et al., 2014). Overall, DAS affects a small number
of genes in the two genotypes under drought stress but alters
the abundance of the gene transcripts in a highly significant
manner and it remains to be determined the importance of
such changes.

CONCLUSIONS

Drought tolerance is a complex process involving several
thousands of genes associated with various biochemical and
physiological processes. In this study, two barley genotypes
differing in their drought tolerance (Otis and Baronesse) were
compared for their molecular, hormonal, and physiological
differences under drought. Otis had better photosynthetic
capacity under drought compared to Baronesse, which could be
attributed to the differences in gene expression (D1 and D2)
associated with PSII stability. The hormone analysis revealed
that both genotypes showed significant induction of ABA under
stress conditions. Similarly, at the molecular level, many stress

responsive genes such as chaperones, aquaporins, and annexins
were found to be regulated at similar levels in both genotypes
under drought stress. However, a few genes such as BADH
and homeobox TF were highly induced in Otis compared to
Baronesse. Importantly, many potential drought tolerance genes
such as wax biosynthesis gene (CERI), and two NAC TFs
were uniquely induced in Otis under drought stress. On the
other hand, genes for WRKY TFs, and PKs were highly down-
regulated in the drought-stressed Baronesse. Taken together, the
overall transcriptional responses were low in drought-tolerant
Otis but the genes that could confer drought tolerance were
either specifically induced or greatly upregulated in the tolerant
genotype and these differences could be important for drought
tolerance in barley.
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