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Drought and heat stress substantially impact plant growth and productivity.
When subjected to drought or heat stress, plants exhibit reduction in growth
resulting in yield losses. The occurrence of these two stresses together
intensifies their negative effects. Unraveling the molecular changes in
response to combined abiotic stress is essential to breed climate-resilient
crops. In this study, transcriptome profiles were compared between stress-
tolerant (Otis), and stress-sensitive (Golden Promise) barley genotypes
subjected to drought, heat, and combined heat and drought stress for five
days during heading stage. The major differences that emerged from the
transcriptome analysis were the overall number of differentially expressed
genes was relatively higher in Golden Promise (GP) compared to Otis. The
differential expression of more than 900 transcription factors in GP and Otis
may aid this transcriptional reprogramming in response to abiotic stress.
Secondly, combined heat and water deficit stress results in a unique and
massive transcriptomic response that cannot be predicted from individual
stress responses. Enrichment analyses of gene ontology terms revealed
unigque and stress type-specific adjustments of gene expression. Weighted
Gene Co-expression Network Analysis identified genes associated with RNA
metabolism and Hsp70 chaperone components as hub genes that can be
useful for engineering tolerance to multiple abiotic stresses. Comparison of the
transcriptomes of unstressed Otis and GP plants identified several genes
associated with biosynthesis of antioxidants and osmolytes were higher in
the former that maybe providing innate tolerance capabilities to effectively
combat hostile conditions. Lines with different repertoire of innate tolerance
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mechanisms can be effectively leveraged in breeding programs for developing
climate-resilient barley varieties with superior end-use traits.
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Barley, combined stress, drought, differential gene expression, gene networks, gene
ontologies, heat, RNA-seq

Introduction

Among the most consequential impacts of the ongoing global
climate change, drought and high temperatures will adversely
affect agricultural production world-wide (Fedoroff et al., 20105
Mahalingam et al., 2021). While singly occurring drought or heat
stress can lead to yield reduction, the concomitant occurrence of
these two abiotic stressors in field can be devastating (Barnabas
et al., 2008; Awasthi et al., 2014; Cohen et al., 2021). Five or more
recurring days of heat in which the daily maximum temperature is
5°C higher than the average maximum temperature is considered
a heatwave (W.M.O, 2015). In the two decades spanning 1990-
2010, in the US, combined heat waves and drought have increased
compared to earlier decades (Mazdiyasni and AghaKouchak,
2015). Furthermore, climate models predict the intensity and
frequency of such incidents will further increase (Lobell and
Gourdji, 2012).

For breeding climate change resilient crop plants, a better
understanding of the responses to combined drought and heat
stress is important (Zandalinas et al., 2018). Responses to
combined drought and heat stress in different crop species have
previously been reviewed recently (Mahalingam et al, 2021).
Combined heat and drought stress generate unique metabolic
signatures in maize that are otherwise unaffected when the
stressors are applied singly (Obata et al., 2015). In wheat lines
subjected to combined heat and drought stress during pre-
anthesis stage, proline content and number of tillers were
identified as key attributes of tolerance to combined stress
(Qaseem et al., 2019). In chick peas, the starch and sucrose
content of seeds was significantly reduced in the combined heat
and drought stress treatment during seed-filling stage when
compared to singly applied stress (Awasthi et al.,, 2014). Apart
from a reduction in yield in response to combined heat and
drought stress, seed nitrogen was reported to be high and starch
content was low in two Australian malting barley varieties (Savin
and Nicolas, 1996). Combined heat and drought stress negatively
impacted malting quality of US barley varieties (Mahalingam,
2017). These studies focused on the agronomic and physiological
impacts of combined stress. There is gap in the knowledge about
the molecular mechanisms of tolerance in plants operative during
combined stress.
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Photosynthesis machinery can recover once drought and heat
stress is removed; however, flower, ovary or seed abortion are
irreversible processes. Hence, drought and heat stress
combination during the reproductive stages are more
detrimental to crop yields (Barnabas et al., 2008; Mahalingam
and Bregitzer, 2019). Drought and heat combination restricts the
life cycle, decreases overall carbon assimilation and drastically
shortens the grain filling period in crops (Awasthi et al., 2014).
Meta-analysis of more than 120 case studies of heat and drought
stress combination confirmed its negative impacts on harvest
index, seed number and single seed size (Cohen et al., 2021). A key
strategy to alleviate the influence of drought and heat stress on
crop production and quality is identification of germplasm that
can tolerate these stresses during post-anthesis and using them in
breeding programs or identifying the genetic mechanisms of
tolerance and moving those favorable genes/alleles into the
current germplasm using modern biotechnological tools.

The main obstacle in the selection of genes conferring
drought and heat tolerance is the complexity of plant
responses to these types of stresses. Coping strategies to
overcome abiotic stress like drought may be transient, such as
reduced transpiration or hydrotropism, or entail developmental
reprogramming such as deeper root system, reduction of leaf
area or biochemical alterations such as osmotic adjustments to
minimize water loss and improve water uptake (Hu and Xiong,
2014). Transient responses, developmental changes and
biochemical modifications require a substantial rebuilding of
plant metabolism and gene expression changes that keep
changing with the onset and as the stress persists (Wiegmann
et al, 2019). Insight into the complexity of plant response to
combined stress can be appreciated via transcriptome profiling.

The majority of studies of drought induced transcriptome
changes in barley focused on leaf tissue (Talame et al., 2007; Guo
et al., 2009; Bedada et al., 2014; Wehner et al,, 2016; Zeng et al,,
2016) while few studies analyzed spikelets, awns, seeds (Abebe
et al., 2010; Hubner et al., 2015), or crowns (Svoboda et al., 2016)
and one examined leaves and roots (Janiak et al., 2018). Heat
stress in different parts of the seeds were examined using
microarrays (Mangelsen et al., 2011). Transcriptome changes
in leaves and inflorescence in response to drought and combined
heat and drought stress (Cantalapiedra et al, 2017) and
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proteomic alterations in young leaves subjected to heat, drought
and combined stress have been reported (Ashoub et al., 2015).

In this study, drought, heat and combined heat and drought
was imposed during heading stages in the tolerant barley variety
Otis and a sensitive variety Golden Promise. Physiological traits
were monitored during the stress regime and agronomic traits
were compared at maturity. Transcriptomic differences
associated with heat, drought, and combined heat and drought
stress in these two contrasting lines were examined 1-day after
initiating the stress and at the end of the 5-day treatment. RNA-
Seq analysis revealed a greater number of differentially expressed
genes in response to combined heat and drought stress
compared to heat or drought stress in both GP and Otis.
Interestingly, several genes with proven roles in abiotic stress
tolerance such as trehalose biosynthesis, linolenic acid and
glutathione metabolism were expressed at higher levels in Otis
under non-stress conditions compared to Golden Promise.
Identification of innately expressed genes with proven roles in
abiotic stress tolerance in advanced breeding lines and modern
varieties can accelerate the pace of climate-resilient cultivar
development with superior end-use traits.

Materials and methods
Plant growth conditions

Seeds of Barley varieties Golden Promise (GP) and Otis
were imbibed in water for three hours and three seeds were
sown in each 2.5 L pots containing the potting mix as described
earlier (Mahalingam and Bregitzer, 2019). Plants were
maintained in the greenhouse till the first spikelet of the
head had completely emerged corresponding to Zadok’s scale
5.9. This plant grow-out scheme was followed precisely for the
three biological replications.

Stress treatments

Pots with plants at heading stage were moved into growth
chambers for heat stress and combined heat and drought stress
experiments. The growth chambers were programmed to
approximate the light intensity in the greenhouse (450 pmol
m?2 s 16 h of light and 8 h of darkness; 50% humidity).
Plants were acclimated in the growth chamber for 48 h before
the imposition of the stress treatments. The heat, drought and
combined stress treatments were conducted as described
previously (Mahalingam and Bregitzer, 2019), when the head on
the main tiller became visible. During the heat stress, plants were
manually irrigated with 550 ml of water, the same amount as
control plants in the greenhouse under auto-irrigation. Plants
were maintained in these stress conditions for five days. On the
sixth day, the chamber was reprogrammed to simulate the
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conditions in the greenhouse. On day seven the plants were
moved into the greenhouse until physiological maturity.

Physiological measurements

Flag leaf and the leaf underneath the flag leaf from each plant
were used for measuring the physiological traits with a Li-Cor
6400 Portable Photosynthesis system (Li-Cor, Lincoln, NE) as
described previously (Mahalingam and Bregitzer, 2019).
Stomatal conductance, net transpiration rates and net
photosynthetic rates were recorded before the stress treatment
and after the end of the stress treatments.

The leaf relative water content (LRWC) was calculated as
described earlier (Schonfeld et al., 1988). LRWC% = (Fresh
weight-Dry weight)/(Turgid weight-Dry weight) X 100. The
LRWC measurements were conducted from the leaves
sampled on the fifth day of the stress treatment.

For the physiological measurements with Li-Cor and the
LRWC, two leaves were sampled from two different plants for
each stress treatment and each genotype in each replication.
Averages reported are based on data collected from at least five
plants. The average measurements for the physiological traits of
plants before the imposition of stress were compared with
measurements from the same plants after five-days of stress
treatment to determine statistically significant differences.

Sample harvesting for RNA analysis

Flag leaf and heads were harvested from each plant and
frozen immediately in liquid nitrogen. For each stress and
corresponding controls, tissues were collected from five
individual plants. Frozen tissue samples were wrapped in
aluminum foils and stored in -80 °C. Tissues were collected
one day into the stress treatment (early time point) and at the
end of the five days of stress treatment (late time point).

Agronomic traits

The weight of dry shoots and dry roots were recorded for
each plant at maturity. The dry mature heads from each plant
were collected in brown bags and threshed using a benchtop
thresher (Model LT15; Haldrup, Poneto, IN). The seed weight
was recorded for each plant and seed yield of five plants from
each treatment were averaged.

RNA isolations

Total RNA was isolated from the flag leaf and head tissues
using the RNeasy plant mini kit (Qiagen). Two independent RNA
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isolations were done for each tissue from each of the biological
replicates. Two genotypes, three different stress treatment
(drought, heat, combined stress) and three corresponding non-
stressed controls, two different tissue types (flag leaf and
developing head), two time points (1 day into stress and 5™ day
of stress treatment) equates to 48 RNA samples for one
replication. Three replications of this entire experiment
accounted for 144 RNA samples.

Library construction and sequencing

QuantSeq method was used to generate 144 next-generation
sequencing (NGS) libraries as described in the kit protocol at the
University of Idaho sequencing facility.

Read quality assessment and mapping to
barley genome

The raw reads were trimmed to remove adapter sequences
and ambiguous nucleotides and assessed for quality by running
through several programs such as feature counts, STAR, Gene
Counts, Cutadapt, SortMeRNA, and FastQC. The output from
these various programs were summarized into a single report
using MultiQC (version 1.8). The filtered reads were then
mapped to the barley reference genome IBGS_version 3. The
read mapping data were then combined with gene feature file to
obtain the feature counts. This helped to identify uniquely
mapped reads and reads that mapped to multiple genes. The
uniquely mapped reads were used for identifying the
differentially expressed genes (DEGs) by pair-wise
comparisons to corresponding controls.

Data analysis

Samples (libraries) were clustered in a multidimensional scaling
plot (MDS plot) by the plotMDS function implemented in the
Bioconductor package Limma in R (R Version 3.4.0, limma_3.32.2).

Identification of DEGs

The gene expression levels were estimated using RNA-Seq
by Expectation-Maximization (RSEM) (Li and Dewey, 2011).
To perform differential expression analysis the DESeq2 R
package (1.10.1) was used. This provides statistical routines
based on the negative binomial distribution model for
identifying differential expression. To control false discovery
rate (FDR) the P-values were adjusted using the Benjamin and
Hochberg’s approach (Benjamini and Hochberg, 1995). Both the
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g-value < 0.05 and log, (fold-change) > 1 was set as the threshold
for significant differential expression.

Gene Ontology (GO) enrichment analysis
of DEGs

GO analysis for biological process, cellular component, and
molecular function of the DEGs was implemented by the GOseq
R package. GO annotations for the entire barley genome
determined based on the GOMAP strategy (Wimalanathan
et al,, 2018) was used as the reference for enrichment analysis
using the Fisher’s Exact test and an FDR cutoff of 0.05. Genes
within the enriched GOs from heat, drought and combined
stress were compared for the leaf and head tissues separately.

KEGG pathway enrichment analysis
of DEGs

Statistical enrichment of genes in KEGG (http://www.
genome.jp/kegg/) pathways was conducted using KOBAS
software (Kanehisa and Goto, 2000; Mao et al.,, 2005). For the
KEGG enrichment of the DEGs, a R package, ClusterProfiler was
used (Yu et al., 2012).

Weighted Gene Co-expression Network
Analysis (WGCNA)

The raw reads counts were normalized using DESeq2
package and the signed co-expression network was created
using WGCNA package (Langfelder and Horvath, 2008). The
adjacency matrix was created by calculating the Pearson’s
correlations between each gene. A value of nine was used as
power parameter () on the scale-free topology requirement
(Zhao et al, 2010). Then the adjacency matrix was used to
calculate the topological overlap measure (TOM) and associated
dissimilarity (1-TOM). Gene modules were then identified using
a dynamic tree cutoff algorithm (minimum cluster size of 30,
merging threshold function of 0.25) (Langfelder et al., 2008).
Module membership (MM) was computed using Pearson
correlations between expression levels and module eigengenes.
A relatively high MM suggests that certain genes are well-
connected inside the module.

Module-traits relationships and
functional categorization of modules

The module eigengenes (ME) was used to estimate the
module-traits relationships by calculating the Pearson’s
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correlations between the ME and the traits of interest. Gene
significance (GS) was used to correlate the trait of interest with
the expression data of individual genes. The module-
characteristics associations were calculated using the ME by
computing Pearson’s correlations between the ME and the traits
of interest. The modules were selected based on correlation
>=0.05 and p-value <=0.05 in control vs treatments. Genes in the
module were chosen when their intra-modular connection with
that module was more than 0.2, and their intra-modular
connectivity with all other modules was less than 0.2. The
correlation between the gene’s expression profile and the ME’s
expression profile was used to calculate intra-modular
connectivity. Only the differentially expressed genes were
extracted from each module and the network visualization was
done using Cytoscape (Shannon et al, 2003). Using the
pySeqRNA package (Duhan and Kaundal, 2020), the
uniqueness of all the modules was determined based on
gene ontology.

Peroxisome abundance

Peroxisome abundance was measured using small
fluorescent probe Nitro-BODIPY according to previously
published procedure (Hickey et al., 2022). A 2-cm piece of
the leaf was placed into 2 cm deep 96-well plate, immersed in a
liquid nitrogen bath and ground with a tissue grinder
(TissueLyser II, Qiagen, Venlo, Netherlands). The tissue
powder was mixed with 0.8 ml of the extraction buffer A
(EBA) containing 20 mM Tris HCI, pH7.4, 500 mM NaCl, 7M
Urea, then the plate was rotated for one hour to extract total
protein. The debris was removed by centrifugation at 3,000 g
for 30 minutes and the supernatant was aspirated into a fresh
plate. The reaction contained 20 ul of the extract, 80 ul of
freshly prepared 2 uM solution of N-BODIPY, and 100 ul of
water in 96-well plates and incubated for 10 min. The
fluorescence intensity (490 nm excitation wavelength and
530 nm emission wavelength) was measured using Synergy
Neo B spectrofluorometer (Biotek Instrument, Inc). Extracts
from five individual plants (biological replicates), each three
technical replicates, were measured per genotype and
treatment. Two background values were measured per each
96-well plate: 20 pl of the protein extract in 180 ul of water;
and 20 pl of 2 M N-BODIPY solution with 180 ul of water.
These values were subtracted from the N-BODIPY
fluorescence signal. The protein concentration was measured
in each extract using the Bradford Reagent (Biorad
Laboratories) with a calibration curve of known
concentrations of Bovine Serum Albumin. The N-BODIPY
fluorescence intensity was normalized by the protein
concentration and calculated in arbitrary units per mg
of protein.
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Results

Growth and physiological responses to
drought, heat, and combined stress

The stress experiments described in this study were
conducted using barley plants that were in their heading stage.
There were basic morphological differences between GP and
Otis with the former bearing a lot more tillers during their
vegetative growth phase. The leaves of Otis were broader, and
the plants were taller than GP. Flag leaves of GP plants were
smaller compared to the flag leaves of Otis.

Leaf relative water content (LRWC) was reduced in both the
lines in response to heat, drought, and combined stresses.
Overall, the reduction in the LRWC was greater in GP leaves
compared to Otis (Figure 1A). Pre-stress stomatal conductance
(SC) showed significant difference between the two varieties,
with Otis registering values that were nearly 50% higher than GP
(Figure 1B). In response to drought, both varieties showed
significant reduction in their SC. On the contrary, heat and
combined stress increased the SC of leaf by nearly 45% in Otis.
Interestingly SC of GP leaf subjected to heat stress were like that
of control leaves. Patterns of changes in net transpiration rates
were identical to the pattens observed for SC in both varieties
(Figure 1C). Net photosynthesis rates declined by nearly 50% in
response to heat and 84% in response to drought in GP
(Figure 1D). Leaves of Otis showed a 25% reduction in
photosynthesis in response to heat, a 32% decrease in response
to drought and 50% reduction in response to combined stress. In
the GP plants the impact of the combined stress on the leaf was
too severe and did not provide reliable measurements for SC, net
photosynthesis, and transpiration rates.

Agronomic impact of drought, heat, and
combined stress

In both varieties there was no significant difference in the
root biomass in response to singly applied heat or drought stress.
However, in response to combined stress both lines showed a
nearly 40% reduction in their root biomass (Figure 2A). In GP
the shoot biomass doubled in response to drought stress and by
30% in response to heat stress. Interestingly, combined stress did
not cause any significant change in GP (Figure 2B). On the
contrary, in Otis, the shoot biomass decreased by more than 40%
in response to combined stress and a similar decreasing trend
was observed in response to singly applied heat or drought stress
but was not statistically significant.

Given the profuse tillering habit of GP the seed yield per
plant was 60% higher compared to Otis plants under control
conditions (Figure 2C). However, the seed yields of GP were
reduced by 75% in response to heat or drought and by nearly
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Physiological changes in Golden Promise and Otis under heat, drought and combined heat and drought stress (A) Leaf Realtive Water Content
(LRWC). (B) Stomatal conductance. (C) Net transpiration rate. (D) Net photosynthetic rate. Values are the means of five plants. Bars represent

standard errors of the means. *P < 0.05.

95% in response to combined stress. In Otis the reduction in
yield per plant was about 40% for the singly applied stress and
about 60% for the combined stress. Based on the seed yield data,
Otis was nearly 50% and 300% higher yielding compared to GP
in response to singly applied stresses and combined
stress, respectively.

The average length of Otis seeds was nearly 18% longer
than the GP seeds under control conditions (Figure 3).
Interestingly, heat stress increased the average seed length of
GP seeds. Though the average seed length of GP and Otis seeds
were reduced in response to combined stress, there was
significant variation. GP seeds did not show any significant
change in seed length in response to drought stress. An overall
tendency towards reduction in seed length in response to stress
was seen in Otis but was not statistically significant. The
reduction in seed width was more obvious in Otis seeds
subjected to heat stress (~23%) compared to GP (~11%). In
response to combined stress, both varieties showed a reduction
of more than 30% in seed width. GP seeds showed a slight
increase in seed width in response to drought while Otis seeds
showed a slight decrease in width. However, these differences
were not statistically significant.

Mapping of the RNA-seq reads to the
barley genome

After quality trimming, an average of 79.4% of the sequences
per library in Golden Promise and 78.4% of sequences from Otis
were aligned to the barley reference genome (Supplementary
Table 1). More than 96% of reads were mapped to unique genes
in the barley genome.
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Overview of the relationships among the
RNA-seq samples

Transcriptomic relationships between the type of stress and
tissue sample were determined in a multidimensional scaling
(MDS) plot (Figure 4). Resulting distances between control and
treatment samples are displayed as the leading log2-fold change
(i.e., estimated root-mean-square deviation for the top 500 genes
with the largest standard deviation among all samples). This
analysis visually displays relationships among samples (stress
treatment and tissue types) based on their spatial arrangement.
The clustering of the control samples in the top left and top right
was expected and represent the diversity in the biological
material used for the analysis - flag leaf and head tissues,
grouped near the left and the right side, respectively.
Combined stress samples showed the most significant
separation. The later time point of the drought stress showed a
significant separation compared to the early time point. Heat
stressed samples seemed to show the least separation and were
found in closer proximity to the controls.

Differentially Expressed Genes (DEGs) in
response to heat, drought, and
combined stress

For each of the stress treatments, comparisons were made to
time-matched non-stress controls for both the flag leaf and head
tissues. A log2-fold cutoff > 1 and an FDR of 5% were used as the
defining criteria for DEGs. Of the 24 comparisons in this study
(Supplementary Table 2), the lowest number of DEGs was in 1-
day drought samples in both lines and in both tissues (Figure 5
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FIGURE 2

Analysis of dry root biomass (A), shoot biomass (B), and seed
yield (C) in response to heat, drought and combined stress in
Golden Promise and Otis. Error bars represent standard
deviations of the mean of five observations from five different
plants for each treatment (n = 5). Statistically significant
differences in measured traits when compared to non-stressed
control plants are denoted by *" above the bars (*P-value <0.05).

and Supplementary Figure 1). However, by the end of the fifth
day of stress 4650 genes were differentially expressed in flag
leaves of GP and 3905 in Otis, while the corresponding numbers
in head tissue were 2467 and 1576, respectively (Figure 5).

In response to heat stress, both GP and Otis showed some
marked differences in their tissue-specific and temporal
transcriptional responses. In GP, more genes were differentially
expressed in head compared to flag leaf at the early time point. On
the contrary, in Otis nearly three-fold more genes were
differentially expressed in the leaf compared to the heads at this
timepoint. In the 5-day heat-stressed samples, the number of
DEGs in the head and leaf tissue of Otis were similar. The very low
number of DEGs observed in GP could be due to the severe heat
stress damage incurred to flag leaf and the developing heads.
Despite the minimal response to drought at one day, the strong
response evoked by 5-days of drought was significantly higher
than the transcriptional responses evoked after 5-days of
heat stress.

Combined heat and drought stress caused massive changes
in the transcriptomes of both these varieties. Within 1-day of
combined stress, more than 9300 genes were differentially
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expressed in GP and 7500 genes in Otis and the number of
genes differentially expressed genes was greater in the leaf tissue
compared to heads. By five days of combined stress, the number
of differentially expressed genes increases to more than 15,000
genes in GP while these numbers were nearly 50% less (6789) in
Otis. These results clearly showed massive transcriptional
changes in response to combined stress, in both genotypes and
tissues when compared to heat or drought stress. Furthermore,
the transcriptional changes observed in the sensitive GP was
significantly larger compared to the tolerant Otis.

Comparing DEGs responsive to drought,
heat, and combined stress

The number of differentially expressed genes that were
common for the early (1-day) and later stages (5 days) of
singly applied heat stress in GP and drought stress in Otis did
not show any overlap (Figure 6). This observation was consistent
for flag leaf and head tissues. Thirty genes in the flag leaf and 55
genes in the head tissues showed an overlap between 1 and 5-
days of drought in GP, while 414 genes in leaf and 196 genes in
head tissues overlapped between the 1 and 5-days of heat stress
in Otis (Figure 6). On the contrary, there were significantly more
genes that were common to 1 and 5 days in response to
combined stress when compared to singly applied stresses.
Furthermore, significant differences were observed in the
pattern of overlap in the two varieties. In flag leaf of GP more
than 4400 difterentially expressed genes were common between
1 and 5 days, while in Otis around 1000 genes were found to
overlap between the two time points. Consistent with this
observation, the number of uniquely differentially expressed
genes at early stage in GP was 470 genes, while in Otis this
was close to 2450 genes. This pattern was reversed at the 5-day
time point with GP recording 2222 genes while in Otis 660 genes
were uniquely differentially expressed. In the head tissue, GP had
2600 commonly differentially expressed genes between 1 and 5
days compared to 1750 genes in Otis. Like the pattern in the flag
leaf, in GP heads 3416 genes were uniquely expressed at the 5-
day time point compared to 360 genes observed at 1 day. In Otis
head tissues, approximately about 600 genes were unique for the
1-day and 400 at the 5-day time point. Based on these
observations the transcriptional response to counter combined
stress in Otis appears to be regulated and consistent while GP
appears to unleash a massive reprogramming especially during
the later time point.

Gene Ontology (GO) enrichment analysis
of DEGs

The GO terms with an FDR cutoff of 0.05 containing five or
more genes were identified for further analysis and are presented
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FIGURE 3

and photographed using a Nikon camera.

in Figure 7 (Supplementary Table 3). GOs wherein most genes
that were differentially expressed were either in GP or Otis are
described below for each of the three stresses.

Combined stress: Peroxisomal genes were enriched in the
DEGs in response to combined heat and drought stress in leaves
of both GP and Otis at the early time point (Supplementary

Seed physical characteristics of Golden Promise (GP) and Otis collected from plants subjected to heat (Ht), drought (Drt), combined heat and
drought stress (HD) and control (C). Ten seeds randomly sampled from the seed bags were placed on a paper and arranged on a straight line

Table 4). This enrichment was observed even at the later time
point in GP in response to combined stress and drought alone.
Among the differentially expressed genes associated with
peroxisomes, 25 genes were up and 15 were down in GP,
while 22 were up and 9 down in Otis. At the end of the 5-day
stress regime this pattern was maintained with 32 genes being up
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Multidimensional scaling plot of replicated RNA-Seq samples. Features on the plot represent libraries of control, drought, heat and combined
stress treatments from flag leaves and head tissues collected after 1 day and 5 days of treatment. Spatial arrangement of the various RNA-seq
libraries is based on their calculated distances estimated using root-mean-square deviation for the top 500 genes with the largest standard
deviation among all samples. The square represents GP libraries while the * represent Otis libraries. The color code for the heat, drought and
combined heat and drought and corresponding controls is shown on the right.
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FIGURE 5

Number of differentially expressed genes in the flag leaf (FL) and head (HD) tissues at 1-day after stress (1D) or 5 days after stress (5D) in Golden
Promise (GP) and Otis (OT) observed in response to heat (HT), drought (D), and combined stress (CS). Upward pointing bars represent
upregulated genes and the downward facing bars represent the down regulated genes. Normalized counts for a gene from a stressed sample
library is divided by the corresponding normalized counts for the same gene from the matched control sample library. A log, > 1.0 and FDR of

0.05 was used as the cutoff to call a gene as being differentially expressed.

and 14 down in GP. One catalase gene was down only in GP
while another catalase gene was induced in both genotypes at the
early time point. At the 5-day time point two catalases were
down in GP and one was induced in both the genotypes. One of
the genes annotated as PEX11 was down in both GP and Otis
while two other PEX11 genes were upregulated in both
genotypes at 1- and 5-day after stress. It was observed that the
extent of downregulation of the catalases and peroxin genes were
stronger in GP compared to Otis. In the 5-day drought leaf
sample, three PEX11 genes were identified, of which two were up
in both GP and Otis while one was down only in the former. The
extent of differential expression was stronger in GP than in Otis.
Intriguingly, quantification of peroxisomes in the leaves showed
a larger reduction in peroxisome abundance in GP compared to
Otis at 5-days of combined stress (Figure 8).

Autophagy genes were strongly enriched in the DEGs in the
5-day leaf samples of GP. Of the 19 genes that were identified as
being associated with this GO, six genes had annotations
indicating they were ATG family genes. In particular, ATG8
which is a marker gene for peroxisome degradation was found to
be induced strongly in GP compared to Otis. This suggests
that GP may be experiencing higher levels of oxidative stress that
leads to oxidation of proteins and turnover of organelles that
trigger the autophagic flux. This is further supported by the
enrichment of the GO for unfolded protein binding in the stress
sensitive GP.

In Otis, the GO for oxido-reductase activity is enriched in
the set of DEGs (Supplementary Table 4). Of the 241 genes
associated with this category there were 74 genes that were
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differentially expressed only in Otis. Noteworthy genes
among the induced ones were a gene involved in proline
biosynthesis, several peroxidases, dioxygenases, flavin
monooxygenase, and genes in the GABA shunt pathway.
Among the repressed genes were Rubisco, GA20 Oxidase, and
chlorophyll biosynthesis genes.

In the head tissue of GP, combined stress evoked differential
expression of six different genes annotated as cyclin-dependent
protein ser/thr protein kinase inhibitors of which one gene was
induced and five genes were repressed.

In the head tissue of Otis plants, the GO xylan biosynthesis
was enriched. Analysis of the 14 DEGs associated with this GO
showed that seven were repressed only in Otis. The remaining
seven genes were repressed in both GP and Otis, but the extent
of repression was stronger in the latter.

Similar patterns of stronger repression of eight genes
associated with GO for cellulose catabolic process was
observed in Otis. Among the repressed genes were three
endoglucanases that were strongly downregulated only in Otis.
In GP heads the GO for cellulose synthase (UDP-forming)
activity was enriched and again 11 of the 12 genes were
repressed. Among the repressed genes, four were only
identified in GP. Interestingly, this GO was identified in the
heads of Otis at the 5-day time point. Among the 13 DEGs
associated with this GO, 12 were repressed and one was induced
in Otis and none of these genes were differentially expressed in
the heads of GP.

Drought stress: The GO for peroxisomes was enriched in
response to drought in GP leaves (Supplementary Table 5). Of
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FIGURE 6

Venn diagram showing the overlap between DEGs responsive to drought (left), heat (middle), and combined stress (right). The top panel shows
the comparisons from the leaf libraries and the bottom panel shows the comparisons from head libraries. In each Venn diagram the left side

ovals represents the 1-day tissue sample and the right-side ovals represent the 5-day tissue sample.

the 29 DEGs associated with this GO, nine were repressed and
20 were induced. Notable among the induced genes that showed
significant upregulation in GP compared to Otis were two genes
— urate oxidase and acyl-CoA oxidase whose activities can lead
to generation of hydrogen peroxide.

Among the 70 genes associated with the GO mRNA binding,
64 were repressed in GP and six were induced. Many of these genes
were associated with rRNA processing, and proteins associated
with forming larger complexes such as WD-40 repeat containing
proteins, tetra and pentatricopeptide repeat containing proteins.

Cellular compartments
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FIGURE 7

Overview of the Gene Ontology enrichment analysis showing the major biological processes, molecular functions, and cellular compartments
of differentially expressed genes from leaves and head of Golden Promise and Otis in response to drought (brown triangles), heat (red diamond)
and combined stress (yellow circle). Metabolic processes, molecular functions and genes encoding for proteins with specific activities are
grouped within boxes. Only statistically significant GOs (P-value <0.001 and FDR<0.05) and those containing three or more DEGs were used for

creating this illustration.
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In Otis, there were 166 genes associated with the
transmembrane transport process. Of these 87 were repressed
and 79 were induced. Among the induced genes that were
unique to Otis several were annotated as ABCG type
transporter that are implicated in hormonal transport
especially ABA. Interestingly there were two sugar transporters
that were unique to Otis but showed opposites patterns
of expression.

The octadecanal decarbonylase activity was enriched among
genes differentially expressed in response to drought in Otis. Of the
11 genes associated with this GO, eight were induced and three were
repressed. Two genes that were uniquely induced only in Ofis,
Glossyl and Eceriferum]1 homologs have been known to be involved
in the biosynthesis of long chain fatty acids leading to enhanced wax
production and rendering plants tolerant to drought.

The oxygen evolving complex (OEC) was an enriched GO
cellular compartment in response to drought in Otis. Subunits of
all three major genes (psbO, psbP and psbQ) of the OEC were
identified and all these genes were repressed in both Otis and
GP. Two subunit genes of the psbP domain important for
binding of the chloride and calcium ions and making them
available to PSII was downregulated only in Otis.

One of the most interesting GO terms that was identified in
Otis heads was the negative regulation of endopeptidase activity.
All the 18 genes associated with this GO were strongly induced
in Otis and more importantly 14 of these genes were only
observed in Otis but not in GP. Twelve of these were

4000+

3000+

2000+

10.3389/fpls.2022.1066421

annotated as the serine type endopeptidase inhibitors, five
were cysteine endopeptidase inhibitors and one gene contained
the soybean trypsin inhibitor domain.

Sucrose metabolism was enriched in Otis heads. Six genes
were associated with this GO of which four were induced and
two were repressed in Otis in response to drought. Of the three
genes that were uniquely induced only in Otis, two were
annotated as sucrose synthase and one was a sucrose symporter.

In GP heads, the GO for response to JA was significant and
included seven genes of which five were induced and two were
repressed. Among induced genes were three transcription factors-
two ERFs and a WRKY type TF, ornithine aminotransferase,
important for proline biosynthesis, and an Inositol-polyphosphate
phosphatase that can be crucial for stress signaling.

Heat stress: The GO for transmembrane transport was
enriched in GP and comprised of a set of 76 genes of which
15 were induced and 61 were down regulated (Supplementary
Table 6). Only two of the GP-induced genes associated with this
GO was identified in Otis and one of them encoding a major
intrinsic protein showed opposite pattern of expression. Of the
61 down regulated genes, 50 were unique to GP and only 11
genes were identified in Otis and showed similar changes in their
expression in response to heat.

The GO for lipid transport was enriched in Otis and
included a set of 15 genes of which 14 were down regulated.
Only three of the genes associated with this GO was identified as
differentially expressed in GP. Interestingly, all the genes

p<0.0001
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Impact of combined heat and drought stress (CS) on peroxisome abundance in Golden Promise (GP) and Otis. Values are from five different
samples. P-values represent the pair-wise comparison of control and stressed leaf samples for each time point and genotype.
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associated with this GO were annotated as the non-specific lipid
transfer proteins (nsLTPs). In the 5-day leaves of Otis, there
were six genes associated with the zinc ion transport and all of
them were down regulated.

In GP heads the ABA response GO was enriched one day
after heat stress. Of the 17 genes identified as differentially
expressed 11 were induced and six were repressed. Notable
among the induced were the LEA, dehydrin8 and HVA22
genes. Among the repressed genes was a bZIP46-like TF that
includes the well-known ABI5 gene.

Carbonate dehydratase activity was enriched in Otis heads.
Of the seven genes associated with this GO, two were induced
while five were strongly down regulated. The differential
regulation of the members of this gene family only in Otis
suggests a role for these genes in the heat tolerance trait. Since
these genes are affected strongly by the zinc, it is possible that the
observed differential expression could be indirectly mediated by
zinc, wherein we observed a strong downregulation of zinc
transporter genes only in Otis.

The GO for negative regulation of peptidase activity was
enriched in the leaves of GP at the 1- day time point and in the
heads of Otis at the end of treatment. Of the 20 genes associated
with this GO in GP, 6 were up regulated, 14 were downregulated
and none of these genes were identified in Otis. Of the 14 genes
associated with this GO in Otis heads, 13 were strongly induced
and one was down regulated. Only two of these genes were
identified in GP and interestingly, these two genes showed
opposite patterns of expression when compared to Otis. These
two genes (HORVU.MOREX.R3.2HG0122620 and
HORVU.MOREX.R3.3HG0309490) were down regulated in GP
heads. As described earlier this GO was also identified in response
to drought stress in Otis and hence, we compared the genes
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associated with this GO in the two stresses. Nine genes associated
with this GO were common between heat and drought stress and
eight of these showed similar patterns of gene expression in the
head tissue. One gene (HORVU.MOREX.R3.3HG0309490) that
was strongly induced in GP in response to drought was down
regulated in heat stress.

Weighted gene co-expression network
analysis

The WGCNA analysis clustered the genes identified in this
study into 41 modules (Supplementary Figure 2). The module-
trait specifications using Pearson correlation to link modules to
stresses identified 55 significant correlations (Figure 9). The
largest number of significant correlations (18) were associated
with the combined stress. In the individually applied heat or
drought stress, five significant correlations were identified. For the
construction of gene networks, two selection parameters were
considered. The first criterion was the number of genes in the
module. Of the 41 modules, 19 contained less than 100 genes, 12
had more than 100 but less than 1000 and 3 had more than 1000
genes (Supplementary Figure 3). Secondly, we focused on those
modules which showed opposite patterns of correlations between
the stress and corresponding stress modules. Nine modules passed
these criteria. The darkred module was identified in heat, drought,
and combined stress. Black, green, magenta, red, blue, brown,
pink, and tan modules were associated with the combined stress
but not the singly applied stresses.

In the darkred module with 108 genes, networks comprising
101, 87 and 48 genes were identified among differentially
expressed genes in combined stress (Figure 10A), heat
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Matrix showing Module-Trait Relationships (MTRs) of different WGCNA modules under drought (D), heat (H) and combined heat and drought
stress (HD) and the corresponding control modules for drought (DC), heat (HC) and combined heat and drought (HDC). The colors represent
the various modules (Supplementary Figure 2). The numbers represent Pearson correlation coefficients, and the p-values are in parenthesis.
Positive correlation is colored in blue while negative correlation is colored in red. Statistically significant correlations are indicated by

*p-value <0.05 and >0.01, **p-values <0.01.
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(A) Gene networks for 102 DEGs involved under heat and drought stress in the Dark red module (108 genes). Size of the node represent the
degree. All genes’ nodes are represented in blue color while edges are represented by tan color. (B) Gene networks for 87 DEGs in response to
heat stress in the Dark red module (108 genes). Size of the node represent the degree. All genes are represented in tomato color while edges
are represented by green color. (C) Gene networks for 42 DEGs involved under drought stress in the Dark red module (108 genes). Size of the
node represent the degree. All genes are represented in green color while edges are represented by pink color.

(Figure 10B) and drought stresses (Figure 10C) respectively. Of
the 48 genes in the drought network, 44 were also identified in
the heat and combined stress networks. Between the heat and
combined stress networks there were 42 common genes.

The network analysis indicated there were six hub genes in
the heat, drought and the combined stress networks based on
clustering and topological coefficient (Supplementary Table 7).
Three were identified as hub genes in all three stress conditions,
three were identified in two stress states (heat and combined
stress or drought and combined stress), two genes were
associated only with drought and one hub gene was associated
only with heat stress. Four genes associated with RNA
metabolism were identified as hub genes and included two
genes associated with alternate splicing, a polyA polymerase
and an RNA binding protein of unknown function. HSP family
chaperones such as HsP70, ClpB and Hsp70-dependent
nucleotide exchange factor were identified as the hub genes in
these networks associated with heat, drought, and combined
stress (Figure 11).

L-C 5GH-C 50H-C 1GL-D 10L-D 1GH-D 10H-D 5GL-D S0L-D 5GH-D SOH-D 1GL-H 10L-H 1GH-H 10H-H SGL-H SOL-H SGH-H SOH-H
ja) ‘

Transcription Factors (TFs) responsive to
heat, drought, and combined stress

Between the two varieties there were more than 1000 genes
encoding TFs that were differentially expressed and consistent
with the patterns observed for the whole DEG data set
(Supplementary Table 8). Combined stress caused extensive up-
regulation (232 in GP and 130 in Otis after 1 day; 179 in GP and
193 in Otis at 5 days) as well as down-regulation of TFs (269 in GP
and 250 in Otis after 1 day; 226 in GP and 218 in Otis after 5 days).
One day after drought stress evoked the lowest number of TFs in
both lines. In contrast to drought stress, 1 day of heat stress caused
upregulation of 71 TFs and downregulation of 110 TFs in GP
while 50 were up and 48 were down in Otis. However, 5 days after
drought stress, 181 TFs were up in GP and 150 in Otis, while 229
in GP and 177 in Otis were down regulated. In the 5-day heat
stress samples the leaf tissues from GP were severely damaged and
in the head tissue only two were up regulated and 26 were down,
while 52 were up and 82 were down in Otis heads.

HORVU.MOREX.R3.1HG0010470 00 00 00 00 00 00 00 10 00 00 00 00 00 00 00 Arginine/serine-richsplicing factor
HORVU.MOREX.R3.1HG0034230 00 00 00 00 12 00 00 00 00 00 00 00 00 00 00 PolyA)RNA polymerase cidll
HORVU.MOREX.R3.1HG0077030 00 00 00 53 25 22 21 00 44 00 22 ATP-dependent chaperone ClpB
HORVU.MOREX.R3.3HG0281700 00 00 00 11 11 00 19 00 00 12 -11 00 splicing factor-like protein
HORVU.MOREX.R3.4HG0388720 00 00 00 00 00 00 36 31 30 27 00 32 00 29 Hsp70nucleotide exchange factor fesl
HORVU.MOREX.R3.4HG0396100 00 00 00 00 H 43 20 38 40 00 54 00 3.7 Heatshock70kDa protein
HORVU.MOREX.R3.4HG0398960 00 00 00 00 10 12 00 14 00 00 16 00 18 Bifunctional protein HIE
HORVU.MOREX.R3.4HG0406310 00 00 o0 0220 00 00 00 00 00 00 00 00 00 00 00 WDandtetratricopeptide repeat protein
HORVU.MOREX.R3.6HG0596240 00 00 00 00 11 12 00 18 18 17 15 00 32 00 15 RNAbinding protein

FIGURE 11

The nine hub genes identified in the darkred module for heat, drought, and combined stress in barley. Hub genes were selected based on the
topological coefficients (<0.4) and closeness-connectivity values (>0.8). The matrix shows the differential expression values for each time point
(1 or 5), genotype (Golden Promise-G and Otis-O), tissue type (L-Leaf; H-Head) and stress (D: Drought; H: Heat; C: Combined stress). The
intensity of the color within each (brown: combined stress; Yellow: Heat; Red: Drought) indicates the extent of differential expression of the hub
genes. The left column shows the gene identifiers, and the right column shows the IPK gene descriptions.
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To get a better appreciation for the major transcription
factor families associated with abiotic stress, an arbitrary cutoff
of five or more members of a TF family was used as a selection
criterion. This led to the identification of 23 TF families in the
leaf tissues and 21 in the head tissues (Figure 12 and
Supplementary Figures 4-7). All the identified members of the
ERF, GRAS, HD-Zip, HSF, NAC, and Trihelix family TFs were
up regulated. All the identified members of ARF, B3, CO-like,
GATA, MIKC-MADS, TALE, TCP and ZE-HD were down
regulated. TFs belonging to the bHLH, bZIP, C2H2, C3H, Dof,
G2-like, Myb, Myb-related and WRKY contained family
members that were up or down regulated. The C3H family
TFs were up in GP and down in Otis in response to combined
stress (Supplementary Figure 6). In the head tissue the patterns
of differential expression were like that observed in the leaf
samples, except for few exceptions. The number of genes
associated with the HD-Zip and Myb were substantially high
in the heads compared to the leaf tissues.

Innate differences in the transcriptomes
of GP and Otis

Since GP is a malting variety and Otis is a feed barley, we
set out to identify the innate differences in gene expression
these two varieties in their leaf and head tissues. Since the tissue
sampling was done at 1 and 5 days of stress treatments, control
samples were also collected at the corresponding time points.
For identifying genes differentially expressed between the two
barley varieties, control samples were considered without
respect to their timepoint (1-day, 5-day). Genes that were
differentially expressed in two or more biological replicates
were used for this analysis. In the flag leaf of GP 534 genes were
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differentially expressed (down in Otis) while 502 were
identified in Otis (down in GP). In the head tissue of GP,
218 genes were differentially expressed compared to 238 in Otis
(Supplementary Table 9).

KEGG pathway enrichment analysis was undertaken to
identify the key differences that are associated with these two
barley varieties. The comparisons between GP and Otis leaf
samples identified three pathways that were reproducibly
different between the biological replicates. The pathways were
associated with glutathione metabolism, alpha-linolenic acid
metabolism and starch-sucrose metabolism (Table 1). The
glutathione pathway was also the lone pathway that was
consistently differentially regulated in the head tissues.

Glutathione metabolism: Of the 16 genes that were identified
with this pathway in the leaves there were several interesting genes
in ascorbate-glutathione pathway that were up in Otis compared
to GP. This included key genes like the ascorbate peroxidase,
dehydroascorbate reductase, glutathione peroxidase, gamma-
glutamyl cyclotransferase and a predicted 5-oxoprolinase. It was
interesting to note that a phosphogluconate dehydrogenase gene
was up in Otis and could play a role in imparting stress tolerance
by reducing oxidative stress. There were five GST genes that were
upregulated in GP compared to Otis leaves. In the head tissue the
most noteworthy genes identified as up in Otis were ascorbate
peroxidase, ribonucleotide diphosphate reductase and
spermidine synthase.

Alpha-linolenic acid metabolism: Eight genes were identified
associated with this pathway. Interestingly, four genes were up in
GP and four were up in Otis. Allene oxide synthase, lipoxygenase
and Acyl-CoA oxidase are three genes identified in Otis that are
associated with JA signaling. While 12-oxophytodienoic acid
reductase 2, a lipoxygenase and an alcohol dehydrogenase were
identified in GP.
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FIGURE 12

Transcription factors (TF) in leaf and head tissues that are differentially expressed in response to heat, drought and combined stress in Golden
Promise and Otis. Only families of TFs with >5 expressed members are shown.
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TABLE 1 KEGG pathways enriched among differentially expressed genes in GP and Otis under non-stress conditions.

Gene Ids! GP:Otis>

Glutathione metabolism
1HG0021340
1HG0023640
1HG0051740
1HG0051870
1HG0051910
4HG0336870
2HG0169250
1HG0081150
2HG0193390
2HG0202910
2HG0214080
6HG0615590
7HG0666960
7HG0687590
4HG0386180
6HG0549380
Starch and sugar metabolism
7HG0643810
7HG0751660
4HG0413910
2HG0200340
3HG0292350
5HG0478650
3HG0287930
7HG0735650
3HGO0312760
7HG0712530
3HG0309930
5HG0525230
4HGO0333180
5HG0476550
7HG0666870
4HG0340370
Liniolenic acid metabolism
1HG0040000
1HG0056730
4HG0406770
2HG0170580
4HG0394970
7HG0674860
5HG0420500
5HG0493180

! Each of the gene identifiers should be preceded by HORVU.MOREX.R3.

3.73

3.97

3.56

2.82

4.80

1.75

1.42

-2.13
-1.71
-1.17
-1.77
-1.47
-1.64
-1.59
-1.60
-1.42

1.94
2.18
2.61
3.51
2.20
2.39
-2.38
-1.62
-2.31
-2.14
-3.15
-1.03
-2.17
-1.87
-1.27
-1.90

2.46

1.39

2.95

1.92

-3.49
-1.41

-3.17
-1.90

Description

GST

predicted protein

glutathione S-transferase U17-like
Tau GST

glutathione S-transferase GSTU6
glutathione S-transferase 3
predicted protein
6-Phosphogluconate dehydrogenase
predicted protein

glutathione S-transferase GSTU6
glutathione peroxidase GPX15Hv
5-oxoprolinase

dehydroascorbate reductase
Ascorbate peroxidase
Glutathione-S-transferase

Gamma-glutamylcyclotransferase

nudix hydrolase 14

starch branching enzyme
Invertase, GH32 family
Beta-fructofuranosidase

Glycoside hydrolase family 3 GH3
Endoglucanase

Hexokinase

Alpha-glucosidase
beta-glucosidase 5-like
1,4-alpha-glucan-branching enzyme
sucrose-phosphate synthase 1
adenylyltransferase

predicted protein
Trehalose-phosphatase

pfkB-like carbohydrate kinase
Glycoside hydrolase family 9

3-ketoacyl-CoA thiolase 2
Lipoxygenase

alcohol dehydrogenase
12-oxophytodienoic acid reductase
Allene oxide synthase

Acyl-CoA oxidase peroxisomal
Lipoxygenase

Alcohol dehydrogenase

? The differential expression in GP:Otis non-stress plants. Regular font refers to genes that are up in GP while the negative italicized values represent genes that are up in Otis.
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Starch and sugar metabolism: Of the 16 genes associated with this
pathway, 10 were up in Otis and six were up in GP. Among the
genes that were up in Otis were a hexokinase, trehalose
phosphatase, sucrose phosphate synthase, carbohydrate kinase,
alpha and beta-glucosidase. In GP, a gene annotated as a starch
branching enzyme, nudix hydrolase 14, invertase, and a glycoside
hydrolase 3 family gene were identified.

Discussion

In this study we chose to use the heat and drought stress
tolerant Otis variety, a feed barley suited for the US-western
drylands (with high temperatures and low moisture) and Golden
Promise, a good malting variety, but sensitive to heat and
drought stresses. Using model genotypes of Hordeum vulgare
for identifying abiotic stress tolerance mechanisms will provide
valuable genetic information for accelerating commercial
cultivar development that can cater to the needs of the malting
and brewing industries.

The physiological responses in both the varieties indicated a
significant reduction in their stomatal conductance and
transpiration rates in response to drought stress and higher
than control levels in response to heat stress (Figure 1). Since the
response to combined stress is like that of singly applied heat
stress based on the increased stomatal conductance and
transpiration rates it suggests that barley plants have innate
abilities to withstand water deficits. However, based on the
severe reduction in leaf water content, net photosynthesis rates
and significantly higher seed yield loss observed in response to
combined stress we speculate that barley plants perceive the
combined heat and drought as an entirely different threat
(Figures 1, 2).

Pot-based experiments, such as the one described in this
study, have the inherent disadvantage of not mimicking natural
conditions, especially related to edaphic factors. On the contrary,
experiments in controlled growth chamber settings aid in
limiting variation due to interaction with environment. For
example, rooting depth is not a trait for consideration, since
the roots in these plants at heading stage readily explored all soil
volume (although the pots were large). Thus, differences in soil
exploring capacity (rooting depth) of these two varieties cannot
be a factor for the genotypic disparities in physiological
measurements. In fact, the root biomass data did not show
any significant differences in the two varieties in response to heat
or drought stress (Figure 2). Since the soil conditions and water
availability were similar for the two genotypes, the more
significant reduction in root biomass in response to combined
stress in Otis compared to GP may be a stress tolerance strategy
to divert the valuable resources for producing more seeds.

During terminal stresses such as heat and drought, shoot
characteristics contribute to grain weight (Kobata et al., 1992;
Sallam et al,, 2014; Sallam et al.,, 2019). Drought or heat stresses
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during grain filling rapidly reduces photosynthesis which in turn
reduces the available assimilates leading to significant reduction
in kernel weight (Wardlaw and Willenbrink, 2000) (Figure 2).
Therefore, reserves assimilated pre-anthesis is needed during
grain filling (Gent, 1994). Shoot traits especially shoot dry weight
has a strong linear relationship with the amount of carbohydrate
remobilization under heat and drought stress (Kobata et al,
1992; Ehdaie et al., 2006; Xue et al., 2008). The higher shoot dry
weight of GP observed in response to drought and heat stress
suggests that poor remobilization of stem reserves could
contribute to the lower seed yields. On the same lines, the
significantly lower shoot dry weight in Otis in response to
combined stress suggests efficient remobilization of stem
reserves that contribute to the higher seed yields when
compared to GP plants under stress (Figure 2).

A careful examination of the individual seeds shows
significant differences between these two varieties. Otis is a
two-row barley and in general has longer and plump seeds
compared to GP which has much smaller grain size. The overall
impact on seed length and width in response to drought was less
pronounced compared to heat stress again indicating that the
barley plants have innate ability to withstand water stress
compared to temperature stresses (Figure 3). Duration of grain
filling and the grain-filling rate are major contributors of grain
plumpness. Reduction of nonstructural carbohydrates in the
stems and vascular bundle impairment was associated with
reduction in rice grain plumpness by heat stress during the
early reproductive phase (Zhang et al., 2009; Wu et al., 2019).
The significant reduction in both the seed length and width
observed in GP compared to Otis in response to combined stress
suggests grain filling processes such as synthesis and distribution
of carbohydrates could be negatively impacted in the former.
The increase in the seed length and the reduction in seed width
in response to heat stress in GP is interesting and suggests
changes associated with cell wall properties in this variety.

We chose QuantSeq method since it provides an easy protocol
to generate strand-specific next-generation sequencing (NGS)
libraries close to the 3’ end of polyadenylated RNAs. The main
advantage of this strategy is that only one fragment per transcript
is generated, directly linking the number of reads mapping to a
gene to its expression. QuantSeq enables a higher level of
multiplexing per run and provides accurate and affordable gene
expression measurement. When compared with the normal RNA-
seq wherein multiple reads can map to the same transcript thus
tending to over-represent the longer transcripts, the 3 mRNA-seq
method used in this study is set up to give one read per transcript
and hence it is unbiased for transcript length. However, compared
with normal RNA-seq libraries the total number of reads
generated by this strategy is lower (Supplementary Table 1).
The nearly 97% mapping of the reads from these libraries is
significantly higher compared to other recent RNA-seq studies
(Osthoft et al., 2019) wherein only 60% of the reads were mapped
uniquely to the barley genome. We speculate that this improved
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mapping efficiency of the RNA-seq reads in this study was
facilitated by the recently updated assembly of the barley
genome (Morex V3) using the PacBio HiFi long read
sequencing strategy (Mascher et al.,, 2021).

Among our three stress conditions and two timepoints, we
found the least changes in gene expression at the end of 1-day of
drought stress (Figures 4, 5) similar to results reported on
prolonged drought stress in a barley landrace (Cantalapiedra
et al., 2017). Although related studies found more gene
expression changes in leaves during early responses (Guo
et al, 2009), plant responses to water deficit are different
depending on genotype, phenology adjustment, acclimation,
and developmental stage during which the stress is evaluated
(Ashoub et al,, 2015). Leaves from adult plants, like the ones in
this study, will show different responses to drought than those of
seedlings (Blum, 2005). Limited transcriptional response to
drought stress in mature flowering plants could be due to
acclimation or enhanced tolerance, maybe conferred by
senescence of older leaves (Blum, 2009). No changes in leaf
proteome of mature barley plants were reported under drought
stress sampled three days into the treatment (Rollins et al., 2013).
The importance of sampling tissues at different time-points is
evident based on the significant changes in transcriptional
responses that were observed in both genotypes at the end of
the 5-day drought stress treatment (Figures 5, 6).

Some processes that were found to be regulated in previous
drought studies in barley were also identified in our analysis.
This includes genes associated with carbohydrate metabolism,
antioxidant enzymes like catalases, components of photosystem
IT (Krasensky and Jonak, 2012), proteases (Ford et al., 2011;
Ashoub et al.,, 2013), lipoxygenases (Wendelboe-Nelson and
Morris, 2012; Ashoub et al, 2015), and wax biosynthesis
genes. Some common genes identified in drought studies in
other plant species that came up in this study included
transcription factors (TFs) from various families such as AP2/
ERF, bZIP, DREB, NAC, WRKY (Sahoo et al., 2013; Janiak et al.,
2016), genes associated with calcium signaling such as calcium
sensor proteins, calmodulin, calcium-dependent protein kinases,
and protein phosphatases class 2C (PP2C) (Molina et al., 2008;
Guo et al., 2009; Ranjan and Sawant, 2015) and different
members of the LEA family (Shinozaki and Yamaguchi-
Shinozaki, 2007; Talame et al., 2007).

As reported in several other studies comparing barley
genotypes with contrasting responses to drought (Rollins et al.,
2013; Cantalapiedra et al., 2017; Harb et al., 2020), the sensitive
variety in this study (GP) exhibited a higher number of
differentially expressed genes than the tolerant one (Figure 5).
However, some genes were found to be differentially expressed
due to drought specifically in the relatively drought tolerant
variety, Otis. Noteworthy genes included a calcium-dependent
protein kinase, kynurenine formamidase, eceriferum 3, fatty acid
hydroxylases, serine hydroxymethyltransferase, aspartate
aminotransferase, sucrose synthase, sucrose symporter, several
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sugar transporters, 13 different genes associated with
endopeptidase inhibitors that included two alpha-amylase
inhibitors, four cysteine-type inhibitors, and seven serine-type
endopeptidase inhibitors.

Biosynthesis of epicuticular waxes under stress conditions is
mediated by Eceriferum (CER)s, an important gene family that
plays key role in elongation of fatty acids chains (Ahmad et al,
2022). This gene was reported to be highly induced in Otis leaves
in response to drought imposed during vegetative stage (Harb
et al., 2020). In Arabidopsis overexpression of CERI increased
the very long chain alkenes in the cuticle and rendered the plants
drought tolerant by preventing water loss from the leaves
(Bourdenx et al,, 2011). Elevated expression of two other genes
annotated as fatty acid hydroxylase involved in wax biosynthesis
in Otis may provide a mechanism for imparting the observed
drought tolerance in this variety (Figure 7).

Proteases and Protease Inhibitors have been suggested to play
a key role in adaptation to stress since it requires the active
involvement of regulated proteolysis and the inhibition of
uncontrolled proteolysis (Kidric et al., 2014). Lower proteolytic
activity and decreased expression of certain cysteine protease
genes under water deficit during early developmental stage are
regarded as indicators for drought tolerance of winter wheat
cultivars (Simova-Stoilova et al., 2010). Thus, the up regulation
of cysteine protease inhibitors in Otis in response to drought could
be involved in lowering the proteolytic activities (Figure 7).

The upregulation of four alpha-amylase inhibitor genes in
Otis heads in response to drought is novel and exciting. It was
reported that overexpression of wheat alpha-amylase inhibitor
increased salt and drought tolerance (Xiao et al, 2013). It is
known that, once amylase activity decreases (due to increased
expression of alpha-amylase inhibitors), there is a concomitant
reduction in the amount of glucose that is generated from starch
breakdown. Subsequently, this lowers phosphoenolpyruvate
(PEP) and oxaloacetate levels leading to a reduction in malic
acid and cell turgor (Mansfield and Jones, 1971). This ultimately
results in reduced stomatal apertures and/or its closure in leaves.
However, the functional role of these inhibitors expressed in the
heads needs further investigation.

Heat Stress associated GOs

When compared to drought stress, heat stress evoked a
larger transcriptional response by the end of the first day of
treatment in both the genotypes. As a temperate cereal crop, it is
not surprising that an increase in the temperature evoked
substantial changes in the transcriptomes of these barley
varieties. In contrast to drought stress, we identified enriched
GOs wherein all the DEGs were identified in only one variety.
For example, in Otis, there were seven carbonic anhydrase (CA)
genes that were differentially expressed in response to heat of
which two were up and five were down. Moderate stress, in

frontiersin.org


https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mahalingam et al.

general, leads to increased expression of CAs (Polishchuk, 2021).
CAs plays a role in stress adaptation through its involvement in
stomatal closure, ROS scavenging and partial compensation for
reduced CO, conductance in mesophyll. At high temperatures,
CA gene expression was upregulated (Kaul et al., 2011), but its
protein abundance and enzymatic activity were reportedly
decreased (Ahsan et al,, 2010; Chaki et al., 2013). Deactivation
of CAs by high temperature (Boyd et al., 2015) could trigger a
compensatory mechanism leading to their transcriptional
upregulation. The association between CA and Rubisco
enables interaction with CO, and maintains the functional
machinery of Rubisco (Badger and Price, 1994). Since
photosynthesis is downregulated during severe stresses,
suppression of CAs seems logical. Photosynthesis was reduced
in both Otis and GP in response to heat stress, and it is still not
clear why CAs are suppressed only in the former.

The enrichment of the GO for response to ABA in GP
suggests higher levels of ABA. Of the 17 genes associated with
this GO, 15 were differentially expressed only in GP and several
of them have been shown to be induced in response to ABA. For
example, HVA22 was initially identified as an ABA-induced
transcript in barley aleurone layers (Shen et al., 1993). Another
gene, Multiprotein Bridging Factor (MBF1), a key link that
forms a bridge between stress responsive TFs and the basal
transcription machinery (Jaimes-Miranda and Montes, 2020)
has been reported to be induced by ABA (Yan et al., 2014) and
heat in Arabidopsis (Suzuki et al., 2005), rice (Qin et al., 2015)
and other plants. Upregulation of MBF1 in heads of GP agrees
with the above-mentioned studies.

Combined stress

In marked contrast to drought or heat stress, combination of
drought and heat evoked a very extensive transcriptional
reprogramming in both genotypes even within 24 hours after
the treatment initiation. This clearly demonstrates that
combined stress is not just an additive effect of heat and
drought, but barley plants perceive this as a new threat.
Combined heat and drought stress has been shown to evoke
such massive transcriptional responses in other plants as well
(Mahalingam, 2015; Mahalingam et al., 2021).

The GO term integral component of membrane contained the
largest number of differentially expressed genes, exceeding more
than 1000 in the sensitive GP leaves within 1-day of combined
stress initiation and observed at the later time point. This GO is
described as component of a membrane consisting of gene
products with some part of their peptide sequence implanted in
the hydrophobic region of the membrane. This suggests that
changes in membrane composition and structure in GP could be
a key factor for its susceptibility to combined heat and drought
stress. Membrane damage is usually due to excess generation of
reactive oxygen species (ROS) which attack lipid bilayers
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(Mahalingam and Fedoroff, 2003). Consistent with this
hypothesis we identified that the GO for peroxisomes is
significant in GP at both the early and later time points.
Peroxisomes are ubiquitous subcellular organelles that are the
major sites of ROS production in plants (del Rio and Lopez-
Huertas, 2016). Several genes associated with H,O, production in
peroxisomes such as glycolate oxidase (GOX), amine oxidase, Acyl-
CoA oxidases were unique to GP, or their expression was higher
compared to Otis. It is important to note that the rate of H,O,
production by the peroxisomal GOX is several fold higher than that
reported for chloroplasts and mitochondria (Foyer et al., 2009).
Furthermore, superoxide generating enzymes such as uricase or
urate oxidase and the superoxide dismutase were also differentially
expressed suggesting a significant increase in the H,O, production
in response to combined stress. Several abiotic stresses are known to
increase peroxisome abundance in Arabidopsis (Desai and Hu,
2008; Sinclair et al., 2009; Rodriguez-Serrano et al., 2016; Fahy et al.,
2017), wheat (Sanad et al.,, 2019) and quinoa (Hinojosa et al., 2019).
Peroxisomes were proposed as a cellular proxy for induction of
ROS during stresses (Smertenko, 2017). In contrast to the above-
mentioned studies where in stresses were imposed singly, the
significantly lower peroxisome abundance observed in GP and
Otis in response to combined stress merits scrutiny and this was
also observed in quinoa in response to combined heat and drought
stress (Hinojosa et al., 2019). In the light of the observation that
several peroxins, genes associated with peroxisome proliferation
such as PEX11, dynamin and PEX16 (Lingard et al., 2008) were
higher in GP compared to Otis, it begs the question why the
peroxisome abundance is significantly lower in GP compared to
Otis in response to combined stress (Figure 8). Since upregulation
of peroxisome proliferation genes did not reflect in higher
peroxisome abundance under the combination of heat and
drought, we speculate it may be offset by the higher rate of
peroxisome degradation. Damaged peroxisomes (due to excess
ROS) are eliminated by a process called pexophagy, a specialized
type of autophagy (Farmer et al,, 2013; Shibata et al,, 2013). Higher
autophagic flux could contribute to the reduced peroxisome
abundance under the combination of drought and heat stress
which is further supported by the enrichment of the GO for
autophagy in the leaves of GP. Of the 19 genes associated with
this GO, 11 were unique to GP and included several autophagy
related genes such as ATG5, ATGY, ATG13, Beclinl, cysteine
proteases (Shibata et al., 2013).

An interesting GO, cyclin-dependent protein ser/thr protein
kinase inhibitor activity was identified in GP. One of the CDKI,
was a Siamese-related protein that has been shown to restrict cell
proliferation during leaf growth (Churchman et al., 2006). It has
been shown in rice that these genes act as negative regulators of
seed size and seed weight. CDKIs are also referred to as Kinase
Inhibitor Proteins (KIPs) and Kip-related proteins (KRPs). KRP1I
overexpression transgenic lines (OxKRPI), krp2 mutant (crkrp2),
and krpl1/krp2 double mutant (crkrpl/krp2) exhibited significantly
reduced grain weight. Further, the seeds from these lines had seed
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germination issues and early seedling growth was retarded. This
suggested that disturbing the normal steady state of KRP1 or KRP2
blocks seed development by impeding cell proliferation during
grain filling and germination (Ajadi et al., 2020). Based on this rice
study, it is tempting to speculate that the down regulation of the
CDKIs (five in GP compared to two in Otis) could contribute to
the reduced seed size in response to combined stress in GP.

Several genes associated with oxidoreductase activity that
was induced early only in Otis in response to combined stress
were very interesting and have documented roles in improving
abiotic stresses. This includes genes involved in secondary
metabolite production such as sorbitol, isoflavonoids, and
atropine alkaloid, three ACC oxidase genes involved in the
biosynthesis of phytohormone ethylene and two genes
involved in the production of proline, a well-documented
osmolyte (Al-Quraan and Al-Share, 2016). The upregulation
of G3PDH gene in Otis is also consistent with a report on a
wheat GAPDH gene that improved drought tolerance in a
H,0,-mediated ABA-signaling pathway (Li et al., 2019).

WGCNA provides another strategy for identifying key genes
important in response to abiotic stresses based on co-expression
patterns that presumes interaction with other genes in the module
(Figure 9). In gene networks, a subset of genes interacts with many
other genes, and it is suggested that these hub genes are more
likely to be essential than genes that have fewer interaction
partners (Yokotani et al, 2008). It was interesting to find that
four of the nine hub genes were associated with RNA metabolism
including two different splicing factors, a polyA RNA polymerase
and a RRM containing protein (Figure 10, 11). Alternate splicing
of key genes involved in abiotic stress such as HsfA2 in
Arabidopsis (Liu et al., 2013), HYDRF1 in barley (Xue and
Loveridge, 2004) and DREB in wheat (Egawa et al, 2006),
maize (Qin et al, 2007) and tomato (Liu et al., 2017) have been
reported. More than 300 genes were identified as being uniquely
regulated by alternate splicing in response to drought in barley
(Harb et al,, 2020). Regulation of alternative splicing provides a
mechanism to fine-tune gene expression that may save the time
required for changes in transcriptional activation and pre-mRNA
accumulation, thus facilitating rapid plant adaptation to adverse
environmental conditions.

The removal of non-functional polypeptides due to
aggregation, misfolding, denaturation is important for cellular
homeostasis. Disassembly of heat shock-induced protein
aggregates is aided by the Hsp100/ClpB (casein lytic protease)
family proteins in conjunction with the Hsp70/Hsp40 system
(Schirmer et al., 1996; Schilke et al., 2017). Heat shock induces
the expression of plastid ClpB proteins in soybeans (Lee et al.,
1994), lima bean (Keeler et al., 2000), and A. thaliana (Agarwal
et al, 2001). Furthermore, the seedling-lethal phenotype
exhibited by clpb mutants suggests an essential role for ClpB3
in normal development (Lee et al., 2007). The Hsp70 chaperone
system is involved in folding and quality control of unfolded
proteins (Schilke et al, 2017). It is a complex consisting of
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chaperone Hsp70 (DnaK), co-chaperone Hsp40 (DnaJ-type),
and a nucleotide exchange factor (NEF). The binding and release
of the substrate proteins are regulated by a cycle of ATP/ADP
exchange. ATP hydrolysis on Hsp70 is accelerated by Hsp40 and
substrate binding. Dissociation of ADP and rebinding of ATP
causes the release of the bound substrate and this rate-limiting
step in the ATPase cycle is regulated by the NEFs (Bukau and
Horwich, 1998). In rice, Fesl, a NEF was found to directly
interact with a salt responsive protein and Bip, an ER ortholog of
HsP70 family and over/under-expression of Fesl affected grain
length and weight and improved salt tolerance (Qian et al,
2021). The Fesl gene identified in barley is annotated as being
localized to membranes and further functional analysis is
warranted to confirm its role in abiotic stress tolerance.

Transcription factors

The observed reprogramming of the transcriptome in
response to heat, drought and combined stress involving
nearly 10,000 genes in GP and more than 6000 genes in Otis
is probably mediated by the differential expression of genes from
23 different transcription factor families (Figure 12).

Heat shock factors (HSFs) were identified in heat, drought, and
combined stress in both genotypes. The expression of Heat-Shock-
Proteins (HSPs) that function as chaperones to protect proteins
under various stresses (Bartels and Sunkar, 2005) is regulated by
HSFs (Rizhsky et al., 2004; Swindell et al., 2007; Guo et al., 2016).
HSFs were more strongly induced in GP compared to Otis and the
differential expression was highest in combined stress compared to
drought or heat (Supplementary Figures 4, 6). This type of
modulation was also observed in Arabidopsis, wherein stronger
induction of HSFA7B was reported in response to a combination
of salt, osmotic and heat stress, when compared to its expression
under heat stress (Sewelam et al., 2014). Thus, HSF and HSPs has
been regarded as plausible targets for breeding or engineering
plants with improved tolerance to abiotic stresses.

ERF TFs were another over-represented family that were
identified in both single and combined stresses across time

points (Supplementary Figures 5-7 and Supplementary
Table 8). In addition to their role in several developmental
and physiological processes (Nakano et al., 2006) ERFs also act
in response to wounding and in abiotic stresses (Mizoi et al.,
2012; Heyman et al., 2018). Transgenic plants overexpressing
certain ERFs are more resistant to several abiotic stresses
including salinity, cold and water stress (Xu et al, 2008;
Morran et al., 2011). In the present study, genes identified as
ERF were both up and down-regulated (Supplementary
Figures 5-7). DREB1A and DREB2A, two well studied ERFs
were induced in rice in response to high salinity and water deficit
(Dubouzet et al., 2003). In barley, the expression of DREB1A was
significantly down-regulated in response to both short and long-
term water deficit treatments while DREB2A was only slightly
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induced in long-term water deficit and combined salt and water-
deficit stress (Osthoff et al., 2019). The precise functions of these
barley ERFs need to be elucidated in future genetic analyses.

Genes shaping stress tolerance in barley

Our study showed that the sensitive cultivar Golden Promise
exhibited far more expression changes after combined heat and
drought stress than the tolerant Otis genotype. This observation
led to the hypothesis that Otis may have a “primed”
transcriptome that is active under optimal conditions and
hence does not need to instigate massive transcriptome
changes when the stress occurs, as observed in the sensitive
cultivar. This hypothesis was tested by the KEGG pathway
enrichment analysis. The higher expression of key genes of the
ascorbate-glutathione cycle in Otis can facilitate efficient ROS
detoxification (Hasanuzzaman et al, 2019). Secondly, the
innately higher expression of genes that are important for
biosynthesis of osmolytes such as trehalose (Kosar et al., 2018)
can provide a leg up for Otis in combating abiotic stresses.
Thirdly the higher expression of key JA biosynthesis genes
Allene oxide synthase, lipoxygenase and acyl-CoA oxidase
could lead to higher levels of JA which has been shown to
improve abiotic stress by enhancing antioxidants, osmolytes and
cross-talk with other key phytohormones (Raza et al., 2021).

In addition to KEGG enrichment analysis of the innate
differentially expressed genes we selected candidate genes
based on two criteria (i) genes were differentially expressed
only after application of stress in GP and (ii) the differential
gene expression in GP in response to stress is like the expression
pattern observed in Otis. It was surmised that such DEGs may be
involved in better adaptation to stressful conditions.

Interestingly a gene annotated as a member of the universal
stress response protein (USP) family (HORVU.MOREX.
r3.6HG0618180) was identified in response to heat, drought,
and combined stress. In plants USP functions include acting as
protein and RNA chaperone, modulate ROS production, ABA-
induced stomatal movement, Ethylene-mediated stress
adaptation (Chi et al,, 2019). In the barley genome there are
42 USPs and the identification of the USP in this study provides
a strong rationale for its further functional characterization.

AP2/ERF gene family members in wheat were reported to
show significant down regulation in response to heat and
drought and one of the RAV subfamily members (TtAP2/
ERF-117) contained a repressor motif (R/KLFGV) was down
regulated in response to heat and drought stress (Faraji et al.,
2020). The AP2/ERF gene (HORVU.MOREX.r3.1HG0083340)
in barley had the same repressor motif and was down regulated
in Otis under control conditions (compared with GP) and was
repressed in response to heat and drought.

Homogentisate Phytyltransferase is a key enzyme for
tocopherol biosynthesis (Collakova and DellaPenna, 2003).
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Tocopherols are well known lipid soluble antioxidants
protecting cellular components from increased oxidative stress
(Havaux et al., 2000; Munne-Bosch and Alegre, 2002).
Identification of HPT as an innate gene with higher
abundance in Otis adds one more important antioxidant
metabolite that could aid in providing tolerance to abiotic
stresses in this variety. In a previous study we have screened
the wild barley diversity collection and the mini-core collection
for all the eight isoforms of tocols (Mahalingam et al., 2020).
Selecting lines with higher levels of tocopherols from these
collections will provide additional novel barley lines for
expanding the abiotic stress tolerance germplasm in barley.

Another novel transcription factor is the FAR1 (FAR-RED-
Impaired Response 1), initially identified in Arabidopsis as
crucial component of the phytochrome A-mediated far-red
light signaling that has multifaceted roles in UV-B signaling,
flowering, chloroplast biogenesis, ROS homeostasis, ABA
signaling (Wang and Wang, 2015). Most of these studies have
only been done in model systems and their functional studies in
crops has not been reported. This study provides a strong
rationale for pursuing functional characterization of this
family of transcription factor in barley and is particularly
fascinating given their extensive similarity to mutator-like
transposase, indicative of molecular domestication (Hudson
et al., 2003; Lin et al., 2007).

Starch is a key determinant of plant fitness especially during
abiotic stresses (Thalmann and Santelia, 2017) since its
remobilization can provide an alternate source of carbon
which is limiting factor due to reduced photosynthesis. Alpha-
amylases are important for starch breakdown in the leaves that
can provide the much-needed energy supply and aid in the
accumulation of compatible solutes. Increased amylase activity
has been reported in response to abiotic stresses in rice, potato,
Arabidopsis (Sicher, 2011; Valerio et al., 2011; Sitnicka and
Orzechowski, 2014). Higher alpha-amylase activities in Otis may
efficiently hydrolyze the transitory starch in the leaves to
attenuate the impact of reduced photosynthesis in response to
stress. This remobilization strategy could provide an alternate
source of energy and carbon, promoting seed filling even during
abiotic stress.

Conclusions and future directions

Several well-known stress responsive genes and pathways
associated with abiotic stress were found to be elevated in the
feed barley variety Otis that could be conferring its tolerance to
these stresses. Similar studies using commercial varieties
(malting and feed barley) and advanced breeding lines with
tolerance to abiotic stresses is warranted. Such pan-
transcriptomics approach will enable identifying suites of
stress tolerance genes that are innately expressed at higher
levels. This information can be leveraged for selecting lines for
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breeding programs focused on developing malting and feed
barley varieties with improved abiotic stress tolerance.

Engineering endogenous enzymes of barley could provide a
direct approach to improving stress tolerance. For example,
increased drought tolerance was reported in a CRISPR-
generated Arabidopsis trehalase line wherein the edit
mimicked the substrate binding site of an orthologous enzyme
from the drought-tolerant Selaginella lepidophylla (Nunez-
Munoz et al., 2021). We anticipate the innate stress responsive
genes identified in Otis in conjunction with enzyme engineering
offers an opportunity to accelerate success in producing climate-
resilient barley varieties.

Data availability statement

The data presented in the study are deposited in the SRA
database, accession number PRINA898434.

Author contributions

RM and PB conceived the research project and approved
the plan. PB provided the seeds and provided the fiscal support
for the RNA-seq. RM, ND, and RK conducted the
transcriptome analysis. AS and TN conducted peroxisome
analysis and provided novel insights into the data analysis.
RM wrote the manuscript with inputs from RK and AS. All
authors contributed to the article and approved the
submitted version.

Funding

This research was funded by the USDA-ARS and partially
supported by the American Malting Barley Association Inc.

References

Abebe, T., Melmaiee, K., Berg, V., and Wise, R. P. (2010). Drought response in
the spikes of barley: gene expression in the lemma, palea, awn, and seed. Funct.
Integr. Genomics 10, 191-205. doi: 10.1007/s10142-009-0149-4

Agarwal, M., Katiyar-Agarwal, S., Sahi, C., Gallie, D. R., and Grover, A. (2001).
Arabidopsis thaliana Hsp100 proteins: kith and kin. Cell Stress Chaperones 6, 219—
224. doi: 10.1379/1466-1268(2001)006<0219:ATHPKA>2.0.CO;2

Ahmad, H. M., Wang, X. K., Mahmood-Ur-Rahman, F,, S., A, and Shaheen, T.
(2022). Morphological and physiological response of helianthus annuus 1. to
drought stress and correlation of wax contents for drought tolerance traits.
Arabian J. Sci. Eng. 47, 6747-6761. doi: 10.1007/s13369-021-06098-1

Ahsan, N, Donnart, T., Nouri, M. Z., and Komatsu, S. (2010). Tissue-specific defense
and thermo-adaptive mechanisms of soybean seedlings under heat stress revealed by
proteomic approach. J. Proteome Res. 9, 4189-4204. doi: 10.1021/pr100504;

Ajadi, A. A, Tong, X. H., Wang, H. M., Zhao, J.,, Tang, L. Q,, Li, Z. Y., et al.
(2020). Cyclin-dependent kinase inhibitors KRP1 and KRP2 are involved in grain

Frontiers in Plant Science

21

10.3389/fpls.2022.1066421

Acknowledgments

Authors thank Dr. Sarah Whitcomb for providing insightful
comments and critiques to improve the manuscript. Authors
thank Danielle Graham (USDA-ARS) for her technical
assistance and Michelle Andrews (Idaho State University
Molecular Research Core Facility) for helping with RNA-seq
libraries and sequencing. Mention of trade names or commercial
products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture. USDA is an
equal opportunity provider and employer.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1066421/full#supplementary-material

filling and seed germination in rice (Oryza sativa L). Int. J. Mol. Sci. 21, 245.
doi: 10.3390/ijms21010245

Al-Quraan, N. A, and Al-Share, A. T. (2016). Characterization of the gamma-
aminobutyric acid shunt pathway and oxidative damage in arabidopsis thaliana
pop 2 mutants under various abiotic stresses. Biol. Plantarum 60, 132-138. doi:
10.1007/s10535-015-0563-5

Ashoub, A., Baeumlisberger, M., Neupaertl, M., Karas, M., and Bruggemann, W.
(2015). Characterization of common and distinctive adjustments of wild barley leaf
proteome under drought acclimation, heat stress and their combination. Plant Mol.
Biol. 87, 459-471. doi: 10.1007/s11103-015-0291-4

Ashoub, A., Beckhaus, T., Berberich, T., Karas, M., and Bruggemann, W. (2013).
Comparative analysis of barley leaf proteome as affected by drought stress. Planta
237, 771-781. doi: 10.1007/s00425-012-1798-4

Awasthi, R, Kaushal, N., Vadez, V., Turner, N. C,, Berger, J., Siddique, K. H. M.,
et al. (2014). Individual and combined effects of transient drought and heat stress

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1066421/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1066421/full#supplementary-material
https://doi.org/10.1007/s10142-009-0149-4
https://doi.org/10.1379/1466-1268(2001)006%3C0219:ATHPKA%3E2.0.CO;2
https://doi.org/10.1007/s13369-021-06098-1
https://doi.org/10.1021/pr100504j
https://doi.org/10.3390/ijms21010245
https://doi.org/10.1007/s10535-015-0563-5
https://doi.org/10.1007/s11103-015-0291-4
https://doi.org/10.1007/s00425-012-1798-4
https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mahalingam et al.

on carbon assimilation and seed filling in chickpea. Funct. Plant Biol. 41, 1148—
1167. doi: 10.1071/FP13340

Badger, M. R,, and Price, G. D. (1994). The role of carbonic-anhydrase in
photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 45, 369-392. doi:
10.1146/annurev.pp.45.060194.002101

Barnabas, B., Jager, K., and Feher, A. (2008). The effect of drought and heat stress
on reproductive processes in cereals. Plant Cell Environ. 31, 11-38. doi: 10.1111/
j.1365-3040.2007.01727.x

Bartels, D., and Sunkar, R. (2005). Drought and salt tolerance in plants. Crit. Rev.
Plant Sci. 24, 23-58. doi: 10.1080/07352680590910410

Bedada, G., Westerbergh, A., Muller, T., Galkin, E., Bdolach, E., Moshelion, M.,
et al. (2014). Transcriptome sequencing of two wild barley (Hordeum spontaneum
1.) ecotypes differentially adapted to drought stress reveals ecotype-specific
transcripts. BMC Genomics 15, 995. doi: 10.1186/1471-2164-15-995

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate - a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B-Statistical
Method. 57, 289-300. doi: 10.1111/§.2517-6161.1995.tb02031.x

Blum, A. (2005). Drought resistance, water-use efficiency, and yield potential -
are they compatible, dissonant, or mutually exclusive? Aust. J. Agric. Res. 56, 1059—
1118. doi: 10.1071/AR05069

Blum, A. (2009). Effective use of water (EUW) and not water-use efficiency
(WUE) is the target of crop yield improvement under drought stress. Field Crops
Res. 112, 119-123. doi: 10.1016/j.fcr.2009.03.009

Bourdenx, B., Bernard, A., Domergue, F., Pascal, S., Leger, A., Roby, D., et al.
(2011). Overexpression of arabidopsis ECERIFERUM1 promotes wax very-Long-
Chain alkane biosynthesis and influences plant response to biotic and abiotic
stresses. Plant Physiol. 156, 29-45. doi: 10.1104/pp.111.172320

Boyd, R. A,, Gandin, A., and Cousins, A. B. (2015). Temperature responses of c-4
photosynthesis: Biochemical analysis of rubisco, phosphoenolpyruvate carboxylase,
and carbonic anhydrase in setaria viridis. Plant Physiol. 169, 1850-1861. doi:
10.1104/pp.15.00586

Bukau, B., and Horwich, A. L. (1998). The Hsp70 and Hsp60 chaperone
machines. Cell 92, 351-366. doi: 10.1016/S0092-8674(00)80928-9

Cantalapiedra, C. P., Garcia-Pereira, M. J., Gracia, M. P., Igartua, E., Casas, A.
M., and Contreras-Moreira, B. (2017). Large Differences in gene ex pression
responses to drought and heat stress between elite barley cultivar Scarlett and a
Spanish landrace. Front. Plant Sci. 8, 647. doi: 10.3389/fpls.2017.00647

Chaki, M., Carreras, A., Lopez-Jaramillo, J., Begara-Morales, J. C., Sanchez-
Calvo, B, Valderrama, R, et al. (2013). Tyrosine nitration provokes inhibition of
sunflower carbonic anhydrase (beta-CA) activity under high temperature stress.
Nitric. Oxide-Biology Chem. 29, 30-33. doi: 10.1016/j.ni0x.2012.12.003

Chi, Y. H., Koo, S.S., Oh, H. T, Lee, E. S., Park, J. H., Phan, K. A. T., et al. (2019).
The physiological functions of universal stress proteins and their molecular
mechanism to protect plants from environmental stresses. Front. Plant Sci. 10.
doi: 10.3389/fpls.2019.00750

Churchman, M. L., Brown, M. L., Kato, N., Kirik, V., Hulskamp, M., Inze, D.,
et al. (2006). STAMESE, a plant-specific cell cycle regulator, controls
endoreplication onset in arabidopsis thaliana. Plant Cell 18, 3145-3157. doi:
10.1105/tpc.106.044834

Cobhen, I, Zandalinas, S. I., Huck, C., Fritschi, F. B., and Mittler, R. (2021). Meta-
analysis of drought and heat stress combination impact on crop yield and yield
components. Physiol. Plant 171, 66-76. doi: 10.1111/ppl.13203

Collakova, E., and Dellapenna, D. (2003). The role of homogentisate
phytyltransferase and other tocopherol pathway enzymes in the regulation of
tocopherol synthesis during abiotic stress. Plant Physiol. 133, 930-940. doi:
10.1104/pp.103.026138

Del Rio, L. A, and Lopez-Huertas, E. (2016). ROS generation in peroxisomes
and its role in cell signaling. Plant Cell Physiol. 57, 1364-1376. doi: 10.1093/pcp/
pcw076

Desai, M., and Hu, J. (2008). Light induces peroxisome proliferation in
arabidopsis seedlings through the photoreceptor phytochrome a, the
transcription factor HY5 HOMOLOG, and the peroxisomal protein
PEROXIN11b. Plant Physiol. 146, 1117-1127. doi: 10.1104/pp.107.113555

Dubouzet, J. G., Sakuma, Y., Ito, Y., Kasuga, M., Dubouzet, E. G., Miura, S,, et al.
(2003). OsDREB genes in rice, oryza sativa 1., encode transcription activators that
function in drought-, high-salt- and cold-responsive gene expression. Plant J. 33,
751-763. doi: 10.1046/j.1365-313X.2003.01661.x

Dubhan, N, and Kaundal, R. (2020). “pySeqRNA: an automated Python package
for RNA sequencing data analysis,” in . 28th International Conference on Intelligent
Systems for Molecular Biology (ISMB).

Egawa, C., Kobayashi, F., Ishibashi, M., Nakamura, T., Nakamura, C., and
Takumi, S. (2006). Differential regulation of transcript accumulation and
alternative splicing of a DREB2 homolog under abiotic stress conditions in
common wheat. Genes Genet. Syst. 81, 77-91. doi: 10.1266/ggs.81.77

Frontiers in Plant Science

22

10.3389/fpls.2022.1066421

Ehdaie, B., Alloush, G. A., and Waines, J. G. (2006). Genotypic variation for stem
reserves and mobilization in wheat: II. postanthesis changes in internode water-
soluble carbohydrates. Crop Sci. 46, 2093-2103. doi: 10.2135/cropsci2006.01.0013

Fahy, D., Sanad, M. N. M. E,, Duscha, K,, Lyons, M., Liu, F. Q., Bozhkov, P., et al.
(2017). Impact of salt stress, cell death, and autophagy on peroxisomes:
quantitative and morphological analyses using small fluorescent probe n-
BODIPY. Sci. Rep. 7, 39069. doi: 10.1038/srep39069.

Faraji, S., Filiz, E., Kazemitabar, S. K., Vannozzi, A., Palumbo, F., Barcaccia, G.,
et al. (2020). The AP2/ERF gene family in triticum durum: Genome-wide
identification and expression analysis under drought and salinity stresses. Genes
11, 1464. doi: 10.3390/genes11121464

Farmer, L. M., Rinaldi, M. A,, Young, P. G., Danan, C. H,, Burkhart, S. E., and
Bartel, B. (2013). Disrupting autophagy restores peroxisome function to an arabidopsis
lon2 mutant and reveals a role for the LON2 protease in peroxisomal matrix protein
degradation. Plant Cell 25, 4085-4100. doi: 10.1105/tpc.113.113407

Fedoroff, N. V., Battisti, D. S., Beachy, R. N., Cooper, P. J. M., Fischhoft, D. A,,
Hodges, C. N,, et al. (2010). Radically rethinking agriculture for the 21st century.
Science 327, 833-834. doi: 10.1126/science.1186834

Ford, K. L., Cassin, A., and Bacic, A. (2011). Quantitative proteomic analysis of
wheat cultivars with differing drought stress tolerance. Front. Plant Sci. 2. doi:
10.3389/fpls.2011.00044

Foyer, C. H., Bloom, A. J., Queval, G., and Noctor, G. (2009). Photorespiratory
metabolism: Genes, mutants, energetics, and redox signaling. Annu. Rev. Plant Biol.
60, 455-484. doi: 10.1146/annurev.arplant.043008.091948

Gent, M. P. N. (1994). Photosynthate reserves during grain filling in winter
wheat. Agron. J. 86, 159-167. doi: 10.2134/agronj1994.00021962008600010029x

Guo, P. G, Baum, M., Grando, S., Ceccarelli, S., Bai, G. H., Li, R. H,, et al. (2009).
Differentially expressed genes between drought-tolerant and drought-sensitive
barley genotypes in response to drought stress during the reproductive stage. J.
Exp. Bot. 60, 3531-3544. doi: 10.1093/jxb/erp194

Guo, M,, Liu, J. H., Ma, X,, Luo, D. X,, Gong, Z. H,, and Lu, M. H. (2016). The
plant heat stress transcription factors (HSFs): Structure, regulation, and function in
response to abiotic stresses. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00114

Harb, A., Simpson, C., Guo, W. B., Govindan, G., Kakani, V. G., and Sunkar, R.
(2020). The effect of drought on transcriptome and hormonal profiles in barley
genotypes with contrasting drought tolerance. Front. Plant Sci. 11. doi: 10.3389/
fpls.2020.618491

Hasanuzzaman, M., Bhuyan, M., Anee, T. L, Parvin, K., Nahar, K., Mahmud, J.
A., et al. (2019). Regulation of ascorbate-glutathione pathway in mitigating
oxidative damage in plants under abiotic stress. Antioxidants (Basel) 8, 384. doi:
10.3390/antiox8090384

Havaux, M., Bonfils, J. P., Lutz, C., and Niyogi, K. K. (2000). Photodamage of the
photosynthetic apparatus and its dependence on the leaf developmental stage in the
npql arabidopsis mutant deficient in the xanthophyll cycle enzyme violaxanthin
de-epoxidase. Plant Physiol. 124, 273-284. doi: 10.1104/pp.124.1.273

Heyman, J., Canher, B., Bisht, A., Christiaens, F., and De Veylder, L. (2018).
Emerging role of the plant ERF transcription factors in coordinating wound
defense responses and repair. J. Cell Sci. 131, jcs208215. doi: 10.1242/jcs.208215

Hickey, K., Wood, M., Sexton, T., Sahin, Y., Nazarov, T., Fisher, J., et al. (2022).
Drought tolerance strategies and autophagy in resilient wheat genotypes. Cells 11,
1765. doi: 10.3390/cells11111765

Hinojosa, L., Sanad, M. N. M. E,, Jarvis, D. E,, Steel, P, Murphy, K., and
Smertenko, A. (2019). Impact of heat and drought stress on peroxisome
proliferation in quinoa. Plant J. 99, 1144-1158. doi: 10.1111/tpj.14411

Hubner, S., Korol, A. B., and Schmid, K. J. (2015). RNA-Seq analysis identifies
genes associated with differential reproductive success under drought-stress in
accessions of wild barley hordeum spontaneum. BMC Plant Biol. 15, 134. doi:
10.1186/512870-015-0528-z

Hudson, M. E,, Lisch, D. R., and Quail, P. H. (2003). The FHY3 and FARI genes
encode transposase-related proteins involved in regulation of gene expression by
the phytochrome a-signaling pathway. Plant J. 34, 453-471. doi: 10.1046/j.1365-
313X.2003.01741.x

Hu, H.,, and Xiong, L. (2014). Genetic engineering and breeding of drought-
resistant crops. Annu. Rev. Plant Biol. 65, 715-741. doi: 10.1146/annurev-arplant-
050213-040000

Jaimes-Miranda, F., and Montes, R. A. C. (2020). The plant MBF1 protein
family: a bridge between stress and transcription. J. Exp. Bot. 71, 1782-1791. doi:
10.1093/jxb/erz525

Janiak, A., Kwasniewski, M., Sowa, M., Gajek, K., Zmuda, K., Koscielniak, J.,
et al. (2018). No time to waste: Transcriptome study reveals that drought tolerance

in barley may be attributed to stressed-like expression patterns that exist before the
occurrence of stress. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.02212

Janiak, A., Kwasniewski, M., and Szarejko, I. (2016). Gene expression regulation
in roots under drought. J. Exp. Bot. 67, 1003-1014. doi: 10.1093/jxb/erv512

frontiersin.org


https://doi.org/10.1071/FP13340
https://doi.org/10.1146/annurev.pp.45.060194.002101
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1080/07352680590910410
https://doi.org/10.1186/1471-2164-15-995
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1071/AR05069
https://doi.org/10.1016/j.fcr.2009.03.009
https://doi.org/10.1104/pp.111.172320
https://doi.org/10.1104/pp.15.00586
https://doi.org/10.1016/S0092-8674(00)80928-9
https://doi.org/10.3389/fpls.2017.00647
https://doi.org/10.1016/j.niox.2012.12.003
https://doi.org/10.3389/fpls.2019.00750
https://doi.org/10.1105/tpc.106.044834
https://doi.org/10.1111/ppl.13203
https://doi.org/10.1104/pp.103.026138
https://doi.org/10.1093/pcp/pcw076
https://doi.org/10.1093/pcp/pcw076
https://doi.org/10.1104/pp.107.113555
https://doi.org/10.1046/j.1365-313X.2003.01661.x
https://doi.org/10.1266/ggs.81.77
https://doi.org/10.2135/cropsci2006.01.0013
https://doi.org/10.1038/srep39069
https://doi.org/10.3390/genes11121464
https://doi.org/10.1105/tpc.113.113407
https://doi.org/10.1126/science.1186834
https://doi.org/10.3389/fpls.2011.00044
https://doi.org/10.1146/annurev.arplant.043008.091948
https://doi.org/10.2134/agronj1994.00021962008600010029x
https://doi.org/10.1093/jxb/erp194
https://doi.org/10.3389/fpls.2016.00114
https://doi.org/10.3389/fpls.2020.618491
https://doi.org/10.3389/fpls.2020.618491
https://doi.org/10.3390/antiox8090384
https://doi.org/10.1104/pp.124.1.273
https://doi.org/10.1242/jcs.208215
https://doi.org/10.3390/cells11111765
https://doi.org/10.1111/tpj.14411
https://doi.org/10.1186/s12870-015-0528-z
https://doi.org/10.1046/j.1365-313X.2003.01741.x
https://doi.org/10.1046/j.1365-313X.2003.01741.x
https://doi.org/10.1146/annurev-arplant-050213-040000
https://doi.org/10.1146/annurev-arplant-050213-040000
https://doi.org/10.1093/jxb/erz525
https://doi.org/10.3389/fpls.2017.02212
https://doi.org/10.1093/jxb/erv512
https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mahalingam et al.

Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 28, 27-30. doi: 10.1093/nar/28.1.27

Kaul, T., Reddy, P. S., Mahanty, S., Thirulogachandar, V., Reddy, R. A., Kumar,
B., etal. (2011). Biochemical and molecular characterization of stress-induced beta-
carbonic anhydrase from a c-4 plant, pennisetum glaucum. J. Plant Physiol. 168,
601-610. doi: 10.1016/j.jplph.2010.08.007

Keeler, S. J., Boettger, C. M., Haynes, J. G., Kuches, K. A, Johnson, M. M.,
Thureen, D. L., et al. (2000). Acquired thermotolerance and expression of the
HSP100/ClpB genes of lima bean. Plant Physiol. 123, 1121-1132. doi: 10.1104/
pp.123.3.1121

Kidric, M., Kos, J., and Sabotic, J. (2014). Proteases and their endogenous
inhibitors in the plant response to abiotic stresses. Botanica Serbica 38, 139-158.

Kobata, T., Palta, J. A., and Turner, N. C. (1992). Rate of development of
postanthesis water deficits and grain filling of spring wheat. Crop Sci. 32, 1238-
1242. doi: 10.2135/cropscil992.0011183X003200050035x

Kosar, F., Akram, N. A., Ashraf, M., Sadiq, M., and Al-Qurainy, F. (2018).
Trehalose-induced improvement in growth, photosynthetic characteristics and
levels of some key osmoprotectants in sunflower (Helianthus annuus 1.) under
drought stress. Pakistan J. Bot. 50, 955-961.

Krasensky, J., and Jonak, C. (2012). Drought, salt, and temperature stress-
induced metabolic rearrangements and regulatory networks. J. Exp. Bot. 63, 1593—
1608. doi: 10.1093/jxb/err460

Langfelder, P., and Horvath, S. (2008). WGCNA: an r package for weighted
correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559

Langfelder, P., Zhang, B., and Horvath, S. (2008). Defining clusters from a
hierarchical cluster tree: the dynamic tree cut package for r. Bioinformatics 24, 719-
720. doi: 10.1093/bioinformatics/btm563

Lee, Y. R. ], Nagao, R. T., and Key, J. L. (1994). A soybean 101-kd heat-shock
protein complements a yeast Hspl04 deletion mutant in acquiring
thermotolerance. Plant Cell 6, 1889-1897. doi: 10.1105/tpc.6.12.1889

Lee, U, Rioflorido, I, Hong, S. W., Larkindale, J., Waters, E. R., and Vierling, E.
(2007). The arabidopsis ClpB/Hsp100 family of proteins: chaperones for stress and
chloroplast development. Plant J. 49, 115-127. doi: 10.1111/j.1365-313X.2006.02940.x

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from
RNA-seq data with or without a reference genome. BMC Bioinf. 12, 323. doi:
10.1186/1471-2105-12-323

Lin, R. C,, Ding, L., Casola, C,, Ripoll, D. R, Feschotte, C., and Wang, H. Y.
(2007). Transposase-derived transcription factors regulate light signaling in
arabidopsis. Science 318, 1302-1305. doi: 10.1126/science.1146281

Lingard, M. J., Gidda, S. K., Bingham, S., Rothstein, S. J., Mullen, R. T., and
Trelease, R. N. (2008). Arabidopsis PEROXIN11c-e, FISSION1b, and DYNAMIN-
RELATED PROTEIN3A cooperate in cell cycle-associated replication of
peroxisomes. Plant Cell 20, 1567-1585. doi: 10.1105/tpc.107.057679

Liu, Y., Huang, W.,, Xian, Z,, Hu, N,, Lin, D. , Ren, H., et al. (2017).
Overexpression of SIGRAS40 in tomato enhances tolerance to abiotic stresses and
influences auxin and gibberellin signaling. Front. Plant Sci. 81659. doi: 10.3389/
fpls.2017.01659

Liu, J. J., Sun, N,, Liu, M., Liu, J. C, Du, B. J., Wang, X. J,, et al. (2013). An
autoregulatory loop controlling arabidopsis HsfA2 expression: Role of heat shock-
induced alternative Splicing(1{C]). Plant Physiol. 162, 512-521. doi: 10.1104/
pp-112.205864

Li, X., Wei, W,, Li, F., Zhang, L., Deng, X., Liu, Y., et al. (2019). The plastidial
glyceraldehyde-3-Phosphate dehydrogenase is critical for abiotic stress response in
wheat. Int. J. Mol. Sci. 20, 1104. doi: 10.3390/ijms20051104

Lobell, D. B., and Gourdji, S. M. (2012). The influence of climate change on
global crop productivity. Plant Physiol. 160, 1686-1697. doi: 10.1104/
pp.112.208298

Mabhalingam, R. (2015). “Consideration of combined stress: A crucial paradigm
for improving multiple stress tolerance in plants,” in Combined stresses in plants:
Physiological, molecular and biochemical aspects. Ed. R. MAHALINGAM
(Switzerland: Springer).

Mabhalingam, R. (2017). Phenotypic, physiological and malt quality analyses of
US barley varieties subjected to short periods of heat and drought stress. J. Cereal
Sci. 76, 199-205. doi: 10.1016/j.jcs.2017.06.007

Mahalingam, R., and Bregitzer, P. (2019). Impact on physiology and malting
quality of barley exposed to heat, drought and their combination during different
growth stages under controlled environment. Physiologia Plantarum 165, 277-289.
doi: 10.1111/ppl.12841

Mahalingam, R., and Fedoroff, N. (2003). Stress response, cell death and
signalling: the many faces of reactive oxygen species. Physiologia Plantarum 119,
56-68. doi: 10.1034/j.1399-3054.2003.00156.x

Mabhalingam, R., Pandey, P., and Senthil-Kumar, M. (2021). Progress and
prospects of concurrent or combined stress studies in plants. Annu. Plant Rev. 4,
813-868. doi: 10.1002/9781119312994.apr0783

Frontiers in Plant Science

23

10.3389/fpls.2022.1066421

Mahalingam, R, Sallam, A. H., Steffenson, B. J., Fiedler, J. D., and Walling, J. G.
(2020). Genome-wide association analysis of natural variation in seed
tocochromanols of barley. Plant Genome 13, €20039. doi: 10.1002/tpg2.20039

Mangelsen, E., Kilian, J., Harter, K., Jansson, C., Wanke, D., and Sundberg, E.
(2011). Transcriptome analysis of high-temperature stress in developing barley
caryopses: Early stress responses and effects on storage compound biosynthesis.
Mol. Plant 4, 97-115. doi: 10.1093/mp/ssq058

Mansfield, T. A., and Jones, R. J. (1971). Effects of abscisic acid on potassium
uptake and starch content of stomatal guard cells. Planta 101, 147-14+. doi:
10.1007/BF00387625

Mao, X. Z., Cai, T., Olyarchuk, J. G., and Wei, L. P. (2005). Automated genome
annotation and pathway identification using the KEGG orthology (KO) as a
controlled vocabulary. Bioinformatics 21, 3787-3793. doi: 10.1093/
bioinformatics/bti430

Mascher, M., Wicker, T., Jenkins, J., Plott, C., Lux, T., Koh, C. S., et al. (2021).
Long-read sequence assembly: a technical evaluation in barley. Plant Cell 33, 1888—
1906. doi: 10.1093/plcell/koab077

Mazdiyasni, O., and Aghakouchak, A. (2015). Substantial increase in concurrent
droughts and heatwaves in the united states. Proc. Natl. Acad. Sci. United States
America 112, 11484-11489. doi: 10.1073/pnas.1422945112

Mizoi, J., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2012). AP2/ERF family
transcription factors in plant abiotic stress responses. Biochim. Et Biophys. Acta-
Gene Regul. Mech. 1819, 86-96. doi: 10.1016/j.bbagrm.2011.08.004

Molina, C,, Rotter, B., Horres, R., Udupa, S. M., Besser, B., Bellarmino, L., et al.
(2008). SuperSAGE: the drought stress-responsive transcriptome of chickpea roots.
BMC Genomics 9, 553. doi: 10.1186/1471-2164-9-553

Morran, S., Eini, O., Pyvovarenko, T., Parent, B., Singh, R, Ismagul, A., et al.
(2011). Improvement of stress tolerance of wheat and barley by modulation of
expression of DREB/CBF factors. Plant Biotechnol. J. 9, 230-249. doi: 10.1111/
j.1467-7652.2010.00547.x

Munne-Bosch, S., and Alegre, L. (2002). Plant aging increases oxidative stress in
chloroplasts. Planta 214, 608-615. doi: 10.1007/s004250100646

Nakano, T., Suzuki, K., Fujimura, T., and Shinshi, H. (2006). Genome-wide
analysis of the ERF gene family in arabidopsis and rice. Plant Physiol. 140, 411-432.
doi: 10.1104/pp.105.073783

Nunez-Munoz, L., Vargas»Hemandez, B., Hinojosa-Moya, J., Ruiz-Medrano, R.,
and Xoconostle-Cazares, B. (2021). Plant drought tolerance provided through
genome editing of the trehalase gene. Plant Signaling Behav. 16, 4. doi: 10.1080/
15592324.2021.1877005

Obata, T., Witt, S., Lisec, J., Palacios-Rojas, N., Florez-Sarasa, L, Yousfi, S., et al.
(2015). Metabolite profiles of maize leaves in drought, heat, and combined stress
field trials reveal the relationship between metabolism and grain yield. Plant
Physiol. 169, 2665-2683. doi: 10.1104/pp.15.01164

Osthoft, A, Rose, P. D. D., Baldauf, J. A., Piepho, H. P., and Hochholdinger, F.
(2019). Transcriptomic reprogramming of barley seminal roots by combined
water deficit and salt stress. BMC Genomics 20, 325. doi: 10.1186/s12864-019-
5634-0

Polishchuk, O. V. (2021). Stress-related changes in the expression and activity of
plant carbonic anhydrases. Planta 253, 76. doi: 10.1007/s00425-020-03553-5

Qaseem, M. F., Qureshi, R, and Shaheen, H. (2019). Effects of pre-anthesis
drought, heat and their combination on the growth, yield and physiology of diverse
wheat (Triticum aestivum 1.) p genotypes varying in sensitivity to heat and drought
stress. Sci. Rep. 9, 6955. doi: 10.1038/s41598-019-43477-z

Qian, D. D, Xiong, S., Li, M., Tian, L. H,, and Qu, L. Q. (2021). OsFesl1C, a
potential nucleotide exchange factor for OsBiP1, is involved in the ER and salt
stress responses. Plant Physiol. 187, 396-408. doi: 10.1093/plphys/kiab263

Qin, F., Kakimoto, M., Sakuma, Y., Maruyama, K., Osakabe, Y., Tran, L. S. P,,
et al. (2007). Regulation and functional analysis of ZmDREB2A in response to
drought and heat stresses in zea mays 1. Plant J. 50, 54-69. doi: 10.1111/j.1365-
313X.2007.03034.x

Qin, D. D, Wang, F., Geng, X. L., Zhang, L. Y., Yao, Y. Y., Ni, Z. F,, et al. (2015).
Overexpression of heat stress-responsive TaMBF1c, a wheat (Triticum aestivum 1.)
multiprotein bridging factor, confers heat tolerance in both yeast and rice. Plant
Mol. Biol. 87, 31-45. doi: 10.1007/s11103-014-0259-9

Ranjan, A., and Sawant, S. (2015). Genome-wide transcriptomic comparison of
cotton (Gossypium herbaceum) leaf and root under drought stress. 3 Biotech. 5,
585-596. doi: 10.1007/s13205-014-0257-2

Raza, A., Charagh, S., Zahid, Z., Mubarik, M. S., Javed, R., Siddiqui, M. H,, et al.
(2021). Jasmonic acid: a key frontier in conferring abiotic stress tolerance in plants.
Plant Cell Rep. 40, 1513-1541. doi: 10.1007/s00299-020-02614-z

Rizhsky, L., Liang, H. J., Shuman, J., Shulaev, V., Davletova, S., and Mittler, R.
(2004). When defense pathways collide. the response of arabidopsis to a

combination of drought and heat stress. Plant Physiol. 134, 1683-1696. doi:
10.1104/pp.103.033431

frontiersin.org


https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.jplph.2010.08.007
https://doi.org/10.1104/pp.123.3.1121
https://doi.org/10.1104/pp.123.3.1121
https://doi.org/10.2135/cropsci1992.0011183X003200050035x
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1093/bioinformatics/btm563
https://doi.org/10.1105/tpc.6.12.1889
https://doi.org/10.1111/j.1365-313X.2006.02940.x
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1126/science.1146281
https://doi.org/10.1105/tpc.107.057679
https://doi.org/10.3389/fpls.2017.01659
https://doi.org/10.3389/fpls.2017.01659
https://doi.org/10.1104/pp.112.205864
https://doi.org/10.1104/pp.112.205864
https://doi.org/10.3390/ijms20051104
https://doi.org/10.1104/pp.112.208298
https://doi.org/10.1104/pp.112.208298
https://doi.org/10.1016/j.jcs.2017.06.007
https://doi.org/10.1111/ppl.12841
https://doi.org/10.1034/j.1399-3054.2003.00156.x
https://doi.org/10.1002/9781119312994.apr0783
https://doi.org/10.1002/tpg2.20039
https://doi.org/10.1093/mp/ssq058
https://doi.org/10.1007/BF00387625
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1093/plcell/koab077
https://doi.org/10.1073/pnas.1422945112
https://doi.org/10.1016/j.bbagrm.2011.08.004
https://doi.org/10.1186/1471-2164-9-553
https://doi.org/10.1111/j.1467-7652.2010.00547.x
https://doi.org/10.1111/j.1467-7652.2010.00547.x
https://doi.org/10.1007/s004250100646
https://doi.org/10.1104/pp.105.073783
https://doi.org/10.1080/15592324.2021.1877005
https://doi.org/10.1080/15592324.2021.1877005
https://doi.org/10.1104/pp.15.01164
https://doi.org/10.1186/s12864-019-5634-0
https://doi.org/10.1186/s12864-019-5634-0
https://doi.org/10.1007/s00425-020-03553-5
https://doi.org/10.1038/s41598-019-43477-z
https://doi.org/10.1093/plphys/kiab263
https://doi.org/10.1111/j.1365-313X.2007.03034.x
https://doi.org/10.1111/j.1365-313X.2007.03034.x
https://doi.org/10.1007/s11103-014-0259-9
https://doi.org/10.1007/s13205-014-0257-2
https://doi.org/10.1007/s00299-020-02614-z
https://doi.org/10.1104/pp.103.033431
https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Mahalingam et al.

Rodriguez-Serrano, M., Romero-Puertas, M. C., Sanz-Fernandez, M., Hu, J. P.,
and Sandalio, L. M. (2016). Peroxisomes extend peroxules in a fast response to
stress via a reactive oxygen species-mediated induction of the peroxin PEX11la.
Plant Physiol. 171, 1665-1674. doi: 10.1104/pp.16.00648

Rollins, J. A., Habte, E., Templer, S. E., Colby, T., Schmidt, J., and Von Korff, M.
(2013). Leaf proteome alterations in the context of physiological and morphological
responses to drought and heat stress in barley (Hordeum vulgare 1.). J. Exp. Bot. 64,
3201-3212. doi: 10.1093/jxb/ert158

Sahoo, K. K., Tripathy, A. K., Pareek, A., and Singla-Pareek, S. (2013). Taming
drought stress in rice through genetic engineering and transcription factors and
protein kinases. Plant Stress 1, 60-72.

Sallam, A., Alqudah, A. M., Dawood, M. F. A, Baenziger, P. S., and Borner, A.
(2019). Drought stress tolerance in wheat and barley: Advances in physiology,
breeding and genetics research. Int. J. Mol. Sci. 20, 3137. doi: 10.3390/ijms20133137

Sallam, A., Hamed, E.-S., Hashad, M., and Omara, M. (2014). Inheritance of
stem diameter and its relationship to heat and drought inheritance in wheat
(Triticum aestivum 1.). J. Plant Breed. Crop Sci. 6, 11-23. doi: 10.5897/JPBCS11.017

Sanad, M. N. M. E,, Smertenko, A., and Garland-Campbell, K. A. (2019).
Differential dynamic changes of reduced trait model for analyzing the plastic
response to drought phases: A case study in spring wheat. Front. Plant Sci. 10. doi:
10.3389/fpls.2019.00504

Savin, R., and Nicolas, M. E. (1996). Effects of short periods of drought and high
temperature on grain growth and starch accumulation of two malting barley
cultivars. J. Plant Physiol. 23, 201-210. doi: 10.1071/PP9960201

Schilke, B. A., Ciesielski, S. J., Ziegelhoffer, T., Kamiya, E., Tonelli, M., Lee, W.,
et al. (2017). Broadening the functionality of a J-protein/Hsp70 molecular
chaperone system. PLoS Genet. 13, €1007084. doi: 10.1371/journal.pgen.1007084

Schirmer, E. C., Glover, J. R,, Singer, M. A., and Lindquist, S. (1996). HSP100/
Clp proteins: A common mechanism explains diverse functions. Trends Biochem.
Sci. 21, 289-296. doi: 10.1016/50968-0004(96)10038-4

Schonfeld, M. A., Johnson, R. C., Carver, B. F., and Mornhinweg, D. W. (1988).
Water relations in winter wheat as drought resistance indicator. Crop Sci. 28, 526—
531. doi: 10.2135/cropscil988.0011183X002800030021x

Sewelam, N., Oshima, Y., Mitsuda, N., and Ohme-Takagi, M. (2014). A step
towards understanding plant responses to multiple environmental stresses: a
genome-wide study. Plant Cell Environ. 37, 2024-2035. doi: 10.1111/pce.12274

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D, et al.
(2003). Cytoscape: A software environment for integrated models of biomolecular
interaction networks. Genome Res. 13, 2498-2504. doi: 10.1101/gr.1239303

Shen, Q. X,, Uknes, S.J., and Ho, T. H. D. (1993). Hormone response complex in
a novel abscisic-acid and cycloheximide-inducible barley gene. J. Biol. Chem. 268,
23652-23660. doi: 10.1016/S0021-9258(19)49512-4

Shibata, M., Oikawa, K., Yoshimoto, K., Kondo, M., Mano, S., Yamada, K., et al.
(2013). Highly oxidized peroxisomes are selectively degraded via autophagy in
arabidopsis. Plant Cell 25, 4967-4983. doi: 10.1105/tpc.113.116947

Shinozaki, K., and Yamaguchi-Shinozaki, K. (2007). Gene networks involved in
drought stress response and tolerance. J. Exp. Bot. 58, 221-227. doi: 10.1093/jxb/
erl164

Sicher, R. (2011). Carbon partitioning and the impact of starch deficiency on the
initial response of arabidopsis to chilling temperatures. Plant Sci. 181, 167-176. doi:
10.1016/j.plantsci.2011.05.005

Simova-Stoilova, L., Vaseva, I, Grigorova, B., Demirevska, K., and Feller, U.
(2010). Proteolytic activity and cysteine protease expression in wheat leaves under
severe soil drought and recovery. Plant Physiol. Biochem. 48, 200-206. doi: 10.1016/
j.plaphy.2009.11.003

Sinclair, A. M., Trobacher, C. P., Mathur, N., Greenwood, J. S., and Mathur, J.
(2009). Peroxule extension over ER-defined paths constitutes a rapid subcellular
response to hydroxyl stress. Plant J. 59, 231-242. doi: 10.1111/j.1365-
313X.2009.03863.x

Sitnicka, D., and Orzechowski, S. (2014). Cold-induced starch degradation in
potato leaves - intercultivar differences in the gene expression and activity of key
enzymes. Biol. Plantarum 58, 659-666. doi: 10.1007/s10535-014-0453-2

Smertenko, A. (2017). Can peroxisomes inform cellular response to drought?
Trends Plant Sci. 22, 1005-1007. doi: 10.1016/j.tplants.2017.09.021

Suzuki, N., Rizhsky, L., Liang, H. J., Shuman, J., Shulaev, V., and Mittler, R.
(2005). Enhanced tolerance to environmental stress in transgenic plants expressing
the transcriptional coactivator multiprotein bridging factor 1c. Plant Physiol. 139,
1313-1322. doi: 10.1104/pp.105.070110

Svoboda, P., Janska, A., Spiwok, V., Prasil, I. T., Kosova, K., Vitamvas, P., et al.
(2016). Global scale transcriptional profiling of two contrasting barley genotypes
exposed to moderate drought conditions: Contribution of leaves and crowns to
water shortage coping strategies. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01958

Swindell, W. R., Huebner, M., and Weber, A. P. (2007). Transcriptional profiling
of arabidopsis heat shock proteins and transcription factors reveals extensive

Frontiers in Plant Science

24

10.3389/fpls.2022.1066421

overlap between heat and non-heat stress response pathways. BMC Genomics 8,
125. doi: 10.1186/1471-2164-8-125

Talame, V., Ozturk, N. Z., Bohnert, H. J., and Tuberosa, R. (2007). Barley
transcript profiles under dehydration shock and drought stress treatments: a
comparative analysis. /. Exp. Bot. 58, 229-240. doi: 10.1093/jxb/erl163

Thalmann, M., and Santelia, D. (2017). Starch as a determinant of plant fitness
under abiotic stress. New Phytol. 214, 943-951. doi: 10.1111/nph.14491

Valerio, C., Costa, A., Marri, L., Issakidis-Bourguet, E., Pupillo, P., Trost, P., et al.
(2011). Thioredoxin-regulated beta-amylase (BAM1) triggers diurnal starch
degradation in guard cells, and in mesophyll cells under osmotic stress. J. Exp.
Bot. 62, 545-555. doi: 10.1093/jxb/erq288

Wang, H., and Wang, H. Y. (2015). Multifaceted roles of FHY3 and FARI in
light signaling and beyond. Trends Plant Sci. 20, 453-461. doi: 10.1016/
j.tplants.2015.04.003

Wardlaw, 1. F., and Willenbrink, J. (2000). Mobilization of fructan reserves and
changes in enzyme activities in wheat stems correlate with water stress during
kernel filling. New Phytol. 148, 413-422. doi: 10.1046/j.1469-8137.2000.00777.x

Wehner, G., Balko, C., Humbeck, K., Zyprian, E., and Ordon, F. (2016).
Expression profiling of genes involved in drought stress and leaf senescence in
juvenile barley. BMC Plant Biol. 16, 3. doi: 10.1186/s12870-015-0701-4

Wendelboe-Nelson, C., and Morris, P. C. (2012). Proteins linked to drought
tolerance revealed by DIGE analysis of drought resistant and susceptible barley
varieties. Proteomics 12, 3374-3385. doi: 10.1002/pmic.201200154

Wiegmann, M., Thomas, W. T. B., Bull, H. ], Flavell, A. J., Zeyner, A., Peiter, E.,
et al. (2019). "Wild barley serves as a source for biofortification of barley grains".
Plant Sci. 283, 83-94. doi: 10.1016/j.plantsci.2018.12.030

Wimalanathan, K., Friedberg, I, Andorf, C. M., and Lawrence-Dill, C. J. (2018).
Maize GO annotation-methods, evaluation, and review (maize-GAMER). Plant
Direct 2, €00052. doi: 10.1002/pld3.52

W.M.O (2015) Guidelines on the definition and monitoring of extreme weather and
climate events - draft version - first review by TT-DEWCE [Online]. Available at: http://
www.wmo.int/pages/prog/wcp/ccl/opace/opace2/documents/DraftversionoftheGui
delinesontheDefinitionandMonitoringofExtremeWeatheranClimateEvents.pdf.

Wu, C, Tang, S, Li, G, Wang, S., Fahad, S., and Ding, Y. (2019). Roles of
phytohormone changes in the grain yield of rice plants exposed to heat: a review.
Peer] 11, €7792. doi: 10.7717/peerj.7792

Xiao, Y. H., Huang, X,, Shen, Y. Z,, and Huang, Z. J. (2013). A novel wheat
-amylase inhibitor gene, TaHPS, significantly improves the salt and drought
tolerance of transgenic arabidopsis. Physiologia Plantarum 148, 273-283. doi:
10.1111/§.1399-3054.2012.01707.x

Xu, Z. S., Chen, M,, Li, L. C, and Ma, Y. Z. (2008). Functions of the ERF
transcription factor family in plants. Botany 86, 969-977. doi: 10.1139/B08-041

Xue, G. P, and Loveridge, C. W. (2004). HvDRF1 is involved in abscisic acid-
mediated gene regulation in barley and produces two forms of AP2 transcriptional
activators, interacting preferably with a CT-rich element. Plant J. 37, 326-339. doi:
10.1046/j.1365-313X.2003.01963.x

Xue, G. P., Mcintyre, C. L., Jenkins, C. L., Glassop, D., Van Herwaarden, A. F,,
and Shorter, R. (2008). Molecular dissection of variation in carbohydrate
metabolism related to water-soluble carbohydrate accumulation in stems of
wheat. Plant Physiol. 146, 441-454. doi: 10.1104/pp.107.113076

Yan, Q., Hou, H. M,, Singer, S. D., Yan, X. X,, Guo, R. R,, and Wang, X. P. (2014).
The grape VVMBF1 gene improves drought stress tolerance in transgenic
arabidopsis thaliana. Plant Cell Tissue Organ Culture 118, 571-582. doi: 10.1007/
s11240-014-0508-2

Yokotani, N., Ichikawa, T., Kondou, Y., Matsui, M., Hirochika, H., Iwabuchi, M.,
et al. (2008). Expression of rice heat stress transcription factor OsHsfA2e enhances
tolerance to environmental stresses in transgenic arabidopsis. Planta 227, 957-967.
doi: 10.1007/s00425-007-0670-4

Yu, G. C, Wang, L. G, Han, Y. Y., and He, Q. Y. (2012). clusterProfiler: an r
package for comparing biological themes among gene clusters. Omics-a J. Integr.
Biol. 16, 284-287. doi: 10.1089/0mi.2011.0118

Zandalinas, S. I, Mittler, R, Balfagon, D., Arbona, V., and Gomez-Cadenas, A.
(2018). Plant adaptations to the combination of drought and high temperatures.
Physiol. Plant 162, 2-12. doi: 10.1111/ppl.12540

Zeng, X. Q., Bai, L. ., Wei, Z. X, Yuan, H. J., Wang, Y. L., Xu, Q. J., et al. (2016).
Transcriptome analysis revealed the drought-responsive genes in Tibetan hulless
barley. BMC Genomics 17, 386. doi: 10.1186/s12864-016-2685-3

Zhang, G. L., Zhang, S. T, Xiao, L. T., Tang, W. B,, Xiao, Y. H.,, and Chen, L. Y.
(2009). Effects of high temperature stress on microscopic and ultrastructural
characteristics of mesophyll cells in flag leaf of rice. Rice Sci. 16, 65-71. doi:
10.1016/51672-6308(08)60058-X

Zhao, W., Langfelder, P., Fuller, T., Dong, J., Li, A., and Hovarth, S. (2010).
Weighted gene coexpression network analysis: State of the art. J. Biopharmaceutical
Stat 20, 281-300. doi: 10.1080/10543400903572753

frontiersin.org


https://doi.org/10.1104/pp.16.00648
https://doi.org/10.1093/jxb/ert158
https://doi.org/10.3390/ijms20133137
https://doi.org/10.5897/JPBCS11.017
https://doi.org/10.3389/fpls.2019.00504
https://doi.org/10.1071/PP9960201
https://doi.org/10.1371/journal.pgen.1007084
https://doi.org/10.1016/S0968-0004(96)10038-4
https://doi.org/10.2135/cropsci1988.0011183X002800030021x
https://doi.org/10.1111/pce.12274
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/S0021-9258(19)49512-4
https://doi.org/10.1105/tpc.113.116947
https://doi.org/10.1093/jxb/erl164
https://doi.org/10.1093/jxb/erl164
https://doi.org/10.1016/j.plantsci.2011.05.005
https://doi.org/10.1016/j.plaphy.2009.11.003
https://doi.org/10.1016/j.plaphy.2009.11.003
https://doi.org/10.1111/j.1365-313X.2009.03863.x
https://doi.org/10.1111/j.1365-313X.2009.03863.x
https://doi.org/10.1007/s10535-014-0453-2
https://doi.org/10.1016/j.tplants.2017.09.021
https://doi.org/10.1104/pp.105.070110
https://doi.org/10.3389/fpls.2016.01958
https://doi.org/10.1186/1471-2164-8-125
https://doi.org/10.1093/jxb/erl163
https://doi.org/10.1111/nph.14491
https://doi.org/10.1093/jxb/erq288
https://doi.org/10.1016/j.tplants.2015.04.003
https://doi.org/10.1016/j.tplants.2015.04.003
https://doi.org/10.1046/j.1469-8137.2000.00777.x
https://doi.org/10.1186/s12870-015-0701-4
https://doi.org/10.1002/pmic.201200154
https://doi.org/10.1016/j.plantsci.2018.12.030
https://doi.org/10.1002/pld3.52
http://www.wmo.int/pages/prog/wcp/ccl/opace/opace2/documents/DraftversionoftheGuidelinesontheDefinitionandMonitoringofExtremeWeatherandClimateEvents.pdf
http://www.wmo.int/pages/prog/wcp/ccl/opace/opace2/documents/DraftversionoftheGuidelinesontheDefinitionandMonitoringofExtremeWeatherandClimateEvents.pdf
http://www.wmo.int/pages/prog/wcp/ccl/opace/opace2/documents/DraftversionoftheGuidelinesontheDefinitionandMonitoringofExtremeWeatherandClimateEvents.pdf
https://doi.org/10.7717/peerj.7792
https://doi.org/10.1111/j.1399-3054.2012.01707.x
https://doi.org/10.1139/B08-041
https://doi.org/10.1046/j.1365-313X.2003.01963.x
https://doi.org/10.1104/pp.107.113076
https://doi.org/10.1007/s11240-014-0508-2
https://doi.org/10.1007/s11240-014-0508-2
https://doi.org/10.1007/s00425-007-0670-4
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1111/ppl.12540
https://doi.org/10.1186/s12864-016-2685-3
https://doi.org/10.1016/S1672-6308(08)60058-X
https://doi.org/10.1080/10543400903572753
https://doi.org/10.3389/fpls.2022.1066421
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Heat and drought induced transcriptomic changes in barley varieties with contrasting stress response phenotypes
	Introduction
	Materials and methods
	Plant growth conditions
	Stress treatments
	Physiological measurements
	Sample harvesting for RNA analysis
	Agronomic traits
	RNA isolations
	Library construction and sequencing
	Read quality assessment and mapping to barley genome
	Data analysis
	Identification of DEGs
	Gene Ontology (GO) enrichment analysis of DEGs
	KEGG pathway enrichment analysis of DEGs
	Weighted Gene Co-expression Network Analysis (WGCNA)
	Module-traits relationships and functional categorization of modules
	Peroxisome abundance

	Results
	Growth and physiological responses to drought, heat, and combined stress
	Agronomic impact of drought, heat, and combined stress
	Mapping of the RNA-seq reads to the barley genome
	Overview of the relationships among the RNA-seq samples
	Differentially Expressed Genes (DEGs) in response to heat, drought, and combined stress
	Comparing DEGs responsive to drought, heat, and combined stress
	Gene Ontology (GO) enrichment analysis of DEGs
	Weighted gene co-expression network analysis
	Transcription Factors (TFs) responsive to heat, drought, and combined stress
	Innate differences in the transcriptomes of GP and Otis

	Discussion
	Heat Stress associated GOs
	Combined stress
	Transcription factors
	Genes shaping stress tolerance in barley

	Conclusions and future directions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


