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Abstract: Drought severely limits the growth and development of oat (Avena sativa) seedlings. As an
osmotic regulator simulating a drought environment, Polyethylene glycol (PEG) has been widely
linked in response to plant drought tolerance. However, the underlying mechanism of oats’ response
to PEG stress is still largely unknown. Here, we investigated the physiological and transcriptome
variables of the drought-resistant oat variety DA92-2F6, and the drought-susceptible variety Longyan
3 under 15% PEG-6000 drought stress to better understand the underlying drought tolerance molecu-
lar mechanisms. The physiological results showed that except for the cell membrane permeability, the
antioxidant enzyme, osmotic adjustment substance, and photosynthetic efficiency were significantly
higher in the DA92-2F6 after 7 d stress. Further, 12 cDNA libraries and 123,223 unigenes were
obtained by RNA-seq. A total of 33,857 differentially expressed genes (DEGs) were detected, of which
two co-upregulated and three co-downregulated in four comparisons. We highlighted an analysis of
the DEGs in phytohormone signal transduction pathway. The auxin, cytokinin, and brassinosteroid
signaling pathways, were suppressed in Longyan 3, while abscisic acid and jasmonic acid signal-
ing pathways were mainly activated in DA92-2F6 under drought stress. The upregulated of PP2C,
ABF, SNRK2, GID1, JAZ, and MYC2 genes may enhance the drought tolerance of DA92-2F6. Taken
together, these results provided a new transcript resource for the drought tolerance improvement
and a reference for oat drought resistance molecular breeding.

Keywords: oat; osmotic regulator; signal transduction; transcriptome; phytohormone

1. Introduction

In recent years, environmental problems such as high temperature and drought have
become severe with global warming, and have become the principal abiotic stresses limiting
plant growth, development, and nutritional quality. Of these problems, the loss of yield
caused by drought exceeds the sum of other abiotic stresses [1–3]. Drought stress causes
plant stomatal closure and chlorophyll degradation, resulting in decreased transpiration
rate and photosynthetic efficiency [4]. In addition, the imbalance of plant osmoregula-
tion caused by drought stress leads to the production of malondialdehyde (MDA), which
disrupts the structure and function of the membrane, and leads to plant death in severe
cases [5]. Plants have produced a series of strategies to resist or adapt to drought stress in
the long process of evolution and adaptation to the environment. Sugar, amino acids, and
inorganic ions in plants accumulate continuously with the decrease of osmotic potential
under drought stress. Meanwhile, the antioxidant enzyme system was activated under
drought stress to maintain cell function and inhibit reactive oxygen species (ROS) accumu-
lation [6,7]. Besides, phytohormone also plays a vital role in plant abiotic stress resistance.
Under drought stress, the change of abscisic (ABA) concentration significantly affects plant
growth and development, stomatal opening and closing, photosynthetic efficiency, and
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related gene expression [8]. In addition, the impact of drought stress on plants was also
related to cell wall hardening, biomass allocation, water use efficiency, stress time, and
intensity [9–11]. However, the physiological and molecular mechanisms of different plant
species to cope with water deficit were different, and the existing regulatory mechanisms
of most plants were not sufficient to resist severe and long-term drought stress.

Oat (Avena sativa) is an annual high-quality herbaceous crop in the family Poaceae,
widely grown in northwest, southwest, and north China [12,13]. Oat can be used as
both human-edible and high-quality forage due to its advantages in cold resistance, wide
adaptability, and high nutritional quality. The planting area of this species has also been
further expanded in recent years [14]. However, in the current era, the shortage of water
resources has become a critical restricting factor for the sustainable development of the
social economy in north China. Drought has also caused a severe impact on the oat
industry. Understanding oat drought resistance mechanisms is required for cultivation of
drought-resistant varieties and high-quality forage production.

Polyethylene glycol (PEG), as a macromolecular compound, cannot be absorbed by
plants when its molecular weight is greater than 4000. Due to its high solubility in water, it
can decrease water potential in solution, thus simulating a drought stress environment [15].
The physiological changes of oat were studied using PEG to simulate a drought envi-
ronment. Ultra-dried (4% moisture content) oat seeds were treated with −1.2 MPa PEG
solutions for 12 h. The results showed that the seed vigor, mitochondrial antioxidant
enzyme activity, and mitochondrial ultrastructure were significantly improved compared
with the control plant. At the same time, the mitochondria hydrogen peroxide and malon-
dialdehyde contents were significantly decreased (p < 0.05) [16]. Gao et al. [7] found that
exogenously applied 100 µM melatonin could decrease the content of hydrogen peroxide
and superoxide anion, and increase the activities of superoxide dismutase, peroxidase,
catalase, and ascorbate peroxidase in oat seedlings under 20% PEG-6000 stress.

Transcriptome sequencing could comprehensively and rapidly obtain almost all tran-
script information of a species during a specific period, with the advantages of wide
coverage, high resolution, and identification reliability. It has been more and more applied
in the drought resistance research in the family Poaceae in recent years. Lata et al. [17]
performed transcriptome sequencing for the seedlings of drought-tolerant foxtail millet (Se-
taria italica L.) variety under PEG stress for 0.5 h and 6 h, respectively. The results showed
that the transcript function involved in both stress periods was related to metabolism,
stress, signaling, transcription regulation, translation, and proteolysis. Wu et al. [18] con-
ducted transcriptome sequencing for buckwheat (Fagopyrum esculentum) seedlings under
well-watered and PEG-mediated drought stress, respectively. They found that 1329 differen-
tially expressed genes (DEGs) were mainly enriched in plant hormone signal transduction,
phenylpropanoid biosynthesis, photosynthesis, and carbon metabolism pathways. After
PEG-8000 drought stress, the roots of barley (Hordeum vulgare) were subjected to transcrip-
tome sequencing, and the results showed no or only weak effects of osmotic stress on
aquaporin expression. Combined with the results of anatomical and physiological experi-
ments, the sealed apoplast significantly reduces the uncontrolled backflow of water from
the root to the medium while maintaining constant water flow through the highly regulated
cell-to-cell path to keep normal growth and development under drought stress [19].

At present, the research of underlying drought resistance regulation molecular mecha-
nisms of different oat varieties under PEG stress by transcriptome sequencing technology
has not been reported. In this study, we analyzed the physiological and molecular responses
of different drought-resistant oat varieties to PEG stress, and focused on the DEGs related
to the phytohormone signal transduction pathway. The findings provided a reference for
future molecular breeding for oat drought resistance.
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2. Materials and Methods
2.1. Plant Material and Experimental Treatments

The experiment was conducted in the greenhouse of the College of Pratacultural
Science, Gansu Agricultural University (Lanzhou, China) in 2019. Drought-resistant vari-
ety DA92-2F6 and drought-susceptible variety Longyan 3 were selected as experimental
materials provided by the College of Pratacultural, Gansu Agricultural University. After
disinfection and accelerating germination, oat seeds with consistent germination were
sowed in plastic pots (10 cm in diameter and 16 cm in depth) containing fine sand and
15 seeds per pot which were watered and placed in plastic boxes (35× 25× 15 cm3) (six pots
per box), cultured in a greenhouse with a day and night temperature 25 ± 1 ◦C/18 ± 1 ◦C,
relative humidity 65–75%, and light intensity 500–700 µmol m−2 s−1. Seedling thinning
was carried out when the third leaves emerged, and 10 consistent growth plants were kept
per pot. Oat seedlings were irrigated with 1 L Hoagland nutrient solution containing or
without 15% PEG-6000 every two days per box for experiment treatment. The first day
without irrigating was recorded as 0 d. After treatment 7 and 14 d, the photosynthetic
parameters were measured using LI-6800 photosynthesis measurement system (LI-COR,
Lincoln, NE, USA), and the water use efficiency was also calculated [20]. Meanwhile, leaf
samples from each plant were collected for physiological measurements and transcriptome
sequencing. The leaf samples were stored at −80 ◦C, and three biological replicates for
each treatment were performed.

2.2. Physiological Measurements
2.2.1. Antioxidant Characteristics

Catalase (CAT) activity was determined by ultraviolet absorption method [21]; su-
peroxide dismutase (SOD) activity was determined by nitro blue tetrazolium colorime-
try method [21]; peroxidase (POD) activity was determined by guaiacol colorimetry
method [22].

2.2.2. Osmotic Adjustment Substance

Proline (Pro) content was determined by ninhydrin colorimetry method [23]; soluble
sugar content was determined by anthrone colorimetry method [24]; soluble protein content
was determined by Coomassie brilliant blue method [25].

2.2.3. Cell Membrane Permeability

Relative electrical conductivity (REC) was determined by the conductivity method [26];
MDA content was determined by the thiobarbituric acid method [27].

2.2.4. Photosynthetic Characteristics

Chlorophyll content was determined by acetone extraction method [28]; water use
efficiency = photosynthetic rate/transpiration rate.

2.3. Total RNA Extraction, Library Construction and RNA-Seq

Total RNA of the seedling leaves from two varieties after PEG stress 0 d (CKD2:
DA92-2F6, CKL3: Longyan 3) and 7 d (DD2: DA92-2F6, DL3: Longyan 3) were col-
lected using the Tiangen RNA Plant Plus Reagent (Tiangen, Beijing, China) according
to the manufacturer’s guidelines. The RNA purity and integrity were analyzed using a
Nanophotometer spectrophotometer (Implen, Westlake Village, CA, USA) and an Agilent
Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Magnetic beads
enriched the mRNA with poly-A tail with OligodT in 0.5 mg of total RNA, and the obtained
mRNA was then broken into small fragments by interrupt buffer. Random N6 primers
were used for reverse transcription to synthesize the first-strand cDNA. DNA polymerase I
and RNaseH were used to synthesize the second-strand cDNA. The synthesized double-
stranded cDNA ends were trimmed and phosphorylated at the 5′ end, forming a prominent
′A′ sticky end and connecting a sequencing adaptor with a prominent ′T′ at the 3′ end.
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Sequencing adaptors were linked to the purified cDNA, and 12 double-strand libraries
were obtained by PCR amplification. Paired-end PE150 bp sequencing was performed
using the BGISEQ-500 RS sequencing platform at The Beijing Genomics Institute. The raw
sequence data have been deposited in the Genome Sequence Archive (CRA005764) at the
Beijing Institute of Genomics (BIG) Data Center, Chinese Academy of Sciences. Available
online: http://bigd.big.ac.cn/gsa (accessed on 4 January 2022).

2.4. De Novo Transcriptome Assembly

To improve the reliability of the sequencing data, raw data were filtered with SOAP-
nuke software [29] according to the following rules: (1) remove reads containing the
sequencing adapter; (2) remove reads with >5% ambiguous N nucleotides; (3) remove
reads with low quality (Q20 > 20%). Clean reads after filter were saved in FASTQ format
and aligned to the reference gene sequences with Bowtie 2 software [30]. De novo assembly
of the clean reads was performed using Trinity [31] under default parameters, and then
Tgicl [32] was used to cluster transcripts to obtain unigenes.

2.5. Unigene Functional Annotation and Classification

Unigenes were used as query sequences against the KEGG (Kyoto Encyclopedia
of Genes and Genomes); GO (Gene Ontology); NR (Non-Redundant Protein Sequence
Database); NT; Swiss-Prot; Pfam; KOG, and TF databases. Annotations of the best hits
were recorded.

2.6. Differentially Expressed Unigene Identification

The expression level of each unigene was calculated and normalized as Fragments
Per Kilobase Million (FPKM) values using RSEM software [33]. Identification of DEGs was
based on the negative binomial distribution of the DEseq2 package [34,35]. The cut-off for
DEGs was fold change ≥1 and adjusted p value ≤ 0.001. DEGs of four comparisons were
analyzed, including CKD2/DD2, CKL3/DL3, CKD2/CKL3, and DD2/DL3.

2.7. Real-Time Quantitative PCR Analysis

A total of 20 candidate DEGs involved in phytohormone biosynthesis were selected
for qRT-PCR validation. Specific primer pairs for the selected genes were designed and are
listed in Table S1. The cDNA was transcribed from 5 µg total RNA using the SuperScript II
system (Invitrogen, Shanghai, China) according to the manufacturer’s instructions. The
qRT-PCR was carried out with SYBR Premix Ex-Taq (TaKaRa, Dalian, China) on an ABI
QuantStudio 7 Flex RT-PCR instrument (Applied Biosystems, Waltham, MA, USA), with
reaction volumes of 10 µL that contained 1 µL cDNA, 0.5 µL 2 mM gene-specific primers,
0.5 µL ROX Reference Dye (50×), 5 µL 2 × SYBR Premix Ex-Taq, and 2.5 µL ddH2O. The
relative expression level of the selected genes was presented as the fold-change calculated
using the −2∆∆CT method, as previously described [36].

2.8. Statistical Analysis

The data of the physiological parameters were collected by Microsoft Excel. Statistical
analyses were performed using a one-way ANOVA followed by Duncan’s tests in SPSS
version 25.0 (SPSS, Chicago, IL, USA) [37], and were presented as the means ± standard
deviation (SD) from three independent biological experiments (per experiment included
10 plants). Statistical results were shown by Origin software [38].

3. Results
3.1. Physiological Changes under Drought Stress

During the drought stress period, an increase followed by a decline in the CAT, SOD,
and POD contents was measured in the DA92-2F6 leaves. However, three antioxidant
enzymes in the Longyan 3 leaves showed a continuous upward trend (Figure 1a–c). After
being in drought stress for 7 d, the antioxidant enzyme content of DA92-2F6 leaves reached
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a peak. It was significantly higher than that of Longyan 3 (p < 0.01), indicating stronger
stress resistance (Figure 1a–c).
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Figure 1. Physiological changes of Avena sativa seedlings with different drought resistance:
(a) catalase content; (b) superoxide dismutase content; (c) peroxidase content; (d) soluble sugar
content; (e) soluble protein content; (f) proline content; (g) relative electric conductivity; (h) malon-
dialdehyde content; (i) chlorophyll content, and (j) water use efficiency. Values are expressed as
mean ± SD. Differences were assessed by ANOVA and denoted as follows: * p < 0.05; ** p < 0.01 as
compared between two groups.

The soluble sugar content of the two varieties showed the same trend, and peaked at
7 days before slowly decreasing under drought stress (Figure 1d). However, the soluble
sugar content of DA92-2F6 leaves was significantly higher than that of Longyan 3 from 7 to
14 d (p < 0.01) (Figure 1d). Compared to Longyan 3, DA92-2F6 leaves displayed significantly
higher soluble protein content at 7 d (p < 0.01) (Figure 1e). There was no significant
difference in proline content between the two varieties at 7 d after stress (Figure 1f). From
7–14 d, the proline content of Longyan 3 leaves continued to increase, while DA92-2F6
had no significant change, resulting in an extremely significant difference at 14 d (p < 0.01)
(Figure 1f).

MDA content and relative conductivity were both related to cell membrane perme-
ability. Those two indicators showed an increase followed by a decline in Longyan 3 leaves
under drought stress, and were significantly higher than DA92-2F6 leaves at 7 d (p < 0.01)
(Figure 1g,h). The MDA content continued to increase under drought stress from 0–14 d,
while the relative conductivity decreased slowly when it rapidly increased to 7 d in DA92-
2F6 leaves (Figure 1g,h).

Chlorophyll content and WUE showed the same trend under drought stress in two
varieties from 0–14 d (Figure 1i,j). However, extremely significant differences at three
time points between the two varieties were observed, and DA92-2F6 leaves showed better
photosynthetic characteristics, which further proved the difference in drought resistance
between the two varieties (p < 0.01) (Figure 1i,j).

3.2. Assembly of RNA-Seq and De Novo Transcriptomes

Comparative transcriptomic sequencing of the oat leaves was performed to reveal the
molecular mechanism and identification of the key genes of different drought resistance oat
seedlings in response to PEG stress. After being in drought stress for 0 and 7 d, DA92-2F6
and Longyan 3 leaves were sampled, and 12 cDNA libraries were constructed using the
BGISEQ-500 sequencing platform; 548.6 M raw data were generated from all samples
(Table S2). After filtering reads, a total of 510.36 M clean reads and 76.54 Gb clean bases
were obtained (Table S2). After assembling and clustering clean reads, a total number of
123,223 unigenes with a total length of 162,582,089 bp and an average GC content of 48.51%
were generated (Figure S1, Table S3). Principal component analysis was performed on the
three biological replicates of each sample based on gene expression level, and the results
also proved the accuracy of the transcriptome sequencing (Figure S2).
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3.3. Unigene Functional Annotation, Classification, and TF Prediction

All unigenes were BLASTed against the seven public databases to functionally annotate
the oat transcriptome. A total of 85,581 (69.45%) unigenes provided significant blast hits in
the NR database (Table 1), of which the closest species matched to unigene was Aegilops
tauschii subsp. Tauschii, followed by Brachypodium distachyon, Hordeum vulgare subsp.
Vulgare, Triticum aestivum, and Triticum Urartu (Figure S3). In addition, 75,713 (61.44%),
62,215 (50.49%), 66,782 (54.20%), 62,777 (50.95%), 62,825 (50.98%), and 65,800 (53.40%)
unigenes were annotated in the NT, Swiss-Prot, KEGG, KOG, Pfam, and GO databases,
respectively (Table 1). The number of unigenes that provided significant blast hits in at
least one database and either database was 91,457 and 37,353, respectively (Table 1).

Table 1. Summary of annotations for the assembled Avena sativa unigenes in public databases.

Database Number of
Annotated Unigenes

Percentage of
Annotated Unigenes (%)

NR 85,581 69.45
NT 75,713 61.44

Swiss-prot 62,215 50.49
KEGG 66,782 54.20
KOG 62,777 50.95
Pfam 62,825 50.98
GO 65,800 53.40

Intersection 37,353 30.31
Overall 91,457 74.22

Gene ontology is an international standard database to describe the function of genes
at the molecular, cellular, and organizational levels which were also used to classify the
function of the predicted oat unigenes. The most common assignments in the biological
process category were cellular processes (19,297, 15.66%). The most common assignments
in the cellular components were cell (25,172, 20.43%), followed by membrane part (17,939,
14.56%). The most common assignments in the molecular function were binding (34,345,
27.88%), followed by catalytic activity (30,946, 25.11%) (Figure S4). The KEGG database can
analyze the links between the genomes, biological pathways, and chemicals. To identify
the biological pathways activated in oat under drought stress, we mapped the unigenes
to the canonical reference pathway in the KEGG database. The most enriched secondary
biological pathways under the five classification systems were transport and catabolism
(2944, 2.39%), signal transduction (3882, 3.15%), translation (7080, 5.75%), global and
overview maps (14,592, 11.84%), and environmental adaptation (2955, 2.40%), respectively
(Figure S5).

A total of 2436 unigenes belonging to 55 transcription factor families were detected
after predicting the unigenes with the ability to encode transcription factors. The MYB
family contained the most unigenes, 294, followed by the bHLH family (239) and AP2-
EREBP family (194), and the least were ULT family (one) (Figure S6). These results showed
that a large number of biological pathways and transcription factors were activated under
drought stress.

3.4. Analysis of Differentially Expressed Genes

To investigate the difference in gene expression between oat varieties with different
drought resistance, the gene expression of all unigenes was calculated by the RSEM software
package. A total of 33,857 DEGs were detected in four comparisons, of which 15,442 were
upregulated, and 18,415 were downregulated (Figure 2a). In the CKD2/DD2 comparison,
we found 186 upregulated and 205 downregulated DEGs, whereas 365 were upregulated
and 804 were downregulated in the CKL3/DL3 comparison, indicating that drought stress
had a greater effect on Longyan 3 (Figure 2a). In addition, 12,056 and 20,241 DEGs were
detected in CKD2/CKL3 and DD2/DL3 comparison, respectively, which indicated that PEG
stress could induce more genes to cope with drought stress (Figure 2a). The overlapped
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DEGs among the different comparisons were also analyzed. Two co-upregulated and
three co-downregulated genes were detected in the four comparisons, respectively. These
genes may be the key genes that caused the drought resistance difference between the two
varieties (Figure 2b,c). A total of 20 phytohormone synthesis-related DEGs were selected
for qRT-PCR verification, and the results showed the high accuracy and reproducibility of
our RNA-seq data (Figure S7).
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Figure 2. Analysis of differentially expressed genes (DEGs): (a) DEGs in four comparisons;
(b) Overlapping upregulated DEGs in four comparisons; (c) Overlapping downregulated DEGs
in four comparisons.

GO enrichment analyses were performed on the DEGs in different comparisons. The
number of GO terms assigned into the four comparisons were 39 (CKD2/DD2) (Figure 3a),
47 (CKL3/DL3) (Figure 3b), 52 (CKD2/CKL3) (Figure 3c), and 54 (DD2/DL3) (Figure 3d),
respectively. The most enriched GO terms under the three main GO classification systems
were the cellular process, cell, and binding in the CKD2/CKL3, CKD2/DD2, and DD2/DL3
comparisons, while in CKL3/DL3 were cellular process, cell, and catalytic activity. The
enrichment of DEGs in different GO terms clearly indicated the molecular and cellular
events in different oat varieties under drought stress. A KEGG enrichment analysis of
DEGs was performed to reveal further the changes in the biological pathways of different
oat varieties in response to drought stress. The results showed that the main enriched path-
ways in CKD2/DD2 comparison were phenylpropanoid, MAPK signaling pathway-plant,
and plant hormone signal transduction (Figure 4a). CKL3/DL3 comparisons were plant
hormone signal transduction, pyruvate metabolism, and carbon fixation in photosynthetic
organisms (Figure 4b). CKD2/CKL3 comparisons were mRNA monitoring pathway, RNA
transport, and phenylpropanoid biosynthesis (Figure 4c). DD2/DL3 comparisons were
glyoxylate and dicarboxylate metabolism, carbon fixation in photosynthesis organisms,
and RNA transport (Figure 4d). The above-enriched pathways may be essential for oat
survival under drought stress.
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3.5. Genes Involved in Phytohormone Signal Transduction

Phytohormone signal transduction pathway was enriched in both CKL3/DL3 and
CKD2/DD2 comparison, indicating a potentially important role in drought stress response.
Therefore, we dissected the profiles of the genes involved in the phytohormone signal trans-
duction pathway to elucidate the possible key regulators and the molecular mechanisms of
the drought tolerance difference between the two varieties. In the CKL3/DL3 comparison,
65 DEGs were found, with 45 downregulated and 20 upregulated. While 20 DEGs were
identified in the CKD2/DD2 comparison, with 18 upregulated and two downregulated
(Figure 5).
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Four downregulated SAUR (auxin responsive protein) DEGs were identified (three
in the CKL3/DL3 comparison and one in the CKD2/DD2 comparison) in the auxin (IAA)
signal transduction pathway (Figure 5a).

We highlighted the DEGs in the cytokinin (CTK) signal transduction pathway, 17 DEGs
in the A-ARR (A-ARR: Two-component response regulator ARR-A family) pathway and
two DEGs in the B-ARR (B-ARR: Two-component response regulator ARR-B family) path-
way were downregulated in the CKL3/DL3 comparison. At the same time, there was only
one downregulated gene (A-ARR) in the CKD2/DD2 comparison (Figure 5b).

In the gibberellin (GA) signal transduction pathway, one GID1 (gibberellin receptor
GID1) gene was upregulated in the CKD2/DD2 comparison. Two DELLA (DELLA protein)
genes and four TF (two PIF3 and two PIF4: phytochrome-interacting factor 4) genes were
identified with inconsistent expression patterns in the CKL3/DL3 comparison (Figure 5c).

In the CKD2/DD2 comparison, one PP2C (protein phosphatase 2C) gene and one ABF
(ABA-responsive element binding factor) gene were upregulated in the abscisic acid (ABA)
signal transduction pathway. A total of five SnRK2 (serine/threonine-protein kinase SRK2)
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genes were identified in the two comparisons, with one upregulated in the CKD2/DD2
comparison and four downregulated in the CKL3/DL3 comparison (Figure 5d).

Upregulated DEGs were consistently detected in the ethylene (ETH) and the salicylic
acid (SA) signal transduction pathway. One CTR1 (serine/threonine-protein kinase CTR1)
gene, one ERF1/2 (ethylene-responsive transcription factor 1) gene, and one NPR1 (regu-
latory protein NPR1) gene were upregulated in the CKL3/DL3 comparison (Figure 5e,f).
Interestingly, no ETH signal-related DEG was detected in the CKD2/DD2 comparison
(Figure 5e).

No DEG was identified in the CKD2/DD2 comparison, while 15 DEGs identified in the
CKL3/DL3 comparison were downregulated, including the BRI1 (protein brassinosteroid
insensitive 1) gene and TCH4 (xyloglucan: xyloglucosyl transferase TCH4) gene in the
brassinosteroid (BR) signal transduction pathway (Figure 5g).

In the jasmonic acid (JA) signal transduction pathway, eight and seven JAZ- (jasmonate
ZIM domain-containing protein) related DEGs were identified in the CKL3/DL3 compar-
ison and the CKD2/DD2 comparison, respectively. Four same JAZ-related DEGs were
identified in both comparisons, but the CKD2/DD2 comparison expression was higher
than those in the CKL3/DL3 comparison (Figure 5h). Seven MYC2-related DEGs (tran-
scription factor MYC2) were identified in both comparisons and were upregulated except
for CL1282.Contig3. All six same MYC2-related DEGs were identified in both comparisons,
while the CKD2/DD2 comparison expression was also higher than that in the CKL3/DL3
comparison (Figure 5h).

4. Discussion

Oat is an annual herbaceous forage crop mainly cultivated in northwest China.
Drought severely limits its growth, development, and productivity [12]. The differences in
physiological responses of different drought-resistant oat varieties under drought stress
were analyzed in our study. The results showed that the antioxidant enzyme activities
of drought-resistant varieties DA92-2F6 were significantly higher than those in Longyan
3 after 7 d stress, indicating that DA92-2F6 had better stress tolerance under moderate
stress (Figure 1a–c). In addition, some studies have shown that the oat Asmap1 and Aspk11
gene and MYB transcription factors in the MAPK signaling pathway were upregulated
with the increased antioxidant enzyme activity under drought stress. The expression or
activation of these genes or pathways may be the main factor for the difference in antiox-
idant enzyme activity between the two varieties [7]. Soluble sugar and soluble protein
showed a significant difference between the two varieties after 7 d stress (Figure 1d,e),
which was consistent with Du’s results [39], and may be related to the activation of the
carbohydrate metabolism pathway under drought stress. Significant differences were
identified in chlorophyll content and WUE between the two varieties at all time points,
and DA92-2F6 could maintain higher photosynthetic capacity by reducing chlorophyll
degradation after stress (Figure 1i,j). Studies have shown that some genes, including chloro-
phyll enzyme (CHLASE), demagnesium chlorophyll enzyme (PPH), and demagnesium
chlorophyll-a-oxygenase (PAO), were involved in chlorophyll degradation and will be
stimulated expression after drought stress [40]. In this study, the expression of CL11666.
Contig3_All gene, which encodes chlorophyll enzyme in Longyan 3 was significantly
higher than that in DA92-2F6 in CKD2/CKL3 and DD2/DL3 comparisons after drought
stress, and may be the key gene causing the difference of photosynthetic capacity and
drought resistance between the two varieties.

In recent years, de novo assembly supported by RNA-seq has become an effective
tool for functional gene mining, resistance gene identification, and stress mechanism
analysis of plants without high-quality reference genomes [41–43]. Previous studies on
oat drought resistance mainly focused on morphology, physiology, or cell level [44–46].
The molecular level was still relatively rare. The lack of genetic information leads to the
research on abiotic stress tolerance, and breeding of resistant varieties lags far behind
other Gramineae plants. In this study, two oat varieties with different drought resistance
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were identified through physiological indicators. A total of 33,857 DEGs were found
in the four comparisons, and the number of upregulated genes (15,442) was less than
that of downregulated (18,415). The same results were also observed in CKD2/DD2 and
CKL3/DL3 comparisons (Figure 2a), consistent with the research in Aegilops tauschii, Giant
Juncao, and pearl millet [47–49]. Combined with the KEGG enrichment results of DEGs,
we found only the phytohormone signal transduction pathway was significantly enriched
in CKD2/DD2 and CKL3/DL3 comparisons (Figure 4a,b), indicating that the normal life
activities of oat plants may be maintained by downregulating more phytohormone-related
genes under moderate drought stress. In addition, more DEGs were detected in CKL3/DL3
comparison compared with CKD2/DD2, indicating that drought stress had a greater effect
on Longyan 3 (Figure 2a). The four comparisons detected two co-upregulated and three co-
downregulated DEGs (Figure 2b,c). Among the co-upregulated genes, CL1579.Contig5_All
was annotated as transcription factor bHLH35-like protein. Studies have shown that
OsbHLH148 regulates rice drought tolerance by participating in the jasmonic acid signaling
pathway [50]. CL13605.Contig4_All was annotated as the BURP protein family. The family
name was derived from the initials of BNM2, USP, RD22, and PGIβ proteins, which were
representative subfamily members with the same domain. It also plays a key role in
plant growth, development, and stress response [51]. Among the co-downregulated genes,
Unigene17147_All was annotated as auxin responsive protein of SAUR family protein, and
Unigene26661_All was annotated as peroxidase. These co-DEGs may play an important
role in oat response to drought stress.

Phytohormones are simple small molecular compounds, but they can cause complex
and diverse physiological effects, and induce stress response gene expression by triggering a
series of signal events [52]. It is recognized that ABA can improve plants’ drought resistance
and salt tolerance [53]. SnRK2 (sucrose non-fermenting1-related protein kinase) is a kind
of Ser/Thr protein kinase that plays an important role in stress resistance physiology. The
interaction between upstream PYR/PYL (ABA receptor) and PP2C can reduce the inhibitory
effect on SnRK2 [54]. Previous reports showed that overexpression wheat TaSnRK2.4
gene could significantly increase Arabidopsis drought resistance compared with the control
plant [55]. In our study, an upregulated PP2C gene (CL3379. Contig7_All) (Figure 5d) was
detected in the CKD2/DD2 comparison. The upregulated expression of this gene may
promote the SnRK2 gene (CL10999. Contig3_All), thereby enhancing the drought resistance
of DA92-2F6.

IAA was generally considered a negative regulator of plant drought resistance [56].
SAUR is an early auxin response gene family. In rice, overexpression of OsSAUR39 inhibits
the growth of stems and roots. It increases the contents of anthocyanin, abscisic acid, sugar,
and starch, indicating that its stress resistance was improved, and this gene plays a negative
regulatory in auxin synthesis and transport [57]. In our study, three downregulated SAUR
genes (Figure 5a) were found in CKL3/DL3 comparison, indicating that the downregula-
tion of SAUR genes may lead to the decrease of drought resistance of Longyan 3 under
drought stress.

CTK and IAA have a synergistic effect to regulate the growth and development of
plant cells jointly [58]. In the cytokinin signal transduction pathway, A-ARR and B-ARR are
response-regulated proteins in Arabidopsis thaliana, and the latter can induce the former gene
expression. Studies have shown that overexpression of ARR5 can induce ABA sensitivity
and drought resistance [59]. Our study found a large number of downregulated Arabidopsis
response regulator proteins in the CKL3/DL3 comparison, and these genes may lead to the
decrease of drought resistance in Longyan 3 (Figure 5b).

It was generally believed that GA has an antagonistic effect on ABA. Drought stress
leads to the upregulation of the GA nuclear receptor GID1 in the CKD2/DD2 comparison,
which was consistent with the findings of Du et al. [60], and may have a positive regulatory
effect on the drought resistance of DA92-2F6. However, two DELLA proteins and four TF
genes with inconsistent expression patterns were detected in the CKL3/DL3 comparison,
and their specific regulatory mechanisms still need further study (Figure 5c).
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Drought stress can induce the expression of the ERF gene in the ethylene pathway,
resulting in an increase in drought sensitivity [61]. In this study, an upregulated ERF gene
was detected in the CKL3/DL3 comparison, which may lead to the decreased drought
resistance of Longyan 3 (Figure 5e). An upregulated CTR1 gene was also detected in
the CKL3/DL3 comparison. Studies have shown that the CTR1 gene plays a negative
regulatory role in the ethylene signal transduction pathway. The upregulation of this gene
may lead to the reduction of ethylene synthesis and thus affect plant drought resistance [62].

NPRI1 gene is a key regulator of salicylic acid-mediated disease resistance response. It
was also involved in various pathways such as the auxin signaling pathway, jasmonic acid
signaling pathway, ethylene response, and auxin metabolism. Studies have shown that
OsNPR1 functions as a positive regulator of rice cell death, and OsCUL3a’s interaction with
OsNPR1 could promote the degradation of OsNPR1 through the 26S proteasome [63]. In
our study, the upregulation of the NPR1 gene in the CKL3/DL3 comparison may decrease
the drought resistance of Longyan 3 by accelerating the cell death process (Figure 5f).

Studies have shown that both JA- and SA-mediated signaling pathways were closely
related to plant resistance [62]. JAZ and MYC2 were two important gene families in the JA
signal transduction pathway, and studies have shown that they mainly function by inter-
acting with EIN3/EIN1 in the ethylene signaling pathway. Treatment of Arabidopsis thaliana
with JA can induce the expression of JA-responsive genes, promote the development of
root hairs, and inhibit root elongation. However, the above phenomena were inhibited in
EIN3/EIN1 double mutants, indicating that EIN3/EIL1 plays a positive regulatory role
in JA responses [64]. The main transcriptional repressor JAZ in the JA signaling pathway
could interact with EIN3/EIL1 to inhibit its transcriptional activity. In addition, studies
have shown that EIN3 and MYC2 have a mutual inhibitory effect, and upregulation of
MYC2 can enhance JA-mediated plant resistance to herbivores [65,66]. Both JAZ and MYC2
were repressors of EIN3 transcriptional activity. In our study, JAZ and MYC2 genes’ upreg-
ulation was observed in CKL3/DL3 and CKD2/DD2 comparison, but the upregulation
was higher in DA92-2F6 (Figure 5h). It was speculated that DA92-2F6 increased drought
resistance through higher upregulation of JAZ and MYC2 genes under drought stress.

BRI1 is a cell membrane surface receptor kinase and a receptor for BR signaling. It
could bind to the co-receptor BAK1 to form a heterodimer, and activate the BR pathway by
autophosphorylation or mutual phosphorylation [67]. Our study found that a BRI1 gene
was downregulated in the CKL3/DL3 comparison under drought stress, which may lead
to the decreased drought resistance of Longyan 3 (Figure 5g). Studies have shown that
the TCH4 gene family in the BR pathway encodes a xyloglucan endoglycosyltransferase,
which was closely related to the formation and degradation of cell walls and also played an
important role in plant stress resistance, and its expression behavior was different from other
anti-stress genes, as slight stimulation such as leaf touching, shaking, and other behaviors
can lead to dramatic changes of their expression [68]. In this study, 14 downregulated TCH4
genes were found in the CKL3/DL3 comparison, which may also be one of the reasons for
the decreased drought resistance of Longyan 3 (Figure 5g).

5. Conclusions

In our study, DA92-2F6 was demonstrated to be more tolerant in drought stress
compared with Longyan 3. Higher activity of the antioxidase enzyme (SOD, POD, and
CAT), fewer destroyed of cell membrane permeability (REC and MDA), more accumu-
lation of osmotic adjustment substance (soluble sugar and soluble protein), and better
photosynthetic characteristics (chlorophyll content and water use efficiency) were found
in the tolerance variety DA92-2F6 under 7 d drought stress. Further, the first compre-
hensive transcriptome analysis and identification of DEGs in Avena sativa under drought
stress were conducted; 123,223 unigenes and 33,857 differentially expressed genes (DEGs)
were obtained by RNA-seq. These DEGs were mainly involved in plant hormone signal
transduction, pyruvate metabolism and carbon fixation in photosynthetic organisms, and
MAPK signaling pathway-plant. In addition, we identified the expression profile of the
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phytohormone signaling transduction pathways in oat seedlings with different drought
tolerance under drought stress. Notably, several well-characterized phytohormone signal-
ing pathways, for example, the IAA, CTK, and BR signaling pathways, were suppressed
in Longyan 3, while ABA and JA signaling pathways were mainly activated in DA92-2F6
under drought stress. We speculated that DA92-2F6 may enhance drought tolerance under
drought stress through mediating the expression of PP2C, ABF, SNRK2, GID1, JAZ, and
MYC2 genes in the phytohormone signaling pathways. In summary, our findings pro-
vided new insights for drought tolerance molecular mechanisms research, and abundant
transcript information for molecular breeding of oat.
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of Avena sativa to other species, Figure S4: Annotation of the assembled unigenes in Avena sativa
transcriptome in GO database, Figure S5: Annotation of the assembled unigenes in Avena sativa
transcriptome in KEGG database, Figure S6: Annotation of the assembled unigenes in Avena sativa
transcriptome in TF database, Figure S7: The relative expression levels of 20 DEGs identified in the
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