'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 01 October 2021
doi: 10.3389/fpls.2021.742347

OPEN ACCESS

Edited by:
Xiaodong Wang,
Agricultural University of Hebei, China

Reviewed by:

Chongjing Xia,

Southwest University of Science
and Technology, China

Xiaoguo Zhu,

Shanghai Normal University, China

*Correspondence:
Bing Wang
zhufu@hunau.edu.cn
Liangying Dai
daily@hunau.net

T These authors have contributed
equally to the work

Specialty section:

This article was submitted to
Plant Pathogen Interactions,
a section of the journal
Frontiers in Plant Science

Received: 16 July 2021
Accepted: 09 September 2021
Published: 07 October 2021

Citation:

Peng W, Song N, Li W, Yan M,

Huang C, Yang Y, Duan K, Dai L and
Wang B (2021) Integrated Analysis

of MicroRNA and Target Genes

in Brachypodium distachyon Infected
by Magnaporthe oryzae by Small RNA
and Degradome Sequencing.

Front. Plant Sci. 12:742347.

doi: 10.3389/fpls.2021.742347

Check for
updates

Integrated Analysis of MicroRNA and
Target Genes in Brachypodium
distachyon Infected by Magnaporthe
oryzae by Small RNA and
Degradome Sequencing

Weiye Peng'?t, Na Song'?t, Wei Li'?, Mingxiong Yan'2?, Chenting Huang'?, Yang Yang'?,
Kangle Duan'?, Liangying Dai’?* and Bing Wang?2*

" Hunan Provincial Key Laboratory for Biology and Control of Plant Diseases and Insect Pests, Hunan Agricultural University,
Changsha, China, ¢ College of Plant Protection, Hunan Agricultural University, Changsha, China

Rice blast caused by Magnaporthe oryzae is one of the most important diseases
that seriously threaten rice production. Brachypodium distachyon is a grass species
closely related to grain crops, such as rice, barley, and wheat, and has become a
new model plant of Gramineae. In this study, 15 small RNA samples were sequenced
to examine the dynamic changes in microRNA (miRNA) expression in B. distachyon
infected by M. oryzae at O, 24, and 48 h after inoculation. We identified 432 conserved
miRNAs and 288 predicted candidate miRNAs in B. distachyon. Additionally, there
were 7 and 19 differentially expressed miRNAs at 24 and 48 h post-inoculation,
respectively. Furthermore, using degradome sequencing, we identified 2,126 genes
as targets for 308 miRNAs; using quantitative real-time PCR (gRT-PCR), we validated
five miRNA/target regulatory units involved in B. distachyon-M. oryzae interactions.
Moreover, using co-transformation technology, we demonstrated that BANAC27 was
negatively regulated by miR164c. This study provides a new approach for identifying
resistance genes in B. distachyon by mining the miRNA regulatory network of host-
pathogen interactions.

Keywords: Brachypodium distachyon, Magnaporthe oryzae, miRNA, target, high-throughput sequencing

INTRODUCTION

Plants are continuously exposed to a vast array of potential pathogens; however, only a small
fraction of these pathogens can successfully infect and become established within the host plant
species. This is because plants have evolved intricate defense mechanisms to protect themselves
against invading pathogens (Wang et al., 2019). Successful initiation of plant defense responses
against infectious pathogens requires complex and precise gene expression communication and
reprogramming between plant and pathogen (Huang et al., 2019). Small RNA (sRNA)-mediated
RNA interference (RNAIi) is a well-conserved gene regulatory pathway that has emerged as an
important regulator of reprogramming gene expression (Chang et al., 2012). Furthermore, SRNAs
that participate in plant immunity responses can be classified as microRNAs (miRNAs) and small
interfering RNAs (siRNAs) (Chen, 2012).
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Mature miRNAs are short non-coding RNAs composed
of 20-24 nucleotides (nts) derived from single-stranded
RNA precursors with stem-loop structures (Bartel, 2004). In
general, miRNAs negatively regulate target gene expression
through mRNA cleavage, chromatin methyl modification,
and/or translation inhibition (Baulcombe, 2004). Accurate
and definite prediction of miRNA targets is essential for
understanding miRNA responses. Degradome analysis facilitates
the prediction and identification of miRNA targets based on
the mechanism through which plant miRNAs have perfect
or near-perfect complementarity with their targets (Garg
et al, 2019). Recently, an integrated analysis of miRNAs
and their targets has been reported. For example, using this
analysis, nine miRNAs and their target genes have been
shown to play crucial roles in peanut seed development
(Ma et al., 2018).

Hence, a growing body of evidence indicates the importance
of miRNAs in plant defense responses (Katiyar-Agarwal and
Jin, 2010; Zhang et al., 2016). In Arabidopsis, miR393 is the
first miRNA identified to contribute to resistance against
virulent Pseudomonas syringae DC3000 (Navarro et al., 2006).
In rice, miR398b-regulated Cu/Zn-Superoxide Dismutase
1 increased hydrogen peroxide accumulation to enhance
resistance to Magnaporthe oryzae. Similarly, overexpression
of IPAl—the target gene of miR156—enhanced resistance
against bacterial blight caused by Xanthomonas oryzae pv.
oryzae (Xoo) (Liu et al, 2019). Rice ragged stunt virus
infection resulted in an increased accumulation of miR319
to reduce endogenous jasmonic acid (JA) levels (Zhang et al.,
2016). Moreover, several miRNA families act as resistance
regulators to mediate the silencing of nt-binding leucine-
rich repeat type disease resistance genes (R-genes) in plants
(Baldrich and San Segundo, 2016).

Brachypodium distachyon (L.) has been widely used as a
model system for studying temperate grasses because of its
relatively close evolutionary relationship with cereal grasses,
such as wheat and rice (Draper et al, 2001). Additionally,
B. distachyon possesses characteristics including a short life cycle,
a small diploid genome, self-pollination, and low requirements
for completing its growth successfully, which are desirable
for a model system; hence, it has emerged as a promising
resource for studies on plant-fungi interactions (Garvin et al,
2008; Parker et al., 2008). M. oryzae is the causative agent
of rice blast, one of the most damaging fungal diseases of
rice. The progression of M. oryzae disease in B. distachyon
and rice is highly similar, including disease severity, size/shape
of the lesions, duration from infection to appearance of
symptoms and the expression of the pathogenesis-related genes
(Routledge et al., 2004; Fitzgerald et al., 2015). An earlier
report described that genome of B. distachyon contains R-genes
that encode proteins with nucleotide-binding site and leucine-
rich repeat domains. When these genes are transformed into
rice, they confer resistance toward rice blast disease (Yang
et al,, 2013). In our earlier study, we showed that BAGATA
transcription factors responded to invasion of M. oryzae (Peng
et al., 2021). PAL-knockdown B. distachyon plants exhibited
enhanced susceptibility to M. oryzae and the expression of

genes associated with stress responses, including ethylene (ET)
biosynthesis and signaling were significantly altered (Cass
et al, 2015). In this study, we simultaneously performed
miRNA sequencing and degradome sequencing to analyze
the miRNAs and their targets involved in B. distachyon-
M. oryzae interactions. Our results have provided useful
data for further studies on the role of miRNAs in plant
defense responses.

MATERIALS AND METHODS

Plant Materials and Inoculation

Brachypodium distachyon genotype Bd21-3 was selected for this
study. All plants, including control plants, were cultured in a
growth chamber at 22°C under a 16/8 h photoperiod. Bd21-
3 is compatible with M. oryzae race RO1-1. Approximately
5 weeks after sowing, the plants were inoculated with fresh
M. oryzae spores (1 x 10° spores mL™!) by spraying (Wang
et al., 2020). Mock inoculation was performed in parallel with
sterile water. Inoculated plants were placed in a moist chamber
at 28°C in complete darkness for the first 24 h. Inoculated
leaves and mock-treated control leaves were sampled at O,
24, and 48 h post-inoculation (hpi) and snap-frozen in liquid
nitrogen. Three independent biological replicates were used
for each treatment.

RNA Isolation and Small RNA

Sequencing

Total RNA was extracted from B. distachyon leaves using TRIzol
(Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s instructions. RNA concentration was determined
using a NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, MA, United States). Approximately 1 jvg of total RNA
was used to construct a sSRNA library following the protocol of
the mRNA-Seq sample preparation kit (Illumina, San Diego, CA,
United States). Single-end sequencing (50 bp) was performed
using an Illumina Hiseq2500 at the LC-BIO (Hangzhou, China)
(Zhang et al., 2019).

Identification of Known and Potential

Novel MicroRNAs

Raw reads were processed with ACGT101-miR (LC Sciences,
Houston, TX, United States) to remove adapters, junks,
repeats, low-complexity sequences, and common non-
coding RNA families (rRNA, tRNA, snRNA, and snoRNA).
The remaining clean reads with lengths of 18-24 nts were
blasted to miRBase 21.0' to identify known miRNAs.
Novel miRNA candidates were blasted to the genome of
B. distachyon. The pre-miRNAs were mapped to specific
species genomes to determine their genomic locations. The
unmapped sequences were analyzed using BLAST against the
B. distachyon genome. Then, hairpin RNA structures were
predicted from the flank 120 nt sequences using RNAfold* as

Uftp://mirbase.org/pub/mirbase/ CURRENT/
Zhttp://rna.tbi.univie.ac.at/
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previously described (Meyers et al., 2008). All raw sequencing
data were deposited into the NCBI Short Read Archive
under the BioProject: PRJNA751253 (Accession number:
SRR15316624-SRR15316628).

Degradome Library Construction and

Target Identification

Approximately 20 pg of total RNA was used to prepare the
degradome library (Zhai et al., 2020). Poly(A) + RNA was bound
to mRNA capture beads as input RNA. Fifty adapters were ligated
to RNAs containing 50-monophosphates, reverse transcribed,
and PCR amplified. The purified cDNA library was used on
Mlumina’s Cluster Station and sequenced on an Illumina Hiseq
2500 at the LC-BIO. Raw sequencing reads were used to analyze
potentially cleaved targets using the CleaveLand 3.0 pipeline.’
Differentially expressed miRNAs revealed by the normalized
deep-sequencing read counts were analyzed by Student’s ¢-test.
The threshold for significance was set at p < 0.05 and for high
significance at p < 0.01 in each test.

Gene Ontology and KEGG Analysis of

Target Genes

The sequences of B. distachyon were obtained from Ensembl
Plants* genome-centric portal for plant species. We assigned
genes to different categories based on the predicted functions of
their Arabidopsis and rice homologs. BLAST2GO (Conesa et al.,
2005) was then used to obtain Gene Ontology (GO) annotations
at default settings of Fisher’s exact test (p < 0.05), false discovery
rate (FDR) correction using the Hochberg method, and five
minimum numbers of mapping entries against a species-specific
pre-computed background reference. The KEGG13 pathway was
analyzed using the ClueGO plug-in14 and Cytoscape software
V2.8.215 to identify significant pathways of the differentially
expressed genes (DEGs) (Bindea et al., 2009).

Quantitative Real-Time PCR Analysis
Inoculated and control leaves were harvested at 0, 16, 48,
and 120 hpi. First-strand cDNA was synthesized using a
quantitative real-time PCR (qRT-PCR) system (Takara, Shiga,
Japan) according to the manufacturer’s instructions. All qRT-
PCR was performed on a CFX96 Real-Time System (Bio-
Rad, Munich, Germany) using SYBR Green I (Thermo Fisher
Scientific, Carlsbad, CA, United States). The total volume of
PCR reaction was 25 wL. PCR conditions were as follows: 94°C
for 5 min, 35 cycles (94°C for 30 s, 56°C for 30 s, and 72°C
for 30 s) and 72°C for 5 min. UBC18 was used as an internal
control for qRT-PCR analysis to normalize the data (Hong et al.,
2008). The relative expression of R-genes was quantified using
the comparative 2~ 22¢T method (Voegele and Schmid, 2011).
Primers for defense genes were designed using the DNAMAN 9
software (Supplementary Table 1). Three independent biological
replicates were used for each treatment.

3http://sites.psu.edu/axtell
“http://plants.ensembl.org/Brachypodium_distachyon/Info/Index

Co-transformation of MicroRNAs and

Target Genes

The region containing the cleavage site of BANAC21 was
cloned into the pBI121 vector containing the B-glucuronidase
(GUS) reporter gene. The precursor of miR164c was integrated
into the pBII21 vector to replace the GUS gene. Strain
GV3101 of Agrobacterium tumefaciens was cultured in LB
medium at 28°C to introduce the recombinant vectors into
Nicotiana benthamiana leaves. Spectra of A. tumefaciens
strains were normalized to an equivalent optical density
of 0.8 at 600 nm (OD600) before injection. The strains
mixed with pBI121-BANAC21 and pBI121-miR164c were
infiltrated into N. benthamiana leaves (Wang et al., 2017).
Each treatment was infiltrated with 1 mL of the liquid
containing the strains. Histochemical staining and quantitative
GUS detection were performed was performed using 4-
methylumbelliferyl-B-D-glucuronide (4-MUG) as the substrate
(Jefterson et al., 1987).

B-Glucuronidase activities were measured using a Gemini XSP
spectrophotometer plate reader (Molecular Devices, Sunnyvale,
CA, United States) at wavelengths of 365 and 455 nm. Each assay
was then performed in duplicate.

RESULTS

Small RNA Sequencing of Brachypodium

distachyon

The phenotype of B. distachyon infected with M. oryzae (isolate
RO1-1) was identified. Large disease lesions were observed in
susceptible B. distachyon plants (Bd21-3) 5 days after inoculation.
The early stage in the infection of B. distachyon with M. oryzae
is reportedly the key time point of the plant-fungus interaction.
To validate whether sSRNAs mediate the response of B. distachyon
to M. oryzae infection, we examined the dynamic changes in
miRNA expression in B. distachyon infected by M. oryzae at
0, 24, and 48 hpi using Illumina Hiseq2500. Fifteen sRNA
libraries were constructed including M-0 h, M-24 h, 1-24 h,
M-48 h, 1-48 h (mock and inoculation is abbreviated as M
and I respectively; M-0 h: Mock 0 hpi; M-24 h: Mock 24 hpi;
I-24 h: Inoculation 24 hpi; M-48 h: Mock 48 hpi; I-48 h:
Inoculation 48 hpi; three biological replicates were performed
per treatment). A total of approximately 13.6 million reads were
obtained from each library (from 10,265,735 to 15,611,967 reads
per library) (Figure 1A and Supplementary Table 2). After
removing low-quality reads, unique reads (from 1,564,288 to
2,568,854 reads per library) were obtained (Figure 1B). The
length distribution of the sRNAs ranging from 18 to 25 nt
was further analyzed. sRNAs 24 nt in length were the most
frequent, followed by sRNAs 21 nt in length (Figure 2A). We
found that four types of nts had an average total miRNA
nt bias (Figure 2B). Moreover, the first position in the 18-
25 nt miRNAs was predominantly uracil (U), except for 24 nt
miRNAs starting with adenine (A) (Figure 2C). Unique reads
were annotated against miRBase and Rfam to eliminate rRNA,
tRNA, and snoRNA (Supplementary Table 2).
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FIGURE 1 | Profiling of small RNA sequencing in B. distachyon plants infected by M. oryzae. (A) Total clean reads-distribution and radioactivity (% of total) in libraries
at each time point between each experimental group and the control group. (B) The classification distribution of the total small RNA in the five B. distachyon small

RNA libraries.

Identification of Novel and Known

MicroRNAs

A total of 432 known miRNAs were identified in the sSRNA
libraries by analyzing the unique clean reads that were aligned
with miRBase (Figure 3A). These known miRNAs belonged
to 77 miRNA families (Supplementary Table 3). We found
that the miR156, miR164, miR166, and miR167 families
contain more than 30 members. These known miRNAs were
further compared to the data of 12 different plant species
including Arabidopsis thaliana and Oryza sativa to explore their
evolutionary characteristics (Figure 3B). As shown in Figure 3C,
the 77 known miRNA families exhibited different numbers of
homologous sequences in most of the comparisons. Fifteen
known miRNAs were found to be conserved (Figure 3C).
The remaining sequences that did not match any of the
known miRNAs but mapped to the genome were then further

analyzed based on whether they formed hairpins. A total of
288 predicted candidate miRNAs (PC miRNAs) were identified
(Supplementary Table 4). Venn diagrams were created based
on the comparison of five library miRNA sequences. The results
showed that 26 and 12 miRNAs were only found in M-0 h and M-
24 h groups, respectively. Moreover, seven miRNAs were unique
to the I-48 h group (Figure 4).

Identification of Differentially Expressed
miRNAs in Brachypodium distachyon
Plants Infected by Magnaporthe oryzae
Differentially Expressed miRNAs (DEMs) examined at 24 hpi
(M-24 h: Mock 24 hpi; I-24 h: Inoculation 24 hpi) and 48 hpi
(M-48 h: Mock 48 hpi; 1-48 h: Inoculation 48 hpi), yielded
the absolute value of log2 fold change higher than 1.5 and
a p-value below 0.05. We found seven DEMs at 24 hpi; six
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FIGURE 2 | Total abundance of small RNA sequences in each size class and miRNA nucleotide bias analysis results. (A) Length distribution of sequencing results
(total). (B) Results of total miIRNA nucleotide bias. bdi is short for Brachypodium distachyon; gma is short for Glycine max; mdm is short for Malus domestica; osa is
short for Oryza sativa; ptc is short for Populus trichocarpa; ath is short for Arabidopsis thaliana; mtr is short for Medicago truncatula; ata is short for Aegilops
tauschii; gra is short for Gossypium raimondii; hvu is short for Hordeum vulgare; lja is short for Lotus japonicus; far is short for Festuca arundinacea. (C) Results of
miRNA first nucleotide bias at each position.

miRNAs were upregulated, whereas one miRNA was down-
regulated (Figure 5A). Compared with M-48 h, we identified
19 DEMs in 1-48 h, including four upregulated miRNAs and
15 downregulated miRNAs (Figure 5B and Supplementary
Table 5). The expression of eight novel miRNAs changed at
48 hpi. Compared with M-0 h, we found 25 and 28 DEMs in
B. distachyon infected by M. oryzae at 24 and 48 hpi, respectively
(Supplementary Figure 1). Moreover, the number of DEMs
between I-24 h and 1-48 h was 25 (Supplementary Figure 1).

Target Gene Identification and Function
Analysis of MicroRNAs by Degradome
Sequencing

To identify the target genes of miRNAs involved in the
B. distachyon-M. oryzae interaction, a mixed degradome
library was generated from the M-0 h, M-24 h, M-48 h, I-
24 h, and 1-48 h groups. Approximately 99.59% (24,200,004)

sequenced raw reads of the degradome library were mappable
when compared with genomic DNA; the number of unique
mappable reads was 5,944,614. A total of 19,431,096 (79.96%)
unique reads were mapped to the transcripts of B. distachyon
protein-coding genes (Supplementary Table 6). Furthermore,
strict conditions (category <2 and raw reads >10) were
applied to screen the target genes to achieve accurate
results for miRNAs and target genes in the degradome data
library. A total of 2,126 genes were identified as targets for
308 miRNAs, including 258 known miRNAs and 49 novel
miRNAs. The conserved miRNAs have multiple targets
including transcription factors. Among the most conserved
miRNAs and targets, we detected miR156a-R1-squamosa
promoter-binding-like protein (SPL), miR164-NAC, miR396-
growth-regulating factor (GRF), and miR444-MADS-box
transcription factor (MADS). Novel miRNAs and targets
were also detected, such as PC-3p-201628_13-THO2
(Supplementary Table 7).
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To better understand the regulatory roles of DEMs and their
targets in the interaction between B. distachyon and M. oryzae,
GO enrichment annotations were performed at 24 and 48 hpi.
GO enrichment analysis revealed that there were significantly
enriched processes involved in plant defense responses, such
as JA and ethylene-dependent systemic resistance. Furthermore,
acyl-CoA oxidase and kinesin-binding activities were among the
significantly enriched processes at 24 hpi (p < 0.05) (Figure 6A).
At 48 hpi, ubiquitin-protein transferase activity and kinase
activity were among the significantly enriched processes (Figure
6B). Moreover, to elucidate the exact biological process by
which DEGs might participate in plant-fungus interactions,
we performed a KEGG enrichment analysis. Our results
revealed that “peroxisome” and “ubiquitin mediated proteolysis”
were significantly enriched pathways involved in plant defense
responses at 24 and 48 hpi, respectively (Supplementary Figure 2
and Supplementary Table 8).

M—-48 h

[-24h

FIGURE 4 | Venn-diagram analysis of the number and overlap of miRNAs in
B. distachyon plants infected by M. oryzae at O, 24, and 48 hpi.

Quantitative Real-Time PCR Validation

To validate the miRNA/target regulatory unit, the changes in
expression of miRNAs and mRNAs during the B. distachyon-
M. oryzae interaction were analyzed using qRT-PCR. Five
miRNAs, including one novel miRNA and four known miRNAs
(Figure 7) were randomly selected to show cleavage events
via degradome sequencing. DEMs and their corresponding
targets were selected for qRT-PCR analysis. Consistent with the
analysis of sequencing data for miRNAs, five target genes were
negatively regulated by the corresponding miRNAs. Moreover,
miR164c/Bd4g02060 (BANAC21I), miR169-p5/Bdig21177
(BAMED12), and miR9494/Bd5¢06390 (BAFKBP65) were mainly
regulated at 24 hpi. However, miR5182-p3/Bd3g41480 (BdPDH2)
and PC-3p-15479/Bd3¢g28280 (BAPRP19) were more significantly
regulated at 48 hpi than at 24 hpi.

Co-transformation Analysis

To confirm the suppression of BANAC2I by miR164c, we
performed transient co-transformation of N. benthamiana
(Figure 8A). The recombinant vector pBI121 contained GUS as
areporter gene. Leaves infiltrated with pBI121-BdNAC21 showed
the GUS staining. In leaves infiltrated with mixture of pBI121-
BANAC21 and pBI121-miR164c, GUS staining was reduced.
The amount of GUS in each leaf was also assessed to further
validate results of the histochemical observations (Figure 8B).
We found that the fluorescence from the empty vector and
pBI121-BANAC21 was enhanced on extending the reaction time
for the inoculated leaf samples. No fluorescence was observed in
leaves injected with pBI121-miR164c. However, the fluorescence
of the leaf injected with the mixture strain (pBI121-BdNAC21 and
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FIGURE 5 | Heatmaps of differentially expressed miRNAs. (A) Heatmaps of differentially expressed miRNAs of B. distachyon leaves infected by M. oryzae at 24 hpi.
(B) Heatmaps of differentially expressed miRNAs of B. distachyon leaves infected by M. oryzae at 48 hpi.

pBI121-miR164c) exhibited a slow increase. These results further
confirm that BANAC21 is the gene targeted by miR164c.

DISCUSSION

Magnaporthe oryzae is the causal agent of rice blast. This fungus
can also infect B. distachyon and the disease progression is
similar to that observed in rice (Fitzgerald et al, 2015). We
have previously found that multiple genes are involved in the
interaction between M. oryzae and B. distachyon. In general,
miRNAs regulate target genes involved in multiple biological
processes in plants. For example, 16 BAGATA genes were
predicted targets of 13 miRNAs (Peng et al., 2021). We inferred
that miRNAs might regulate their targets during the M. oryzae-
B. distachyon interaction.

To confirm whether miRNAs mediate the B. distachyon
response to M. oryzae, we constructed 15 sRNA libraries. The
18-25 nt sRNAs were analyzed. We found that 24 nt miRNAs
were the most frequent form, followed by 21 nt sRNAs. These
patterns of length distribution have also been identified in rice
and barley (Hackenberg et al., 2015; Jia et al., 2020). Moreover, the
first position in 18-25 nt miRNAs was predominantly U. Usually,
miRNAs are loaded into the RNA-induced silencing complex
having a high affinity to U, which is at the first position in these
miRNAs (Mi et al., 2008).

In this study, a total of 432 known miRNAs belonging
to 77 miRNA families were identified. Evolutionary analysis
revealed that most of these known miRNAs were enriched in 15

conserved miRNA families, including miR156, miR164, miR166,
and miR167. Transgenic lines expressing a target mimic of
miR156fhl-3p displayed enhanced resistance to M. oryzae by
induction of pathogenesis-related gene expression without yield
penalty (Zhang et al., 2020). In addition, miR164, miR166, and
miR168 were all reported to be involved in the rice immune
response against M. oryzae infection (Salvador-Guirao et al,
2018; Wang et al.,, 2021). A total of 288 predicted PC miRNAs
were identified. Furthermore, we found that 26, 12, and 7
miRNAs were only found in M-0 h, M-24 h, and 1-48 h, possibly
indicating that miRNAs could be targeted functionally at specific
time points during infection. Recently, the use of deep sequencing
has allowed additional non-conserved miRNAs to be identified
(Feng et al.,, 2016). These predicted PC miRNAs were identified at
relatively low abundance and expressed in specialized treatments
(Fahlgren et al., 2007).

A set of miRNAs was found to be involved in plant immunity
(Li et al, 2014). We identified 7 and 19 DEMs at 24 and
48 hpi, respectively. Furthermore, we identified the target
genes of miRNAs by degradome sequencing, such as miR396-
BAGRF and miR444-BdMADS. Osa-miR396 regulates OsGRFs
involved in rice resistance to M. oryzae (Chandran et al., 2019).
Overexpression of miR444-resistant OsMADS57 rice enhanced
resistance against rice stripe virus infection (Wang et al., 2016).
Moreover, we observed that BINAC21 was negatively regulated
by miR164c during the M. oryzae-B. distachyon interaction. In
rice, miR164a can impair plant resistance to M. oryzae infection
by inhibiting the expression of OsNAC60 (Wang et al., 2018).
Similarly, overexpression of osa-miR164a plants weakened the
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FIGURE 6 | Gene Ontology (GO) term enrichments at 24 (A) and 48 (B) hpi.

resistance to the Xoo strain owing to the reduced accumulation
of OsNACG60 (Jia et al., 2020). These results indicate that there
may be conserved miRNA regulatory modules acting in plant
resistance responses to fungi.

We performed GO enrichment and KEGG analyses of the
target genes of DEMs. Some pathways are involved in plant
defenses, such as ubiquitin-protein transferase activity and kinase
activity. Interestingly, the target genes of DEMs fell within the JA

and ethylene-dependent systemic resistance at 24 hpi, which can
induce systemic resistance in plants (Niu et al., 2011). In the ptc-
miR472a-overexpressing poplar plants, the JA/ethylene marker
gene PtrERF1 displayed very high expression levels and promoted
the JA/ET signal to rapidly respond to the necrotrophic fungus
Cytospora chrysosperma (Su et al., 2018). Moreover, one of the
most enriched KEGG pathways was “peroxisome.” Coordination
of the biosynthesis, degradation, biochemical activity, and

Frontiers in Plant Science | www.frontiersin.org

October 2021 | Volume 12 | Article 742347


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Peng et al.

Brachypodium distachyon miRNAs

A
8 -
. *
2
26
2
o)
$4-
£ *
52 -
&
o Il
0 24 48
Hours post inoculation (hpi)
B
6 .
g5 !
£a-
& .
$3 - *
2
E2
=
!l "
0 A
0 24 48
Hours post inoculation (hpi)
C
10 .
=
2 8
?-l) 6 .
g "
3 4 -
]
[}
< 2
&~ *
0
0 24 48
Hours post inoculation (hpi)
D
8 -
= *
2
26
:
£4 *
3
=
-]
=2 A
@l om B M-
0 -
0 24 48
Hours post inoculation (hpi)
E
6 %
=
2
2
24
[N
] *
2
S2
]
c %
f, i :
0
0 24 48

Hours post inoculation (hpi)

= miR164c
u Bd4g02060

u miR169f-p5
= Bd1g21177

= miR9494
= Bd5g06390

® miR5182-p3
u Bd3g41480

5 PC-3p-15479_595
u Bd3g28280

FIGURE 7 | (A-E) gRT-PCR analysis of the expression of miRNAs and their corresponding targets during B. distachyon-M. oryzae interaction. The expression of
mRNAs and their corresponding targets were analyzed by gRT-PCR. Asterisk (*) represents statistically significant difference (P < 0.05). Blue columns indicate
miRNAs, and red columns indicate their corresponding targets. Expression values were normalized by UBC18 expression.

5' GAGCAAGUGCCCuGCUUCUCCA 3' Bd4g02060

3' CACGUGCACGGGACGAAGAGGU 5' miR164c

5'AGUUGUCCUUGECUGCAUUAU 3' Bd1g21177

3' UCAGUAGGAACCGACGUAGGA 5' miR169f-p5

5' AAAGGACAUGAaGGUGAUGAA 3' Bd5g06390

3'CUGCCUCUGCUUCCACUACUU5' miR9494

5' UAUGCACAUGUuUCCAGGAUUG 3' Bd3g41480

3' GUACGUGCACAAGGUUCUAGU 5' miR5182-p3

5' GCCGUGUUAUAgCCAGAUUAA 3' Bd3g28280

3' CGGCAUAGCAUCGGUCUAGUU 5' PC-3p-15479_595

Frontiers in Plant Science | www.frontiersin.org

October 2021 | Volume 12 | Article 742347


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Peng et al.

Brachypodium distachyon miRNAs

pBI121 pBI121-miR164c¢

pBI121-miR164c+
pBI121-BdNAC21

pBI121-BdNAC21

3000 -
——EV
2000
== ~#—miR164c
S
=g
T 2 —#—BdNAC21
1000
=>é=miR164c+
BANAC21
0 = = = =
0 15 30 45 60
Time(min)

FIGURE 8 | Co-transformation of BANAC21 and miR164c in N. benthamiana leaves. Recombinant vectors were carried into N. benthamiana leaves by
Agrobacterium strain GV3101. (A) Histochemical staining of GUS activity. (B) Quantitative analysis of GUS fluorescence.

import of peroxisomal proteins allows for highly dynamic
responses of peroxisomal metabolism to provide resistance
to abiotic and biotic stress (Hu et al, 2012). Using iTRAQ
proteomics analysis for discovery, the differentially expressed
proteins involved in peroxisome biosynthesis were significantly
different between the durable resistant rice variety and the
susceptible rice variety (Ma et al., 2020). The KEGG pathway
analysis also demonstrated that the processes of biosynthesis,
metabolism, nucleotide excision or base excision repair were
enriched at 48 hpi, suggesting accelerated energy compensation
and maintenance/repair processes at the two infection stages.
These results suggest that miRNAs regulate complex pathways
involved in plant defense responses.

Here, we identified 432 conserved miRNAs and 288 PC
miRNAs in B. distachyon. There were 7 and 19 DEMs at 24
and 48 hpi, respectively. We identified 2,126 genes as targets
for 308 miRNAs. The expression levels of five miRNAs and
target units were validated by qRT-PCR. Using co-transformation
technology, we have clearly demonstrated that BANAC21 is
negatively regulated by miR164c. These results provide a
comprehensive foundation for unraveling complex miRNA-
mediated regulatory networks at play during the interaction
between M. oryzae and B. distachyon.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI SRA BioProject,
accession no: PRJNA751253.

AUTHOR CONTRIBUTIONS

WP were responsible for study initiation and performed the
experiments. NS analyzed the data and wrote the first draft
of the manuscript. MY, YY, CH, KD, and WL contributed
to the literature search, collection and assembly of data, and
contributed the reagents. LD and BW designed the experiments,
supervised the project, and grammar correction. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (31801721 and 31672017), National

Frontiers in Plant Science | www.frontiersin.org

10

October 2021 | Volume 12 | Article 742347


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Peng et al.

Brachypodium distachyon miRNAs

Key Research and Development Project (2016YFD0200800 and
2016YFDO0300707), the Scientific Research Fund of Hunan
Provincial Education Department (19B247), the Natural Science
Foundation of Hunan Province, China (2020]]5240), and the
Youth Fund Project of Hunan Agricultural University (19QN31).

REFERENCES

Baldrich, P., and San Segundo, B. (2016). MicroRNAs in rice innate immunity. Rice
9:6. doi: 10.1186/s12284-016-0078-5

Bartel, D. P. (2004). MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 23, 281-297. doi: 10.1016/S0092-8674(04)00045- 5

Baulcombe, D. (2004). RNA silencing in plants. Nature 431, 356-363. doi: 10.1038/
nature02874

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A.,
et al. (2009). ClueGO: a cytoscape plug-in to decipher functionally grouped
gene ontology and pathway annotation networks. Bioinformatics 25,1091-1093.
doi: 10.1093/bioinformatics/btp101

Cass, C. L., Peraldi, A., Dowd, P. F., Mottiar, Y., Santoro, N., Karlen, S. D, et al.
(2015). Effects of PHENYLALANINE AMMONIA LYASE (PAL) knockdown
on cell wall composition, biomass digestibility, and biotic and abiotic stress
responses in Brachypodium. J. Exp. Bot. 66, 4317-4335. doi: 10.1093/jxb/erv269

Chandran, V., Wang, H., Gao, F., Cao, X.-L., Chen, Y.-P,, Li, G.-B,, et al. (2019).
miR396-OsGRFs module balances growth and rice blast disease-resistance.
Front. Plant Sci. 9:1999. doi: 10.3389/fpls.2018.01999

Chang, S.-S., Zhang, Z., and Liu, Y. (2012). RNA interference pathways in fungi:
mechanisms and functions. Annu. Rev. Microbiol. 66, 305-323. doi: 10.1146/
annurev-micro-092611-150138

Chen, X. (2012). Small RNAs in development-insights from plants. Curr. Opin.
Genet. Dev. 22, 361-367. doi: 10.1016/j.gde.2012.04.004

Conesa, A., Gotz, S., Garcia-Gomez, J. M., Terol, J., Talon, M., and Robles, M.
(2005). Blast2GO: a universal tool for annotation, visualization and analysis
in functional genomics research. Bioinformatics 21, 3674-3676. doi: 10.1093/
bioinformatics/bti610

Draper, J., Mur, L. A. ], Jenkins, G., Ghosh-Biswas, G. C., Bablak, P., Hasterok,
R., et al. (2001). Brachypodium distachyon. A new model system for functional
genomics in grasses. Plant Physiol. 127, 1539-1555. doi: 10.1104/pp.01
0196

Fahlgren, N., Howell, M. D., Kasschau, K. D., Chapman, E. ], Sullivan, C. M.,
Cumbie, J. S., et al. (2007). High-throughput sequencing of Arabidopsis
microRNAs: evidence for frequent birth and death of MIRNA genes. PLoS One
2:€219. doi: 10.1371/journal.pone.0000219

Feng, H., Wang, T., Feng, C., Zhang, Q., Zhang, X., Huang, L., et al. (2016).
Identification of microRNAs and their corresponding targets involved in the
susceptibility interaction of wheat response to Puccinia striiformis f. sp. tritici.
Physiol. Plant. 157, 95-107. doi: 10.1111/ppl.12407

Fitzgerald, T. L., Powell, J. ., Schneebeli, K., Hsia, M. M., Gardiner, D. M., Bragg,
J. N, et al. (2015). Brachypodium as an emerging model for cereal-pathogen
interactions. Ann. Bot. 115, 717-731. doi: 10.1093/aob/mcv010

Garg, V., Khan, A. W., Kudapa, H., Kale, S. M., Chitikineni, A., Qiwei, S.,
et al. (2019). Integrated transcriptome, small RNA and degradome sequencing
approaches provide insights into Ascochyta blight resistance in chickpea. Plant.
Biotechnol. J. 17, 914-931. doi: 10.1111/pbi.13026

Garvin, D. F,, Gu, Y., Hasterok, R., Hazen, S. P., Jenkins, G., Mockler, T. C,,
et al. (2008). Development of genetic and genomic research resources for
Brachypodium distachyon, a new model system for grass crop research. Crop
Sci. 48, 69-84. doi: 10.2135/cropsci2007.06.0332tpg

Hackenberg, M., Gustafson, P., Langridge, P., and Shi, B. (2015). Differential
expression of microRNA s and other small RNA s in barley between water and
drought conditions. Plant Biotechnol. ]. 13, 2-13. doi: 10.1111/pbi.12220

Hong, S.-Y., Seo, P., Yang, M.-S., Xiang, F., and Park, C.-M. (2008). Exploring
valid reference genes for gene expression studies in Brachypodium distachyon
by real-time PCR. BMC Plant. Biol. 8:112. doi: 10.1186/1471-2229-8-112

Hu, J., Baker, A., Bartel, B., Linka, N., Mullen, R. T., Reumann, S., et al. (2012).
Plant peroxisomes: biogenesis and function. Plant Cell 24, 2279-2303. doi:
10.1105/tpc.112.096586

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
742347 /full#supplementary-material

Huang, C.-Y., Wang, H., Hu, P., Hamby, R, and Jin, H. (2019). Small RNAs—
big players in plant-microbe interactions. Cell Host Microbe 26, 173-182. doi:
10.1016/j.chom.2019.07.021

Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987). GUS fusions: beta-
glucuronidase as a sensitive and versatile gene fusion marker in higher plants.
EMBO J. 6,3901-3907.

Jia, Y., Li, C., Li, Q., Liu, P., Liu, D., Liu, Z., et al. (2020). Characteristic dissection of
Xanthomonas oryzae pv. oryzae responsive MicroRNAs in rice. Int. J. Mol. Sci.
21:785. doi: 10.3390/ijms21030785

Katiyar-Agarwal, S., and Jin, H. (2010). Role of small RNAs in host-microbe
interactions. Annu. Rev. Phytopathol. 48, 225-246. doi: 10.1146/annurev-
phyto-073009-114457

Li, Y., Lu, Y.-G,, Shi, Y., Wu, L., Xu, Y.-]., Huang, F,, et al. (2014). Multiple rice
MicroRNAs are involved in immunity against the blast fungus Magnaporthe
oryzae. Plant Physiol. 164, 1077-1092. doi: 10.1104/pp.113.230052

Liu, M., Shi, Z., Zhang, X., Wang, M., Zhang, L., Zheng, K., et al. (2019). Inducible
overexpression of ideal plant architecturel improves both yield and disease
resistance in rice. Nat. Plants 5, 389-400. doi: 10.1038/s41477-019-0383-2

Ma, X., Zhang, X, Zhao, K., Li, F,, Li, K., Ning, L., et al. (2018). Small RNA and
degradome deep sequencing reveals the roles of microRNAs in seed expansion
in peanut (Arachis hypogaea L.). Front. Plant Sci. 9:349. doi: 10.3389/fpls.2018.
00349

Ma, Z., Wang, L., Zhao, M., Gu, S., Wang, C., Zhao, J., et al. (2020). iTRAQ
proteomics reveals the regulatory response to Magnaporthe oryzae in durable
resistant vs. susceptible rice genotypes. PLoS One 15:€0227470. doi: 10.1371/
journal.pone.0227470

Meyers, B. C., Axtell, M. J., Bartel, B., Bartel, D. P., Baulcombe, D., Bowman,
J. L., et al. (2008). Criteria for annotation of plant MicroRNAs. Plant Cell 20,
3186-3190. doi: 10.1105/tpc.108.064311

Mi, S., Cai, T., Hu, Y., Chen, Y., Hodges, E., Ni, F., et al. (2008). Sorting of
small RNAs into Arabidopsis argonaute complexes is directed by the 5" terminal
nucleotide. Cell 133, 116-127. doi: 10.1016/j.cell.2008.02.034

Navarro, L., Dunoyer, P., Jay, F., Arnold, B., Dharmasiri, N., Estelle, M., et al.
(2006). A plant miRNA contributes to antibacterial resistance by repressing
auxin signaling. Science 312, 436-439. doi: 10.1126/science.1126088

Niu, D.-D., Liu, H.-X,, Jiang, C.-H., Wang, Y.-P., Wang, Q.-Y., Jin, H.-L,,
et al. (2011). The plant growth-promoting rhizobacterium Bacillus cereus
ARI156 induces systemic resistance in Arabidopsis thaliana by simultaneously
activating salicylate- and jasmonate/ethylene-dependent signaling pathways.
Mol. Plant Microbe Interact. 24, 533-542. doi: 10.1094/MPMI-09-10-
0213

Parker, D., Beckmann, M., Enot, D. P., Overy, D. P,, Rios, Z. C,, Gilbert, M., et al.
(2008). Rice blast infection of Brachypodium distachyon as a model system
to study dynamic host/pathogen interactions. Nat. Protoc. 3, 435-445. doi:
10.1038/nprot.2007.499

Peng, W., Li, W,, Song, N., Tang, Z., Liu, J., Wang, Y., et al. (2021). Genome-
wide characterization, evolution, and expression profile analysis of GATA
transcription factors in Brachypodium distachyon. Int. ]. Mol. Sci. 22:2026.
doi: 10.3390/ijms22042026

Routledge, A. P. M., Shelley, G., Smith, J. V., Talbot, N. J., Draper, J., and
Mur, L. A. J. (2004). Magnaporthe grisea interactions with the model grass
Brachypodium distachyon closely resemble those with rice (Oryza sativa). Mol.
Plant Pathol. 5, 253-265. doi: 10.1111/j.1364-3703.2004.00224.x

Salvador-Guirao, R., Hsing, Y., and San Segundo, B. (2018). The polycistronic
miR166k-166h positively regulates rice immunity via post-transcriptional
control of EIN2. Front. Plant Sci. 9:337. doi: 10.3389/fpls.2018.00337

Su, Y., Li, H.-G., Wang, Y., Li, S., Wang, H.-L., Yu, L., et al. (2018). Poplar miR472a
targeting NBS-LRRs is involved in effective defence against the necrotrophic
fungus Cytospora chrysosperma. J. Exp. Bot. 69, 5519-5530. doi: 10.1093/jxb/
ery304

Frontiers in Plant Science | www.frontiersin.org

October 2021 | Volume 12 | Article 742347


https://www.frontiersin.org/articles/10.3389/fpls.2021.742347/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.742347/full#supplementary-material
https://doi.org/10.1186/s12284-016-0078-5
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1038/nature02874
https://doi.org/10.1038/nature02874
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/jxb/erv269
https://doi.org/10.3389/fpls.2018.01999
https://doi.org/10.1146/annurev-micro-092611-150138
https://doi.org/10.1146/annurev-micro-092611-150138
https://doi.org/10.1016/j.gde.2012.04.004
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1104/pp.010196
https://doi.org/10.1104/pp.010196
https://doi.org/10.1371/journal.pone.0000219
https://doi.org/10.1111/ppl.12407
https://doi.org/10.1093/aob/mcv010
https://doi.org/10.1111/pbi.13026
https://doi.org/10.2135/cropsci2007.06.0332tpg
https://doi.org/10.1111/pbi.12220
https://doi.org/10.1186/1471-2229-8-112
https://doi.org/10.1105/tpc.112.096586
https://doi.org/10.1105/tpc.112.096586
https://doi.org/10.1016/j.chom.2019.07.021
https://doi.org/10.1016/j.chom.2019.07.021
https://doi.org/10.3390/ijms21030785
https://doi.org/10.1146/annurev-phyto-073009-114457
https://doi.org/10.1146/annurev-phyto-073009-114457
https://doi.org/10.1104/pp.113.230052
https://doi.org/10.1038/s41477-019-0383-2
https://doi.org/10.3389/fpls.2018.00349
https://doi.org/10.3389/fpls.2018.00349
https://doi.org/10.1371/journal.pone.0227470
https://doi.org/10.1371/journal.pone.0227470
https://doi.org/10.1105/tpc.108.064311
https://doi.org/10.1016/j.cell.2008.02.034
https://doi.org/10.1126/science.1126088
https://doi.org/10.1094/MPMI-09-10-0213
https://doi.org/10.1094/MPMI-09-10-0213
https://doi.org/10.1038/nprot.2007.499
https://doi.org/10.1038/nprot.2007.499
https://doi.org/10.3390/ijms22042026
https://doi.org/10.1111/j.1364-3703.2004.00224.x
https://doi.org/10.3389/fpls.2018.00337
https://doi.org/10.1093/jxb/ery304
https://doi.org/10.1093/jxb/ery304
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Peng et al.

Brachypodium distachyon miRNAs

Voegele, R. T., and Schmid, A. (2011). RT real-time PCR-based quantification
of uromyces fabae in planta: rust quantification. FEMS Microbiol. Lett. 322,
131-137. doi: 10.1111/§.1574-6968.2011.02343.x

Wang, B., Sun, Y., Song, N., Zhao, M., Liu, R,, Feng, H., et al. (2017). Puccinia
striiformis f. sp. tritici mi CRORNA—like RNA 1 (Pst—milR1), an important
pathogenicity factor of Pst, impairs wheat resistance to Pst by suppressing the
wheat pathogenesis—related 2 gene. New Phytol. 215, 338-350. doi: 10.1111/
nph.14577

Wang, H., Jiao, X., Kong, X., Hamera, S., Wu, Y., Chen, X,, et al. (2016). A signaling
cascade from miR444 to RDR1 in rice antiviral RNA silencing pathway. Plant
Physiol. 170, 2365-2377. doi: 10.1104/pp.15.01283

Wang, H,, Li, Y., Chern, M., Zhu, Y., Zhang, L., Lu, ], et al. (2021). Suppression
of rice miR168 improves yield, flowering time and immunity. Nat. Plants 7,
129-136. doi: 10.1038/s41477-021-00852-x

Wang, N., Song, N., Tang, Z., Wang, X., Kang, Z., Dai, L., et al. (2020). Constitutive
expression of Arabidopsis senescence associated gene 101 in Brachypodium
distachyon enhances resistance to Puccinia brachypodii and Magnaporthe
oryzae. Plants 9:1316. doi: 10.3390/plants9101316

Wang, Y., Tyler, B. M., and Wang, Y. (2019). Defense and counter defense during
plant-pathogenic oomycete infection. Annu. Rev. Microbiol. 73, 667-696. doi:
10.1146/annurev-micro-020518-120022

Wang, Z., Xia, Y., Lin, S., Wang, Y., Guo, B., Song, X,, et al. (2018). Osa-
miR164a targets OsNAC60 and negatively regulates rice immunity against
the blast fungus Magnaporthe oryzae. Plant . 95, 584-597. doi: 10.1111/tpj.
13972

Yang, S., Li, J., Zhang, X., Zhang, Q., Huang, J., Chen, J.-Q., et al. (2013). Rapidly
evolving R genes in diverse grass species confer resistance to rice blast disease.
Proc. Natl. Acad. Sci. U.S.A. 110, 18572-18577. doi: 10.1073/pnas.131821
1110

Zhai, R., Ye, S., Zhu, G, Lu, Y., Ye, J., Yu, F,, et al. (2020). Identification
and integrated analysis of glyphosate stress-responsive microRNAs, IncRNAs,

and mRNAs in rice using genome-wide high-throughput sequencing. BMC
Genomics 21:238. doi: 10.1186/512864-020-6637-6

Zhang, C., Ding, Z., Wu, K,, Yang, L., Li, Y., Yang, Z,, et al. (2016). Suppression
of jasmonic acid-mediated defense by viral-inducible MicroRNA319 facilitates
virus infection in rice. Mol. Plant. 9, 1302-1314. doi: 10.1016/j.molp.2016.06.
014

Zhang, L.-L., Li, Y., Zheng, Y.-P,, Wang, H., Yang, X., Chen, J.-F,, et al.
(2020). Expressing a target mimic of miR156fhl-3p enhances rice blast disease
resistance without yield penalty by improving SPL14 expression. Front. Genet.
11:327. doi: 10.3389/fgene.2020.00327

Zhang, M., An, P, Li, H., Wang, X, Zhou, J., Dong, P., et al. (2019). The
miRNA-mediated post-transcriptional regulation of maize in response to high
temperature. Int. J. Mol. Sci. 20:1754. doi: 10.3390/ijms20071754

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.

Copyright © 2021 Peng, Song, Li, Yan, Huang, Yang, Duan, Dai and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

12

October 2021 | Volume 12 | Article 742347


https://doi.org/10.1111/j.1574-6968.2011.02343.x
https://doi.org/10.1111/nph.14577
https://doi.org/10.1111/nph.14577
https://doi.org/10.1104/pp.15.01283
https://doi.org/10.1038/s41477-021-00852-x
https://doi.org/10.3390/plants9101316
https://doi.org/10.1146/annurev-micro-020518-120022
https://doi.org/10.1146/annurev-micro-020518-120022
https://doi.org/10.1111/tpj.13972
https://doi.org/10.1111/tpj.13972
https://doi.org/10.1073/pnas.1318211110
https://doi.org/10.1073/pnas.1318211110
https://doi.org/10.1186/s12864-020-6637-6
https://doi.org/10.1016/j.molp.2016.06.014
https://doi.org/10.1016/j.molp.2016.06.014
https://doi.org/10.3389/fgene.2020.00327
https://doi.org/10.3390/ijms20071754
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Integrated Analysis of MicroRNA and Target Genes in Brachypodium distachyon Infected by Magnaporthe oryzae by Small RNA and Degradome Sequencing
	Introduction
	Materials and Methods
	Plant Materials and Inoculation
	RNA Isolation and Small RNA Sequencing
	Identification of Known and Potential Novel MicroRNAs
	Degradome Library Construction and Target Identification
	Gene Ontology and KEGG Analysis of Target Genes
	Quantitative Real-Time PCR Analysis
	Co-transformation of MicroRNAs and Target Genes

	Results
	Small RNA Sequencing of Brachypodium distachyon
	Identification of Novel and Known MicroRNAs
	Identification of Differentially Expressed miRNAs in Brachypodium distachyon Plants Infected by Magnaporthe oryzae
	Target Gene Identification and Function Analysis of MicroRNAs by Degradome Sequencing
	Quantitative Real-Time PCR Validation
	Co-transformation Analysis

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


