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Abstract: Drought stress is a global problem, and the lack of water is a key factor that leads to
agricultural shortages. MicroRNAs play a crucial role in the plant drought stress response; however,
the microRNAs and their targets involved in drought response have not been well elucidated. In the
present study, we used Illumina platform (https://www.illumina.com/) and combined data from
miRNA, RNA, and degradome sequencing to explore the drought- and organ-specific miRNAs
in orchardgrass (Dactylis glomerata L.) leaf and root. We aimed to find potential miRNA–mRNA
regulation patterns responding to drought conditions. In total, 519 (486 conserved and 33 novel)
miRNAs were identified, of which, 41 miRNAs had significant differential expression among the
comparisons (p < 0.05). We also identified 55,366 unigenes by RNA-Seq, where 12,535 unigenes were
differently expressed. Finally, our degradome analysis revealed that 5950 transcripts were targeted by
487 miRNAs. A correlation analysis identified that miRNA ata-miR164c-3p and its target heat shock
protein family A (HSP70) member 5 gene comp59407_c0 (BIPE3) may be essential in organ-specific
plant drought stress response and/or adaptation in orchardgrass. Additionally, Gene ontology (GO)
and Kyoto encyclopedia of genes and genomes (KEGG) analyses found that “antigen processing and
presentation” was the most enriched downregulated pathway in adaptation to drought conditions.
Taken together, we explored the genes and miRNAs that may be involved in drought adaptation of
orchardgrass and identified how they may be regulated. These results serve as a valuable genetic
resource for future studies focusing on how plants adapted to drought conditions.
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1. Introduction

Drought stress is a recurring phenomenon that negatively impacts human-made and natural
environments [1–3]. Droughts have become more frequent and severe in the twenty-first century,
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making the recovery time for an ecosystem shorter. Long-lasting incomplete recovery states
may become more firmly established, with adverse consequences for the land carbon sink [4,5].
The combination of droughts and global warming is likely to have a greater effect on the environment
and may induce other abiotic stresses [6]. The physiological acclimation of individual plants plays a
role in buffering the impact of drought [4], thus, it is crucial to improve drought resistance of plants for
further adaptation.

Studies have elucidated molecular mechanisms underlying drought resistance in plants.
The expression of genes involved in drought response change to maintain homeostasis of the
cells [7]. For example, osmotic stress, a signal of drought stress, can activate genes in the
mitogen-activated protein kinase (MAPK) and calcium-dependent protein kinase (CDPK) pathways,
and promote or inhibit expression of downstream genes such as WRKY [8] and bHLH [9]
transcription factors. MicroRNA (miRNA), an endogenous noncoding RNA that is about 22 nt [10],
is a crucial post-transcriptional regulator that targets mRNAs to control mRNA degradation
or repress the translation [11]. In plants, miRNAs contribute to abiotic stress tolerance [12],
and the potential regulation patterns of miRNAs for drought stress have been reported in wheat
(Triticum aestivum L.) [13], rice (Oryza sativa) [14], tobacco (Nicotiana tabacum L.) [15], arabidopsis
(Arabidopsis thaliana (L.) Heynh.) [16], tomato (Lycopersicon esculentum Mill.) [17], sugarcane (Saccharum
officinarum) [18], sorghum (Sorghum bicolor (L.) Moench) [19], barley (Hordeum vulgare L.) [20],
and cotton (Gossypium spp.) [21]. The conserved miRNAs miRNA156, miRNA166, miRNA169,
and miRNA396 are expressed in multiple plants responding to drought. Some miRNAs have specific
functions under drought stress. For example, miR156 increases the drought tolerance in alfalfa
(Medicago sativa) by silencing a squamosa promoter binding protein-like (SPL) gene [22], and a rice
miR166 knockdown mutant shows differences in leaf rolling and adjusts stem xylem development,
improving drought tolerance [23]. miR169 functions in reducing stomatal opening, lowering leaf
water loss, and decreasing transpiration rate to enhance drought tolerance in tomato [17]. To better
understand the functions of miRNAs in drought response and/or adaptation, it is essential to identify
the targets of each miRNA and understand the expression patterns of these targets. Traditional
computational target prediction tools generally select evolutionarily conserved miRNA binding
sites. False positives are fairly high when using these tools, making the prediction results usually
biologically irrelevant across different species [24]. Degradome sequencing, or parallel analysis of
RNA ends (PARE), involves high-throughput sequencing with Illumina’s SBS technology to modify
5′-rapid amplification of cDNA ends (RACE) [25,26]. miRNAs cause endonucleolytic cleavage of
mRNAs, making the degrading products complementary to the mRNAs [27], and degradome-seq
allows for the identification of miRNA targets without the use of prediction software. Recently,
degradome sequencing has been used to find precise miRNA-target relationships in various plants
species, including liverwort [28], soybean [29], and tomato [30].

Orchardgrass (Dactylis glomerata L.) belongs to the Poaceae family and is the fourth most crucial
forage grass around the world [31]. It is a perennial cool-season grass that is widely spread in Middle
Eastern regions [31,32]. As an economically important forage, orchardgrass has been widely cultivated
for hay or silage production and grazing, because of its high adaptability, nutrition, shade tolerance,
and biomass production [33,34]. In a previous study, some orchardgrass accessions were able to
tolerate severe drought and still produce high yields [35]; however, the drought resistance mechanism
remains unclear. Here, we use the drought-tolerant genotype of orchardgrass named “Baoxing”,
which originates from Baoxing county in Sichuan [36], and we integrated transcriptome, miRNAome,
and degradome results after water deficit treatment to identify drought-adaptive genes and miRNAs
in leaf and root. In addition, we aimed to find potential regulation patterns of miRNA–target pairs.
This study will help drought resistance breeding of crops, and serves as fundamental gene-level
research that can speed up recovery time of ecosystems between severe and frequent droughts.
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2. Results

2.1. Transcriptome Sequencing of Orchardgrass under Drought Treatment

To understand the gene expression profiles, we performed RNA sequencing on RNA extracted
from leaf and root under control and 18 d drought conditions (CK_L, D18d_L, CK_R, D18d_R) using
Illumina Hiseq2500. Transcriptome sequencing generated 6.5–10.31 Gb sequencing data for the eight
samples, and the total RNA yield for each sample ranged from 36,675 to 42,652 (Table S2). After quality
control, 55,366 unigenes were assembled from the remaining high-quality reads, with an average length
of 610 bp. Of the 55,366 unigenes, 34,077 unigenes (61.55%) were predicted to have coding sequences.

A total of 5272 differentially expressed genes (DEGs) were identified in leaf and/or root treated
with 18-day drought stress (default threshold: |log2foldchange|≥ 1, p < 0.05; Figure 1A). We identified
1872 DEGs in leaves and 3778 DEGs in roots after drought treatment; 378 DEGs were common to
both leaf and root. Among the four comparisons, only the D18d_R vs. CK_R comparison had more
upregulated DEGs (2135) than the downregulated DEGs (1643) (Figure 1B). The gene ontology (GO)
annotation of the 5272 DEGs that adapted to drought stress had biological functions such as binding,
catalytic activity, cell, cell part, cellular process, metabolic process, and response to stimulus (Figure 1C).
The DEGs were also involved in important pathways, including amino acid metabolism, carbohydrate
metabolism, and environmental adaption (Figure 1D). These pathways may be induced by drought
stress. Separate annotations of DEGs in leaf and root did not result in large differences in the proportion
of the different terms (Figure S1).

To validate the RNA-Seq results, six genes were chosen for quantitative real-time polymerase
chain reaction (qRT-PCR) analysis. The six genes were comp52741_c0 (protein argonaute 2 gene: AGO2),
comp52868_c0 (MYB-related protein gene: MYBAS2), comp58741_c0 (NAC domain-containing protein
74 gene: NAC74), comp58560_c1 (protein kinase R (PKR)-like endoplasmic reticulum kinase 2 gene:
PERK2), comp58684_c0 (sugar transport protein 13 gene: STP13), and comp59407_c0 (luminal-binding
protein 3 gene: BIPE3) (Figure 2). AGO2 and BIPE3 were upregulated in both organs after drought
stress, while MYBAS2 was significantly downregulated. NAC74, PERK2, and STP13 showed opposite
expression trends in leaf and root after drought treatment. In leaf, NAC74 showed increased expression
under drought stress, while PERK2 and STP13 showed decreased expression. In root, NAC74
expression decreased, while PERK2 and STP13 expression increased under drought stress. The
qRT-PCR results were in accordance with the RNA-Seq results.
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Figure 1. Differentially expressed genes (DEGs) in orchardgrass treated with drought stress. (A) Venn 
diagram of DEGs from root and leaf after drought treatment; pink color represent to comparison of 
drought treat root to controlled root, light-yellow color represent to comparison of drought treat leaf to 
controlled leaf; (B) column graph of DEGs in different treatment groups showing both upregulated 
and downregulated genes; (C) gene ontology annotation for all 5272 DEGs; (D) Kyoto encyclopedia 
of genes and genomes pathway annotation for all 5272 DEGs. 

Figure 1. Differentially expressed genes (DEGs) in orchardgrass treated with drought stress. (A) Venn
diagram of DEGs from root and leaf after drought treatment; pink color represent to comparison of
drought treat root to controlled root, light-yellow color represent to comparison of drought treat leaf to
controlled leaf; (B) column graph of DEGs in different treatment groups showing both upregulated
and downregulated genes; (C) gene ontology annotation for all 5272 DEGs; (D) Kyoto encyclopedia of
genes and genomes pathway annotation for all 5272 DEGs.
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Figure 2. qRT-PCR verification of RNA-Seq analysis of gene expression. Blue columns stand for 
control treatment, and orange columns stand for drought treatment. qRT-PCR: Quantitative real time 
polymerase chain reaction; CK: controlled samples; Drought: drought treated samples; RPKM: Reads 
Per Kilobase per Million mapped read. * p < 0.05; ** p < 0.01. 

2.2. Construction of Global Small RNAs Library 

To elucidate the abundance of miRNAs after adaptation to drought stress, we sequenced the 
small RNAs from the eight samples used to generate the RNA-seq library. In total, 10,170,218–
18,715,594 raw and 2,710,475–8,805,921 valid reads were obtained (Table S3). The read lengths ranged 
between 20–24 nt, consistent with the cleavage features of Dicer enzymes (Figure S2) [10]. We 
detected 486 conserved miRNAs, including 14 known miRNAs, and 33 miRNAs novel to miRBase 
(Table S4). Following the regular pattern of miRNA lengths in plant, 21 nt sequences comprised the 
largest proportion (35.36%) of unique miRNAs (Table S5). We predicted 487 miRNAs with 5950 
targets, totaling 12,663 miRNA-target pairs (Table S6). 

2.3. Degradome Sequencing Analysis 

To narrow down the prediction range of miRNA-target pairs and to avoid false positives caused 
by the prediction software, we conducted degradome sequencing analysis. A total of 34,924,858 
mappable reads were generated after filtering 35,065,665 degradome raw reads. The eight RNA 
sequence datasets, including 55,366 transcripts, were utilized to detect miRNA cleavage sites of 
orchardgrass. Of the transcripts, 45,765 (82.66% of the input transcripts) mapped to 21,363,848 
degradome reads, resulting in a 60.93% mapping ratio (Table S7). Based on the degradome sequence 
data, 347 miRNAs (including 328 conserved and 19 novel miRNAs) with 799 target transcripts were 
verified to form 1449 miRNA–target pairs. In our result, the numbers of potentially cleaved targets 
in degradome categories 0–4 were 116, 7, 798, 168, and 360, respectively (Table S8). 

In sum, 487 genes that were targeted by the identified miRNAs were annotated through GO 
analysis. The targets were classified into 346 biological process, 285 molecular functions, and 134 

Figure 2. qRT-PCR verification of RNA-Seq analysis of gene expression. Blue columns stand for
control treatment, and orange columns stand for drought treatment. qRT-PCR: Quantitative real time
polymerase chain reaction; CK: controlled samples; Drought: drought treated samples; RPKM: Reads
Per Kilobase per Million mapped read. * p < 0.05; ** p < 0.01.

2.2. Construction of Global Small RNAs Library

To elucidate the abundance of miRNAs after adaptation to drought stress, we sequenced the small
RNAs from the eight samples used to generate the RNA-seq library. In total, 10,170,218–18,715,594
raw and 2,710,475–8,805,921 valid reads were obtained (Table S3). The read lengths ranged between
20–24 nt, consistent with the cleavage features of Dicer enzymes (Figure S2) [10]. We detected 486
conserved miRNAs, including 14 known miRNAs, and 33 miRNAs novel to miRBase (Table S4).
Following the regular pattern of miRNA lengths in plant, 21 nt sequences comprised the largest
proportion (35.36%) of unique miRNAs (Table S5). We predicted 487 miRNAs with 5950 targets,
totaling 12,663 miRNA-target pairs (Table S6).

2.3. Degradome Sequencing Analysis

To narrow down the prediction range of miRNA-target pairs and to avoid false positives caused by
the prediction software, we conducted degradome sequencing analysis. A total of 34,924,858 mappable
reads were generated after filtering 35,065,665 degradome raw reads. The eight RNA sequence datasets,
including 55,366 transcripts, were utilized to detect miRNA cleavage sites of orchardgrass. Of the
transcripts, 45,765 (82.66% of the input transcripts) mapped to 21,363,848 degradome reads, resulting in
a 60.93% mapping ratio (Table S7). Based on the degradome sequence data, 347 miRNAs (including 328
conserved and 19 novel miRNAs) with 799 target transcripts were verified to form 1449 miRNA–target
pairs. In our result, the numbers of potentially cleaved targets in degradome categories 0–4 were 116,
7, 798, 168, and 360, respectively (Table S8).
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In sum, 487 genes that were targeted by the identified miRNAs were annotated through
GO analysis. The targets were classified into 346 biological process, 285 molecular functions,
and 134 cellular components. Of the 25 categories of biological processes, “regulation of transcription
and DNA-dependent”, and “transcription, DNA-dependent” were the most abundant. “Regulation of
transcription and DNA-dependent” was also the most enriched group among all GO categories.
For cellular component, the most frequent categories were “nucleus”, “integral to membrane”,
and “plasma membrane”. Among the molecular function categories, “ATP binding”, which was
assigned to 129 unigenes, constituted the most abundant molecular function category (Table S9),
followed by “protein serine/threonine kinase activity” (Figure 3).
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Figure 3. GO annotation of the genes targeted by miRNAs.

We next conducted the KEGG analysis, and annotated 175 predicted targets to 223 different
pathways. The target genes mostly fell under the KEGG class metabolism. “Amino acid metabolism”,
within the metabolism class, was associated with 162 unigenes, making it the most abundant group,
indicating the crucial role of amino acids under drought stress. The pathways “immune system”
in Organismal Systems, “translation” in Genetic Information Processing, “signal transduction” in
Environmental Information Processing, and “transport and catabolism” in Cellular Processes, were the
most represented groups among the different classes (Figure 4).
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2.4. Correlation Analysis of miRNA–Target Pairs

Differentially expressed miRNAs (DEmiRs) were analyzed to identify key DEmiRs that may be
involved in drought resistance. In total, 41 miRNAs (p-value < 0.05) showed the following differential
expression patterns (Table S10; Figure 5A): between CK_L and CK_R, there were four upregulated
and eight downregulated miRNAs; between D18d_L and D18d_R, there were 15 upregulated and
11 downregulated miRNAs; between D18d_L and CK_L, there were six upregulated and three
downregulated miRNAs; and between D18d_R and CK_R, there were two upregulated and five
downregulated miRNAs. There were nine and seven DEmiRs when comparing D18d_L vs. CK_L and
D18d_R vs. CK_R, respectively, though no intersection was found between these two comparisons.
However, three miRNAs (ata-miR393-3p_L+1R-3; ata-miR164c-3p; PC-3p-68901_67) were significantly
differently expressed in both D18d_L vs. D18d_R and CK_L vs. CK_R comparisons (Figure 5B,C).
ata-miR393-3p_L+1R-3 was upregulated among the two comparisons, whereas ata-miR164c-3p and
PC-3p-68901_67 (a novel miRNA) were downregulated. In addition, ata-miR164c-3p was found to be
involved in the comparison D18d_R vs. CK_R. Drought stress causes significantly more damage to
the leaves than roots of plants, partly due to the accumulation of panniculus peroxidation product
malonic dialdehyde (MDA) in leaves and the fast-growing membrane permeability of leaves [37].
Thus, we inferred that ata-miR164c-3p may play a key role in drought tolerance of root or may be
involved in adaptation to drought tolerance.

To identify the expression profile at the transcriptional level, we conducted a combination analysis
of degradome data and data of both mRNA and miRNA. Of the 41 DEmiRs, 25 miRNAs were predicted
to target 74 different mRNAs forming 107 miRNA–target pairs, and those targets were annotated to 34
different GO terms (Figure 6).
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Figure 5. Analysis of differentially expressed miRNAs (DEmiRs) in orchardgrass exposed to drought.
(A) Barplot of DEmiRs from different groups with significance threshold of 0.05; (B) Venn diagram of
different comparison groups (p-value < 0.05); green color represent to comparison of drought treated
leaf to root; purple color represent to comparison of drought treat leaf to controlled leaf; yellow color
represent to comparison of drought treat root to controlled root; pink color represent to comparison
of controlled leaf to root; (C) expression heatmap of the 41 DEmiRs (the samples names are shown at
the bottom). The original expression values were normalized by Z-score normalization. With color
changes from green to red, the absolute signal intensity ranges from −2.0 to +2.0.
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Of the 107 pairs, nine pairs (seven DEmiRs with nine targeted DEGs) were found when
comparing CK_L vs. CK_R, among them, only three pairs showed reversed regulation patterns
(Table 1). When focusing on the regulation pattern adapting to drought stress, we did not identify
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any DEmiR-DEG pairs with significant differential expression in leaves, while we identified seven
pairs (five DEmiRs with five targeted DEGs) that were significantly differentially expressed in
roots. Six of these pairs displayed reversed expression pattern under drought condition (Figure 7).
For example, ata-miR164c-3p was significantly downregulated under 18-day drought stress, while its
target, comp59407_c0 (BIPE3), was significantly upregulated.

Table 1. Significantly differentially expressed miRNA–target pairs detected in the degradome.

Comparison miR_Name Regulation Gene_ID Gene Annotation Regulation

CKL vs. CKR

ata-miR164c-3p down comp50213_c0 - down

ata-miR164c-3p down comp59407_c0 Heat shock 70kda
protein 5 down

PC-3p-68901_67 down comp50628_c0 11beta-hydroxysteroid
dehydrogenase down

sbi-MIR396d-p3_2ss2CA18TC down comp57297_c0
Proton-dependent

oligopeptide
transporter

down

tae-miR319_L-1R+1 down comp59014_c0 - down

ata-miR164c-3p down comp59034_c0 - down

bdi-miR160e-5p_L+1R-1 up comp42625_c0 Peroxidase down

far-MIR1122-p5_1ss9AG down comp58564_c0
ATP-dependent Clp

protease ATP-binding
subunit clpc

Up

tae-miR1130b-3p_L+4R-6_1ss6CT up comp59143_c0 - down

D18dR vs. CKR

ata-miR164c-3p down comp59407_c0 Heat shock 70kda
protein 5 up

bdi-miR5049-5p_R-2_2ss4TC20TC down comp44426_c0 Naringenin
3-dioxygenase up

bdi-miR5049-5p_R-2_2ss4TC20TC down comp55619_c0 Naringenin
3-dioxygenase up

far-MIR1122-p5_1ss9AG down comp55619_c0
Proton-dependent

oligopeptide
transporter

up

far-MIR1122-p5_1ss9AG down comp58684_c0 - up

bdi-MIR1135-p3_2ss17CT20GT up comp58684_c0 - up

sbi-MIR396d-p3_2ss2CA18TC down comp57297_c0 - up
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Figure 7. Expression of significantly expressed DEmiRs and their target DEG in the roots. The original
expression values were normalized by Z-score normalization. Changes in color from blue to red denote
changes in absolute signal intensity from −2.0 to +2.0.
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The target gene comp42625_c0 that was detected in the comparison CK_L vs. CK_R was involved
in three KEGG pathways: “phenylpropanoid biosynthesis” (ko00940), “phenylalanine metabolism”
(ko00360), and “methane metabolism” (ko00680). Focusing on drought effects in the root, there were
two targets annotated to different pathways: comp59407_c0 (BIPE3) was involved in “protein export”
(ko03060) and comp55619_c0 was involved in “flavonoid biosynthesis” (ko00941) (Table 2).

Table 2. KEGG annotation of correlation analysis.

Comparison KEGG ID Gene_ID Regulation KEGG_Name

CK_L vs. CK_R
ko00360 comp42625_c0 down Phenylalanine metabolism
ko00680 comp42625_c0 down Methane metabolism
ko00940 comp42625_c0 down Phenylpropanoid biosynthesis

D18d_R vs. CK_R
ko03060 comp59407_c0 up Protein export
ko00941 comp55619_c0 up Flavonoid biosynthesis

3. Discussion

3.1. Small RNAs and Their Expression Pattern in Plants under Drought Stress

As crucial post-transcriptional gene regulators, miRNAs play important roles in plants responding
to drought stress, as evidenced by the wide range of drought-related genes they targeted by miRNAs,
such as ARF, DREB, WRKY, NAC, TCP, MYB, and GRAS family transcription factors, as well as abscisic
acid and dehydrin-related genes [38–44]. Drought-related miRNAs have been identified in wheat [45],
tobacco [15], sorghum [46], sugarcane [18], potato [47], barley [20], tomato [30], and cotton [21].
However, the function of miRNAs remained unclear in Dactylis glomerata L. (orchardgrass), the fourth
most important forage grass in the world [48]. Using high throughput sequencing, we identified the
role of miRNAs during adaptation to drought in both aboveground (leaf) and belowground (root)
organs of orchardgrass.

We identified 486 conserved and 33 novel miRNAs, 41 of which showed differential expression
patterns among comparisons. This differed from a study in tomato, where authors found that drought
stress significantly changed the expression patterns of 11 miRNAs in all organs of both sensitive
and tolerant genotypes [30]. In our study, there were no common differentially expressed miRNAs
between control and treatment groups of either leaf or root. However, we found three miRNAs
(ata-miR393-3p_L+1R-3; ata-miR164c-3p; PC-3p-68901_67) with different expression patterns between
leaf and root, regardless of drought stress.

Among the three miRNAs, ata-miR393-3p_L+1R-3 was upregulated in leaves compared roots.
The MIR393 family has been widely studied in model plants and is involved in auxin response [49,50].
Gao and colleagues generated overexpressed osa-miR393 transgenic rice and Arabidopsis thaliana,
which are more sensitive to salt and alkali stresses compared to wild plant [51]. Overexpression of
miR393 resistance genes enhances salt tolerance in Arabidopsis [52]. These studies illustrate that miR393
has negative impacts on plant salt-alkali stress tolerance. Some studies report that miR393 influences
root growth and adventitious root numbers by altering auxin sensitivity [53]. It remains unclear
whether miR393 is involved in drought response; however, miR393 plays a role in organ-specific
regulation and abiotic stress tolerance.

MicroRNAs ata-miR164c-3p and PC-3p-68901_67 were downregulated in two comparisons;
ata-miR164c-3p was also significantly downregulated in drought-stressed roots compared to the control.
miR164 is a plant specific miRNA family that was discovered in arabidopsis and has two forms
(ath-miR164a and ath-miR164b). Two homologous sequences are found in the rice genome database
(osa-miR164a and osa-miR164b) [54]. The NAC transcription factor family is the main target of miR164.
In rice, NAC is a negative regulator for drought response and miRNA164 improves drought tolerance
by targeting NAC genes [55]. In previous studies, miR164 associates with drought response in foxtail
millet [56], indica rice [57], and cassava [58]. Therefore, we inferred that miR164 may play a crucial
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role in responding to drought stress or is involved in adaptation to water deficiency in orchardgrass.
We found that ata-miR164c-3p expression was significantly lower in leaves compared to roots. In a
previous study [37], the damage on orchardgrass leaf blades was far more serious than roots under
constant drought stress, and ata-miR164c-3p may regulate the different tolerance of these two organs.
In the comparison between D18d_R and CK_R, ata-miR164c-3p was also downregulated. This may
have resulted from constant drought stress inhibiting its expression.

3.2. Target Parsing of Small RNAs in Orchardgrass

Degradome analysis was performed to further explore the involvement of miRNAs in drought
adaptation. Numerous target genes were determined for the known and novel miRNAs. We found
347 miRNAs (including 328 conserved 19 novel miRNAs) with 799 target transcripts. Most targets
for differentially expressed miRNAs were detected, and many of the targets were known regulators
of drought adaptation, such as AP2/ERF [59], HD-Zip/bZIP [60], NAC [61], MYB [62], WRKY [40],
HSP [63], and DREB [64] transcription factors. We further verified the expression of some drought
stress-related genes and transcription factors (Figure 2). Consistent with the transcriptome results,
AGO2 (comp52741_c0) showed increased expression under drought conditions in both organs,
which associates with the miRNA assembling processes under abiotic stress, in order to induce
mRNA degradation [65]. Similarly, the HSP protein BIPE3 was also significantly upregulated in both
organs under drought treatment, consistent with previous studies that showed the involvement of
HSPs in drought stress adaptation [66]. Conversely, NAC74 and MYBAS2 genes were downregulated
in root, but did not show significant changes in leaf under drought stress. This differed from a
previous study that showed increased expression of NAC genes in soybeans under drought stress [61].
These results suggest that the expression pattern of NAC and MYBAS2 genes may vary among species
or specific homologs.

The common annotations of the 487 targets identified from the degradome were “regulation
of transcription, DNA-dependent”, “DNA binding”, and “nucleus”. Among the 129 unigenes,
“ATP binding” was the most abundant annotation, although it was not significantly differentially
expressed. ATP binding protein genes might be induced by drought stress, as previously identified in
sugarcane [67].

“Antigen processing and presentation” was the most enriched pathway in the degradome
annotation (Figure S3), and it was downregulated under drought stress. In this study, we found
increased expression of heat shock protein 70 (HSP70) family genes which can associate with peptides
and interact with antigen presenting cells, suggesting that the pathway “antigen processing and
presentation” was downregulated after HSP70s interacted with the relevant antigens [68]. There were
three genes (comp51164_c1, comp57333_c0 and comp49277_c0) involved in this pathway, and two of
them (comp51164_c1, comp57333_c0) were reversely regulated by miR169. Gene comp51164_c1 was
a NFYA5 gene which was annotated to be involved in response to water deprivation and other
resistance-related functions, such as the abscisic acid-mediated signaling and blue light signaling
pathways. Gene comp57333_c0, a NFYA1 gene, was annotated to be involved in regulation of timing
of transition from vegetative to reproductive phase. These two genes were down regulated after 18
days continuous drought treatment, but the members of regulator miRNA169s were both up- and
downregulated. This was similar to the results of a previous study in Arabidopsis [69], indicating
that different miRNA169 members have complicated interactions in order to accurately regulate gene
expression. The interactions within the MIR169 family required further study.



Int. J. Mol. Sci. 2018, 19, 3114 12 of 20

3.3. Insights to the Correlation of miRNAs and their Targets

When miRNAs are expressed, they pair to sites within the 3′ untranslated region (UTR) of
target mRNAs, and then trigger the translational repression of the mRNA targets [54]. Therefore,
we focused on the significant miRNA-target pairs sharing reverse expression patterns, and identified
25 DEmiRs targeting 74 DEGs in 107 miRNA-target pairs. These pairs mainly annotated to “binding”,
which is an enriched annotation of drought-responsive genes in senna (Cassia angustifolia Vahl) [70].
The comparison of drought-treated roots to control roots yielded six significantly differentially
expressed pairs, and we did not identify any pairs with differential expression in leaves. Among these
miRNA-target pairs, ata-miR164c-3p (downregulated) and its target comp59407_c0 (BIPE3) (upregulated)
were notable.

The target comp59407_c0 (BIPE3) was annotated to “ATP binding” in molecular function GO
category and “endoplasmic reticulum lumen” in cellular component GO category. It was involved
in KEGG pathways “protein export” and “prion diseases” pathways. We found that ata-miR164c-3p
was downregulated, while its target BIPE3 was upregulated. ata-miR164c-3p was annotated with
the following terms: antioxidant activity, cell redox homeostasis, protein-disulfide reductase activity,
ATP binding, and endoplasmic reticulum lumen (Table S9). BIPE3 belongs to the HSP protein family
which adapts to drought stress [66]. Hence, we inferred that after exposure to drought stress for
18 days ata-miR164c-3p expression decreased, causing the accumulation of BIPE3 protein in roots.
However, this specific pathway requires further verification through transgenic experiments.

The ata-miR164c-3p and comp59407_c0 (BIPE3) pair was also found differentially expressed when
comparing expression in leaf and root, regardless of drought treatment. This miRNA–target pair
may be regulated differently in root and leaf, or the target may have other epigenetic modifications.
Additionally, miRNA PC-3p-68901_67 and its target comp50628_c0 (MNR1) (a beta-hydroxysteroid
dehydrogenase) were both significantly downregulated, indicating that this pair may be involved
organ-specific drought adaptation.

Through degradome sequencing, comp58564_c0 (CLPC2), comp55619_c0 (At1g06650),
and comp58684_c0 (STP13) were identified as genes targeted by a relatively high number of
miRNAs. Expression of comp58564_c0 (CLPC2) was higher in leaves than in roots, and drought stress
led to its downregulation in both organs. On the contrary, comp55619_c0 (At1g06650) had higher
expression in roots, and was upregulated under dehydration. As for comp58684_c0 (STP13), it had a
different expression pattern in the two organs when faced with drought stress.

ClpC (a heat-inducible protein) appears to be responsible for maintaining homeostasis, and works
on plasma membranes where it may control chloroplast preprotein import [71]. Its higher expression in
leaves than roots supports this possible function. In addition, the reduced expression of ClpC2 may be
due to the disorder of homeostasis caused by drought stress. Comp55619_c0 (At1g06650) was annotated
to “metal ion binding” and “oxidoreductase activity, acting on paired donors, with incorporation or
reduction of molecular oxygen and 2-oxoglutarate as one donor, and incorporation of one atom each of
oxygen into both donors”, and was associated with the “flavonoid biosynthesis” pathway. A previous
study shows a rapid increase in expression level of flavonoid biosynthesis genes under drought
stress [72], which is consistent with the expression patterns of comp55619_c0 (At1g06650) in our study.
Furthermore, this gene was expressed largely in roots, thus, it might be responsible for the stronger
damage tolerance of the roots. Lastly, comp58684_c0 (STP13) showed opposing expression pattern
in roots and leaves under dehydration, which was confirmed with both transcriptome sequencing
and RT-PCR. STP13, a hexose transporter, functions in improving plant growth and nitrogen use
in arabidopsis seedlings and regulates programmed cell death [73,74]. Studies suggest that STP13
is negatively regulated by phosphorylation, and it takes part in the active resorption of hexoses to
trigger plant defense reactions with increased energy [75]. Hence, STP13 may play a role in adapting
to drought stress in the root through increasing hexose content or other pathways. However, STP13
had decreased expression in leaves, suggesting that accumulation of soluble sugar in leaves after
continuous exposure to drought might inhibit the expression of STP13 [76].
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4. Materials and Methods

4.1. Plant Material and Water Deficit Treatment

Seedlings from one tiller of Dactylis glomerata L. cultivar “Baoxing” (a highly drought-resistant line)
were grown in six plastic pots (three seedlings of each pot) in a growth chamber and watered to keep
the relative water content (RWC) at 50%. The pots were 16 cm in diameter, 12 cm in ground diameter,
and 13 cm in height. The temperature of the growth chamber was set at 22 ◦C/15 ◦C (day/night)
with humidity at 70%. The photoperiod was set to 14 h/10 h (day/night) under 300 µmol/(m2s)
light. After two weeks of acclimation, three pots were not irrigated as the drought treatment group,
and the other three pots were watered every three days, maintaining soil water content (SWC) at
35%, as the control group. Following previous studies that found that Baoxing orchardgrass shows
significant morphological changes after 18 days of drought stress [37,77], we treated samples with an
18-day water-deficit treatment. Under drought conditions, root-sourced signals are transported via
the xylem to leaves, and result in reduced water loss and decreased leaf growth [78]. Thus, we chose
to focus on both root and leaf to determine drought adaptation patterns after 18 days. Roots and
leaves of the control and treatment groups were separately sampled and combined from the three pots.
The experiment was conducted in duplicates. We obtained four different kinds of samples: root under
control conditions (CK_R), leaf under control conditions (CK_L), root under 18-day drought stress
(D18d_R), and leaf under 18-day drought stress (D18d_L). Eight samples (two duplicates for each kind
of sample) were frozen in liquid nitrogen once collected, and stored at −80 ◦C until RNA extraction.

4.2. Transcriptome Sequencing and De Novo Assembly Analysis

Total RNA was extracted from root and leaf of control and drought treated orchardgrass using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s procedure. Total RNA
quantity and purity were analyzed using the Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit
(Agilent, CA, USA) to ensure that all RNA samples used had a RIN (RNA integrity number) number
>7.0 in this study. For each sample, approximately 10 µg of total RNA was subjected to poly(A)
mRNA enrichment. Following purification, divalent cations under an elevated temperature were
used to fragment the mRNAs. The RNA fragments were reverse-transcribed to construct the cDNA
library using the protocol for the mRNA-Seq sample preparation kit (Illumina, San Diego, CA,
USA). The average insert size for the paired-end libraries was 300 bp (± 50 bp). Using the vendor’s
recommended protocol, paired-end sequencing was run on an Illumina Hiseq2500 System (LC Sciences,
San Diego, CA, USA). Low-quality and adapter sequences were trimmed from the total raw reads
using the Cutadapt Pipeline [79]. The remaining valid sequencing reads were assembled de novo
using Trinity (25 February 2013) under default parameter choices. Expression level of mRNAs were
normalized to RPKMs.

The unigenes generated by Trinity were set to sequence alignments to five public protein databases
(Swiss-Prot: https://www.uniprot.org/uniprot/?query=*&fil=reviewed%3Ayes, NR: https://ftp.ncbi.
nlm.nih.gov/blast/db/FASTA/, KEGG: https://www.kegg.jp/, KOG: ftp://ftp.ncbi.nih.gov/pub/
COG/KOG/kyva and Pfam: http://pfam.xfam.org/) and BLASTx (2.2.22) (http://hpc.loni.org/docs/
guides/software.php?software=blast). All of the unigenes had homologs in the databases. GENScan1.0
was used for coding sequence prediction.

4.3. Small RNA Sequencing and miRNAs Identification

Approximately 1 µg of total RNA was used to generate small RNA libraries in accordance with
the TruSeq Small RNA Sample Prep Kit protocol (Illumina, San Diego, CA, USA). We then processed
single-end sequencing (36 bp and 50 bp) on an Illumina Hiseq2500 platform at LC-BIO (Hangzhou,
China). Data was analyzed following the recommended procedures provided by LC Sciences Service,
with modification to predict plant hairpin structures. To remove adapter dimers, junk, low complexity,
common RNA families (rRNA, tRNA, snRNA, snoRNA), and repeats, the raw reads were subjected

https://www.uniprot.org/uniprot/?query=*&fil=reviewed%3Ayes
https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/
https://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/
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ftp://ftp.ncbi.nih.gov/pub/COG/KOG/kyva
ftp://ftp.ncbi.nih.gov/pub/COG/KOG/kyva
http://pfam.xfam.org/
http://hpc.loni.org/docs/guides/software.php?software=blast
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to ACGT101-miR (LC Science, Houston, TX, USA). To identify known miRNAs and novel 3p- and
5p-derived miRNAs, remaining clean reads with lengths 18–25 nucleotides were mapped to specific
species precursors in miRBase 21.0 by BLAST. Novel miRNA candidates were defined as unique
sequences that mapped to the other arm of known specific species precursor hairpins but opposite to
the annotated mature miRNA-containing arm. Subsequently, the remaining sequences were mapped
to the other selected species precursors in miRBase 21.0 by BLAST. The mapped pre-miRNAs were
analyzed by BLAST against the specific species genomes to determine their genomic locations. Length
variation at both 3′ and 5′ ends and one internal mismatch were allowed in the alignment. We defined
the above two as known miRNAs. The unmapped sequences were analyzed by BLAST against
the specific genomes. Using RNAfold (http://rna.tbi.univie.ac.at/), hairpin RNA structures were
predicated from the flank 120 nt sequences. We normalized the expression of miRNAs using a common
set of sequences among all samples [80]. Based on normalized deep-sequencing counts, miRNA
differential expression was analyzed by selective use of Fisher’s exact test, Chi-squared tests with
2 × 2 or n × n contingency tables, Student’s t-test, or ANOVA, according to the experimental design.
The significance threshold was set at 0.05.

4.4. Degradome Sequencing and Target Identification

Equal amounts of the eight frozen samples were pooled together for RNA extraction.
A degradome library was prepared with approximately 20 µg of the pooled total RNA sample.
The experimental steps varied considerably from past efforts [26,81,82]. Around 150 ng of
poly(A)+ RNA was extracted as input RNA, and was annealed with biotinylated random primers
before streptavidin capture of RNA fragments. RNAs containing 5′-monophosphates were subjected
to 5′ adaptor ligation, reverse transcription, and PCR. To generate clusters, the purified cDNA library
was used on Illumina’s Cluster Station. Libraries were sequenced using the 5′ adapter only, leading to
the sequencing of the first 36 nucleotides on an Illumina Hiseq2500 at the LC-BIO (Hangzhou, China).

Raw sequencing reads were analyzed using Illumina’s Pipeline v1.5. The extracted sequencing
reads were used to identify potentially cleaved targets using the CleaveLand 3.0 pipeline
(http://sites.psu.edu/axtell) [27]. Only perfectly matching alignments for a given read were kept for
degradation analysis.

Based on the signature abundance at each occupied transcript position, all of the potentially
cleaved transcripts were selected and grouped into the following five categories (0, 1, 2, 3, or 4), using a
key previously employed [83,84]:

At the specific position:
Category 0—more than one raw read here, abundance is equal to the maximum on the transcript

which only has one maximum;
Category 1—more than one raw read here, abundance is equal to the maximum on the transcript

which has over one maximum;
Category 2—more than one raw read here, abundance is more than the median but less than the

maximum for the transcript;
Category 3—more than one raw read here, abundance at the position is no more than the median

for the transcript;
Category 4—only one raw read here.
Both Target Finder [85] and the degradome density file were used to predict targets of miRNAs.

4.5. Verification by qRT-PCR

To validate the mRNA high-throughput sequencing results, RT-qPCR was conducted on a 7300
Real-Time PCR System (Bio-Rad, Hercules, CA, USA) using the same RNA samples described above.
Six target genes were chosen for the qRT-PCR analysis. Primers for the target genes were designed
using Primer3 (http://frodo.wi.mit.edu/primer3/) and Primer Premier 5.0 software, and primers
are listed in Table S1. First-strand cDNAs were synthesized using Prime ScriptRT Master Mix Kit

http://rna.tbi.univie.ac.at/
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(Takara, Kusatsu, Japan). The qRT-PCR reaction was processed using Bio-Rad CFX96 following
the instructions for the SsoFast EvaGreen Supermix Kit (SYBR Green) (Bio-Rad, Hercules, CA,
USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was chosen as the reference gene [86].
The verification procedure and following data analyses was performed following the methods
published in a previous study [33]. Three independent replicates were conducted for each PCR
reaction. All sequencing results are on the NCBI SRA database under accession number SRP158919
(https://www.ncbi.nlm.nih.gov/sra/SRP158919).

5. Conclusions

In summary, we conducted RNA and degradome sequencing analyses of Dactylis glomerata L.
leaf and root under control and dehydration conditions. We identified 107 candidate miRNA–mRNA
regulating pairs (25 DEmiRs with 74 DEGs) involved in drought stress and/or adaptation in leaf
and root. Most of the pairs were predicted to be involved in phenylalanine metabolism and
biosynthesis, methane metabolism, protein export, and flavonoid biosynthesis. Targets of the
miRNAs that were differentially regulated under drought stress were mainly development and
stress-associated genes, such as HSP, POT, and naringenin 3-dioxygenase. One pair, ata-miR164c-3p,
and its target comp59407_c0 (BIPE3), appeared to be organ-specific. Our findings provide an
experimental foundation for exploring the regulatory mechanisms of miRNAs in the plant in adaptation
to drought stress.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/10/
3114/s1.
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