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Abstract

It has been known that many microRNAs (miRNAs) are involved in the regulation for the
plant development and defense mechanism by regulating the expression of the target gene.
Several previous studies has demonstrated functional roles of miRNAs in antiviral defense
mechanisms. In this study, we employed high-throughput sequencing technology to identify
rice miRNAs upon rice stripe virus (RSV) infection at three different time points. Six libraries
from mock and RSV-infected samples were subjected for small RNA sequencing. Bioinfor-
matic analyses revealed 374 known miRNAs and 19 novel miRNAs. Expression of most
identified miRNAs was not dramatically changed at 3 days post infection (dpi) and 7 dpi by
RSV infection. However, many numbers of miRNAs were up-regulated in mock and RSV-
infected samples at 15 dpi by RSV infection. Moreover, expression profiles of identified miR-
NAs revealed that only few numbers of mMiRNAs were strongly regulated by RSV infection.
In addition, 15 resistance genes were targets of six miRNAs suggesting that those identified
miRNAs and 15 NBS-LRR resistance genes might be involved in RSV infection. Taken
together, our results provide novel insight into the dynamic expression profiles of rice miR-
NAs upon RSV infection and clues for the understanding of the regulatory roles of miRNAs
via time-course.

Introduction

Rice is one of economically important crops in the world and provides main food for more
than half the world’s population. In addition, rice is a model research plant for monocotyle-
donous plants. The rice genome, which has relatively small genome of known cereal crops, has
been sequenced. The size of rice genome is about 450 megabases containing more than 50,000
genes [1, 2].
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Rice stripe virus (RSV) belongs to the genus Tenuivirus but has not yet been assigned to any
virus family. RSV causes epidemic stripe disease on rice and results in serious damages on rice
production in many Asian countries including China, Japan, and South Korea [3-5]. RSV is
transmitted in a persistent and circulative-propagative manner by the insect vector small
brown planthopper (SBPH) [3]. A recent demonstrated that viruliferous rate of SBPH is highly
correlated with rice stripe disease epidemics [6]. In addition, the percentage of viruliferous
infects was also seasonally changed [7]. The RSV genome consists of four single-stranded
RNAs referred as RNA1 to RNA4 and encodes a total of seven proteins [8-11].

The microRNAs (miRNAs) are small non-coding RNA molecules with 19-24 nucleotides
(nt) in sizes and are encoded by eukaryotic nuclear DNA in plants and animals. It is known
that miRNAs play roles for gene expression regulation [12]. The miRNAs silence the target
gene by binding to the complementary sequences of the target gene [13, 14]. In plants, the miR-
NAs act as important regulators of plant development and other important cellular processes
[15-19]. Furthermore, many previous studies have reported that involvement of miRNAs for
plant defense mechanisms against diverse pathogens [20-24].

So far, a large number of miRNAs have been identified by means of high-throughput
sequencing, which has become commonly available and affordable for small RNA identifica-
tion. In addition, there are databases for miRNAs such as miRBase (http://www.mirbase.org)
containing at least 30,424 mature miRNAs from 206 species [25] and a plant specific miRNA
database known as PMRD (http://bioinformatics.cau.edu.cn/PMRD) including 8,433 miRNAs
derived from 121 plant species [26]. Currently, a large number of miRNAs have been identified
in several model plants such as Arabidopsis thaliana, Oryza sativa, Glycine max, and Medicago
truncatula.

Due to high conservancy of miRNAs in higher plants, the rice miRNAs have been firstly
identified based on known Arabidopsis miRNAs resulting in 138 miRNAs belonging to 20
families [27]. In addition, many novel rice miRNAs have been revealed by small RNA
sequencing. For instance, 23 new miRNAs associated with drought or salt stress [28] and 32
new miRNAs highly regulated by H,O, [29] have been identified. Moreover, many novel
microRNAs were also identified from various tissues such as embryogenic callus, spikelet,
and pollen [28-30].

Several studies have reported rice miRNAs associated with RSV infection [30-33]. Accord-
ing to the previous study, RSV infection induced expression of some rice miRNA* and novel
miRNAs [30]. Seven novel miRNAs related to RSV infection have been identified in rice [31].
Not only miRNAs but also target gene expression profiles upon RSV infection was investigated
in rice cultivar susceptible to RSV using small RNA sequencing [32]. Moreover, a recent study
conducted expression profiles for siRNAs and miRNAs in wild and transgenic anti-RSV rice
plants suggesting the role of miRNAs in plant-virus interaction [33]. Therefore, it is clear that
RSV stimulates expression of various miRNAs as well as target mRNAs in rice; however, noth-
ing is known about time-course changes of miRNAs during RSV infection. Time-course data is
an important component of miRNA studies since the regulation of gene expression by miRNA
should be a dynamic process. Thus, it might be of interest to examine miRNAs which were reg-
ulated at different time points upon RSV infection.

In present study, we employed high-throughput sequencing technology to sequence and
identify rice miRNAs at three different time points to monitor expression of miRNAs associ-
ated with RSV infection. We identified a total of 374 conserved miRNAs as well as 19 novel
miRNAs and analyzed the expression of miRNAs at different time points. In addition, we pre-
dicted target genes of identified miRNAs and compared expression between miRNAs and their
target genes.
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Materials and Methods
Plant materials and RSV infection

Oryza sativa japonica cultivar Nipponbare, which is susceptible to RSV, was used in this study.
Seeds of rice were surface sterilized and germinated. Rice seedlings were grown in a growth
chamber at 28°C under a 16/8 light/dark photoperiod. Ten-day old rice seedlings were used for
RSV inoculation. Viruliferous SBPHs (Laodelphax striatellus Fallen) carrying RSV were used to
infect RSV in rice. Non-viruliferous SBPHs were used as mock-treated controls. SBPHs were
kept transmitting virus for 48 h on rice seedlings and then were removed from all rice seedlings.
The rice samples were harvested at 3 days post infection (dpi), 7 dpi, and 15 dpi. RSV infection
was determined by RT-PCR using RSV nucleocapsid protein (NP) specific primers (forward 5'-
CTAGTCATCTGCACCTTCTG-3' and reverse 5'-ACTTACTGTGGGACTATGTT-3).

Small RNA library preparation and deep sequencing

Harvested leaves were used for total RNA extraction immediately using Oligotex mRNA mini-
kit (Qiagen, Chatsworth, U.S.A.) according to manufacturer’s instruction. Same amount of
RNAs from three individual samples were mixed for each condition to minimize bias between
samples. A total of six small RNA libraries were constructed using TruSeq Small RNA Sample
Prep Kit v2 (Illumina, San Diego, U.S.A.) according to manufacturer’s instruction. Polyacryl-
amide gel electrophoresis (PAGE) gel was used to purify small RNAs (less than 30 nt) and
adapters were ligated to the 5" and 3’ ends and then converted to cDNA by RT-PCR using
Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, U.S.A.). The resulting cDNAs were
then amplified by PCR, gel-purified and submitted to National Instrumentation Center for
Environmental Management (NICEM, Seoul, South Korea) for Illumina sequencing.

Bioinformatic analysis to identify miRNAs

We first trimmed adapter sequences and removed poor quality sequences from the raw sequenc-
ing data using FAXTX toolkit [34]. After that, non-coding RNAs such as tRNA, rRNA, snRNA,
and snoRNA were excluded using RFAM database (http://www.sanger.ac.uk/software/Rfam) by
BWA program with following parameters (mismatch < = 2, gap open = 0, evalue < = 0.05) [35].
The clean read small RNA sequences were collected as fasta format files. All rice cDNA sequences
were downloaded from rice genome database (http://rice.plantbiology.msu.edu/) and conserved
rice mature miRNA sequences, known miRNA precursor sequences as well as known miRNA
sequences from other species were downloaded from miRBase (http://www.mirbase.org/). To
identify conserved and novel miRNAs in small RNAs, we used mirDeep2 program according to
the program’s manual [36]. Briefly, in the first step, potential miRNA precursors were excised
from the all rice cDNA using the clean read small RNA sequences as guidelines. The second step
is to prepare the signature file. The bowtie-build tool is used with default options to build a Bur-
rows-Wheeler transform index of the excised potential precursors [37]. The third step is to pre-
dict RNA secondary structures of the potential precursors. This is done with RNAfold with
default parameters [38]. In the fourth step, the potential precursors were individually scored or
discarded by the miRDeep2 core algorithm. Conserved mature and precursor miRNAs could be
identified with estimated probability that the miRNA candidate is a true positive. Candidates
with estimated probability are higher than 0.5 are regarded as novel miRNAs.

Prediction of target mRNA for identified miRNAs

The putative target genes of miRNAs were identified by aligning mature miRNA sequences
with MSU Rice Genome Annotation (version 7) using psRNA Target Server (http://plantgrn.
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noble.org/psRNATarget/), which is a plant small RNA target analysis server. The miRNA tar-
gets were computationally predicted as previously reported with following settings: maximum
expectation: 3.0; length for complementarity scoring (hspsize): 20 bp; target accessibility: 25;
flanking length around target site for target accessibility: 17 bp in upstream/13 bp in down-
stream and range of central mismatch leading to translational inhibition: 9-11 nt [39].

Validation of small RNA sequencing results using quantitative real-time
RT-PCR

To confirm results of miRNA expression in response to RSV infection, we selected three miR-
NAs including osa-MIR395y, osa-MIR167h, and osa-MIR7695. Primers for real-time RT-PCR
were designed by using the miRprimer program [40]. Same total RNAs for small RNA
sequencing were used for quantitative real-time RT-PCR. Gene encoding ubiquitin-5 (UBQ5)
was used as a reference gene. Quantitative real-time PCR was performed with a Bio-Rad
CFX384 Real-time PCR system (Bio-Rad, Hercules, U.S.A.) in Bio-Rad iQ SYBR Green Super-
mix (Bio-Rad) reagents according to manufacturer protocols. Detailed experimental methods
were described in the previous study [41]. Data were analyzed with Bio-Rad CFX Manager soft-
ware (Version 3.1).

Results
Identification of known small RNAs

RSV-infected (RSV) and mock-treated (mock) samples at three different time points, such as 3
dpi, 7 dpi, and 15 dpi, were subjected for the construction of small RNA libraries. A total of six
libraries were single-end sequenced by HiSeq 2000 system. As shown in Fig 1A, the number of
sequenced reads were the highest in mock and RSV samples at 15 dpi. After processing raw
data as described in materials and methods, clean reads were subjected for miRNA identifica-
tion using mirDeep2 program [36]. From 5,252 to 9,588 unique reads from RSV and mock
samples were mapped on the reference rice genome sequences (http://rice.plantbiology.msu.
edu/). To identify known rice miRNAs, the mapped reads were used to align on known rice
miRNA sequences by mirDeep2.

We identified diverse known small RNA (sRNA) such as transfer RNA (tRNA), ribosomal
RNA (rRNA), small nuclear RNA (snRNA), small nucleolar RNAs (snoRNA), conserved
miRNA, novel miRNA, and virus-derived small interfering RNAs (vsiRNAs). The number of
identified known sRNA was the highest in mock and RSV samples at 15 dpi; however, the pro-
portion of known sRNA was the smallest in mock (16%) and RSV (14.3%) samples at 15 dpi
(Fig 1A). Of known sRNAs, rRNA was dominant followed by tRNA and conserved miRNA
(Fig 1B). In addition, we identified vsiRNA (3546 reads) from the RSV sample at 15 dpi while
none of vsiRNA was identified from the RSV samples at 3 and 7 dpi. The proportion of con-
served miRNA at RSV sample at 15 dpi (18%) was higher than that at mock sample at 15 dpi.

Identification of known and novel miRNAs from mock and RSV infected
samples

As aresult, we identified a total of 374 known rice miRNAs from the six small RNA libraries.
In detail, 306, 297, and 309 known miRNA were identified from mock samples at 3 dpi, 7 dpi
and 15 dpi, respectively (Fig 2A). Furthermore, 298, 301, and 327 known miRNA were identi-
fied from RSV samples at 3 dpi, 7 dpi and 15 dpi, respectively (Fig 2B). The numbers of identi-
fied conserved miRNAs are similar among RSV and mock samples except RSV sample at 15
dpi, in which miRNA were significantly induced upon RSV infection. At least 78% (266
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Fig 1. Data analysis to identify known small RNAs. (A) The numbers of sequenced small RNAs, which
were further classified into known and unknown small RNAs in each sample. (B) The composition of identified
known small RNAs such as tRNA, rRNA, snRNA, snoRNA, conserved miRNA, novel miRNA, and vsiRNA in
each sample.

doi:10.1371/journal.pone.0162319.g001

miRNAs) and 74% (266 miRNAs) of identified miRNAs were commonly identified in mock
and RSV samples, respectively (Fig 2A and Fig 2B). In addition, 19 miRNAs were identified
from only RSV sample but not mock sample. Furthermore, between mock and RSV samples
(272 to 288 miRNAs), many miRNAs were commonly identified from both conditions (Fig
20).

The size of most miRNAs ranged from 19 nt to 25 nt. Of them, 21-nt miRNAs were most
abundant followed by 24-nt and 22-nt miRNAs (Fig 2D, S1 Table). In contrast, only few miR-
NAs with 19-nt, 23-nt and 25-nt size were identified (Fig 2D, S1 Table). Among identified
known miRNAs, the most highly expressed miRNAs were members of osa-MIR 166 family,
such as osa-MIR166d, osa-MIR166b, osa-MIR166¢, and osa-MIR166j. They are one of well
known miRNA families, which are highly conserved in plant genomes [18]. The miRNA with
the highest read number was osa-MIR166d in RSV sample at 15 dpi (1,644 reads) (S1 Table).
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Fig 2. Identification of conserved miRNAs from mock and infected rice samples at different time
points. (A) Venn diagram displaying the total number of identified known miRNAs in mock samples at each
time point. (B) Venn diagram displaying the total number of identified known miRNAs in RSV infected
samples at each time point. (C)Venn diagram displaying the total number of miRNAs identified from mock
and RSV infected samples at 3 dpi, 7 dpi and 15 dpi, respectively. (D) Length distribution of identified known
miRNAs identified from mock and RSV infected samples.

doi:10.1371/journal.pone.0162319.g002

Furthermore, we identified a total of 19 novel miRNAs from the six samples by mirDeep2
program with the estimated probability cut-off 0.5 (Fig 3, S2 Table). The ten novel miRNAs
out of 19 novel miRNAs were identified from RSV sample at 15 dpi; however, only three, two,
and one miRNAs were identified from mock samples at 3 dpi, 7 dpi and 15 dpi, respectively. In
addition, only two and one miRNA were identified from RSV samples at 3 dpi and 7 dpi,
respectively (Fig 3, S2 Table). Unexpectedly, none of novel miRNAs was overlapped between
samples.

Identification of time point specific mMiRNAs

We screened miRNAs which were preferentially identified in specific time point. For example,
a miRNA was identified in the mock sample at 3 dpi but should not be identified in 7 dpi in
mock sample. Based on this method, we found that 30 miRNAs were preferentially expressed
at 3 dpi while 21 miRNAs were preferentially expressed at 7 dpi in mock samples (Fig 2A, S3
Table). For example, the read counts for osa-miR168a-5p and osa-miR169j were 219 counts
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and 17 counts, respectively, at 3 dpi but they were not detectible at 7 dpi (S3 Table). On the
contrary, there is no read for osa-MIR168a and osa-MIR169m at 3 dpi but the read counts for
two miRNAs were 186 and 52, respectively, at 7 dpi (S3 Table). Similarly, we identified 18 miR-
NAs and 30 miRNAs, which were preferentially expressed at 7 dpi and 15 dpi in mock rice
samples. We also identified miRNAs, which were preferentially expressed at specific time point
in RSV samples. For instance, 31 miRNAs were identified but 28 miRNA were not detected
between 3 dpi and 7 dpi while 43 miRNA were expressed but 17 miRNA were not detected
between 7 dpi and 15 dpi in RSV samples (53 Table). Interestingly, osa-MIR169m, osa-
miR169j, osa-MIR5143b, osa-MIR5143b, osa-MIR2879, and osa-MIR2118q displays similar
expression profiles in both RSV and mock samples (S3 Table).

Next, we selected 112 miRNAs, in which total read counts were more than 100. The expres-
sion profiles of 112 miRNAs were analyzed at the three time points. To examine expression
profiles of identified miRNAs during RSV infection, we calculated fold changes and p-values
by comparing RSV sample to mock sample at each time point after normalization using DESeq
package implemented in R [42]. The expression of most miRNAs were relatively stable regard-
less of time points. For example, the read count for osa-MIR166d in mock sample was 1,315 at
3 dpi. However, its read count was decreased to 1,177 at 7 dpi, and then again slightly increased
to 1,564 at 15 dpi (Fig 4A, S1 Table).

There were only limited numbers of miRNAs, in which expression were significantly
changed via time-course. For instance, the read count for osa-MIR2118n was decreased from
31 to 15 between 3 dpi and 7 dpi, respectively, while the read count for osa-MIR397b was dra-
matically increased from 18 reads at 7 dpi to 82 reads from 15 dpi in mock sample. The read
count for osa-MIR171f was increased from 21 to 42 reads between 3 dpi and 7 dpi whereas the
read count for osa-MIR395a was increased from 168 to 2,367 between 7 dpi and 15 dpi (Fig
4A, S1 Table). The read counts for many miRNAs were increased via time-course such as osa-
MIR395y and osa-MIR171f in mock rice samples and osa-MIR7693 and osa-MIR159a in RSV
infected samples (Fig 4A, S1 Table). Moreover, expression of most miRNAs was induced via
time-course in both mock and RSV infected samples. However, we did not find any miRNA, in
which expression was decreased via time-course in all samples (Fig 4A, S1 Table).

Expression analysis of miRNA upon RSV infection at three time points

To reveal the correlation between RSV infection and miRNA expression in rice via time-
course, we compared expression of miRNAs in mock to that of RSV infected sample at three
time points. We found that expression of some miRNAs were specifically induced or repressed
by RSV infection. A total of 32 miRNAs were down-regulated while 24 miRNAs were up-regu-
lated upon RSV infection at 3 dpi (Fig 4B). The osa-MIR5158 (203 reads) and osa-MIR5835
(55 reads) were strongly down-regulated by RSV infection; however, osa-MIR168a (219 reads)
and osa-MIR820c¢ (163 reads) were up-regulated upon RSV infection between 3 dpi and 7 dpi
(54 Table). Twenty-five and 20 miRNAs were down-regulated but 29 and 38 miRNAs were up-
regulated by RSV infection between 7 dpi and 15 dpi (Fig 4B). Interestingly, osa-MIR5835,
osa-MIR399¢, osa-MIR399w, and osa-MIR399g were consistently up-regulated by RSV at
three time points suggesting their possible functional role in RSV infection (54 Table).

Next, we compared the expression of 112 miRNAs, in which total reads were more than
100, upon RSV infection via time-course. Among 112 miRNAs, 21 miRNAs were significantly
down-regulated while 14 miRNAs were significantly up-regulated upon RSV infection at 3 dpi
based on fold changes 0.4 (Fig 4B). The osa-MIR171f and osa-MIR395f were the most up-regu-
lated miRNAs and their expression was increased up to almost two times. On the contrary, the
osa-MIR395a and osa-MIR2118n were the most down-regulated miRNAs, in which reads were
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Fig 4. Expression profiles of 112 selected miRNAs in this study. (A) Heatmap displays relative expression of 112 miRNAs at six
different samples. The miRNA read count at each sample was normalized and visualized by the DESeq package implemented in R
program. (B) Heatmap displays expression of 112 miRNAs expression at the three time points upon RSV infection. The expression fold
changes were calculated by comparing the mock sample to RSV infected sample at each time point. Logs, transformed fold changes
were visualized by heatmap using genesis program. Red and green colors indicate up- and down-regulated miRNAs.

doi:10.1371/journal.pone.0162319.g004

decreased from 6 to 2 and 31 to 17, respectively, at 3 dpi (Fig 4B). Many numbers of miRNAs
were up-regulated and relatively few miRNA were down-regulated upon RSV infection via
time-course. For instance, 24 and 30 miRNAs were up-regulated while four and three miRNAs
were significantly decreased at 7 dpi and 15 dpi, respectively (Fig 4B). In detail, osa-MIR1883Db,
osa-MIR319b, osa-MIR1846b, and osa-MIR1882e were down-regulated at 7 dpi. However,
many miRNAs were up-regulated, for example, osa-MIR171f and osa-MIR1441, were the most
strongly up-regulated miRNAs, in which the read count were 16 to 42 and 21 to 48, respec-
tively, at 7 dpi (Fig 4B). Similarly, only osa-MIR156b, osa-MIR171d, and osa-MIR1846e were
down-regulated by RSV infection at 15 dpi. The osa-MIR156b was strongly down-regulated
(Fig 4B). On contrary, many miRNAs were highly up-regulated at 15 dpi. The osa-MIR395f
and osa-MIR395a were the miRNAs in which expression was strongly up-regulated at 15 dpi
(S5 Table).

The osa-MIR2120 was the only miRNA in which expression was constantly increased at 3 dpi,
7 dpi and 15 dpi; however, among 112 miRNAs, there is no miRNA in which expression was con-
stantly suppressed at three time points (Fig 4B). Interestingly, osa-miR396e-5p was a miRNA was
up-regulated by RSV infection but was not expressed in three mock samples. In addition, expres-
sion of many miRNAs was constantly changed at three time points. For example, osa-MIR171d
was up-regulated at 3 dpi and 7 dpi while its expression was suppressed at 15 dpi. The osa-
MIR7693c was down-regulated at 3 dpi but was up-regulated at both 7 dpi and 15 dpi (Fig 4B).

Identification of target genes for identified miRNAs

It is of interest to find the target genes for each mRNA to elucidate functions of individual miR-
NAs. For that, we used the web based psRNA target server. We selected 49 miRNAs which were
highly up-regulated or down-regulated by RSV infection. They include 20 miRNAs with log, fold
change more than 0.4, ten miRNAs which were specifically up-regulated or down-regulated by
RSV infection, and 19 novel miRNAs (S6 Table). Oryza sativa japonica transcript library of MSU
Rice Genome Annotation (version 7) was used as the database for miRNA target prediction. In
total, we identified 399 predicted target rice genes including 329 unique genes after removing
redundant genes. They mainly function in signal transduction, biology process, plant growth and
development and especially response to endogenous stimulus (Table 1 and S7 Table). A previous
study demonstrated that the miRNA156 and miRNA 159 families target transcription factors
such as OsSPL2—SBP-box gene family and MYB family [18]. Again, we confirmed that those
genes were targets of miRNA156 and miRNA 159 families in this study. Based on known func-
tions for target genes, we supposed that the identified miRNAs play important roles during rice
development and responses to stress. Most miRNAs had more than one target genes. For example,
osa-miR396e-5p had 21 target genes including SAC9 protein and growth-regulating factor (S7
Table), which suggests that one miRNA might have several functions in rice.

There were 15 disease resistance genes, which were predicted as targets of miRNAs includ-
ing osa-MIR2118n, osa-MIR2118q, osa-MIR395y, osa-MIR399g and two newly identified
miRNAs, pm4242 and pm5124 (Table 1). They were all up-regulated at 15 dpi. There were
nine target genes for osa-MIR2118n and osa-MIR2118q and eight genes of them were targeted
by the two miRNAs. Interestingly, both miRNAs were down-regulated at 3 dpi but were highly
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down-regulated at 15 dpi by RSV infection. Furthermore, osa-MIR395y targeting a NBS-LRR
gene was up-regulated at 3 dpi and 15 dpi by RSV infection. The osa-MIR399g targeting three
NBS-LRR genes was specifically up-regulated by RSV at 15 dpi. In addition, novel two miRNAs
such as pm4242 and pm5124 identified from RSV infected sample at 15 dpi, target a NB-ARC
domain gene (Table 1). However, the results from the prediction program should be validated
by other experimental approaches in near future.

Comparative analysis of expression of miRNA and their target genes
upon RSV infection

The target RNA expression is suppressed by cleaving of miRNA or suppressing translation
[43]. Previously, we conducted rice transcriptome analysis upon RSV infection at 3 dpi, 7 dpi
and 15 dpi by RNA-Seq [41]. For small RNA sequencing, we used same plant materials which
were used for RNA-Seq. To find the correlation between miRNA expression and their target
gene expression, we derived the 399 rice genes expression data, which were predicted as targets
of the 30 known miRNAs and 19 newly identified miRNAs. Subsequently, expression of
miRNA and their predicted targets were compared (S7 Table). Unfortunately, we did find any
negative correlation for expression between miRNAs and their target genes. For example, osa-
MIR820c targeting five genes, was significantly up-regulated by RSV infection at 7 dpi. Of
them, four genes including Os05g00996.1, Os10g42196.1, Os11g03310.1, and Os11g13650.1
were all down-regulated except Os03g02010.4 displaying no change in gene expression at 7
dpi. The osa-MIR166k was down-regulated at 3 dpi and nine of 13 target genes for osa-
MIR166k were up-regulated. The osa-MIR5158 was down-regulated by RSV infection at 3 dpi,
and its three target genes such as Os03g17980.1, Os03g17980.2 and Os08g37800.1, were up-
regulated (S7 Table). According to our results, expression of many miRNAs were positively
correlated with expression of their target genes. For example, osa-MIR167i and osa-MIR169a
were all up-regulated upon RSV infection, but most predicted targets were also up-regulated at
15 dpi (S7 Table). Moreover, expression of many miRNAs affects negatively or positively
expression of their target genes (S7 Table).

We validated expression of the three selected miRNAs between mock and RSV samples at
15 dpi. by quantitative real-time RT-PCR (Fig 5). Expression of two miRNAs (osa-MIR395y

osa-MIR395y osa-MIR167h osa-MIR7695
1
s ! c 14
0.8 2 0.8 2 1.2
g 2 1
0.6 S 0.6 3
x 2 0.8
0.4 204 o 0.6
- Z 0.4
0.2 E 0.2 % .
o mim , g 02
Mock RSV Mock RSV Mock RSV

Fig 5. Expression of three selected miRNAs by quantitative real-time RT-PCR. Relative expression of three
selected miRNAs including osa-MIR395y, osa-MIR167h, and osa-MIR7695 was determined by quantitative real-
time RT-PCR. Total RNAs from mock and RSV samples at 15 dpi were used. Black colored bar indicates the
standard deviation.

doi:10.1371/journal.pone.0162319.9005
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and osa-MIR167h) was up-regulated by quantitative real-time RT-PCR, in which results were
consistent with those by small RNA sequencing. In case of osa-MIR7695, the expression of this
miRNA between mock and RSV samples was very similar although the result of small RNA
sequencing showed slight up-regulation of osa-MIR7695 by RSV infection.

Discussion

Over the past decade, a large number of miRNAs have been identified and it is clear that miR-
NAs play critical roles on many biological processes or defense mechanisms at the post-tran-
scription stage in plants [18, 23]. High-throughput sequencing becomes commonly available
and affordable for small RNA identification.

Although there were several studies performing rice miRNA expression upon RSV infec-
tion [30-33], our study shows more dynamic information of miRNA expression upon RSV
infection via time-course. We identified 374 known rice miRNAs, which cover 52.5% (374/
713) of known rice miRNA in miRBase and the number of identified miRNAs were similar
as compared to previous reports [30, 44]. Moreover, 19 novel miRNAs were also identified
from the six samples. The number of identified miRNAs might be dependent on several fac-
tors such as sample conditions, sequencing methods, and bioinformatic tools. For example, a
recent study using six libraries revealed 570 miRNAs [32] while our study using six libraries
identified 374 libraries. The recent study used a single time point (7 dpi) [3] while we har-
vested samples at three different time points. It might be of interest to compare the list of
miRNAs between two studies at 7 dpi; however, the complete list of miRNAs in the previous
study is not available. Based on results from this study and a previous study [30], we sup-
posed that the number of identified miRNAs was increased when the samples were harvested
at the late stages such as 15 days (this study) and 3 weeks (a previous study) after RSV infec-
tion. In other studies using samples from 7 dpi after RSV infection [31, 32], the numbers of
identified miRNAs were less than that of our study. The difference of identified miRNAs
might be caused by different sample conditions or the bioinformatic program to predict miR-
NAs [33].

The previous study using samples at 7 dpi after RSV infection successfully mapped vsiRNA
on the four RSV RNA genomes [45]; however, we did not obtain vsiRNAs from the RSV
infected samples at 3 and 7 dpi. We only identified vsiRNAs from RSV at 15 dpi after RSV
infection. This result indicates that the virus infection time might be an important factor to
produce vsiRNAs in the RSV infected plants.

Time-course analysis confirmed that the list of many expressed miRNAs at three time
points were quite similar. For example, the well-known plant miRNAs such as osa-MIR166,
osa-MIR167 and osa-MIR395 families are known to be involved in early rice developmental
stages [18]. This result suggest that the steady-state levels of miRNAs need to be properly con-
trolled to ensure normal rice development [44]. However, some miRNAs were strongly up-reg-
ulated in mock and RSV infected samples at 15 dpi. The up-regulation of miRNA expression
might be caused by the exogenous stresses, such as RSV infection which resulted in high level
of RSV replication in RSV infected sample. A previous report also demonstrated that miRNAs
families 156, 164, 165, and 167, were highly accumulated in Tobacco mosaic virus infected
Nicotiana tabacum as compared to non-infected tissues [46]. Similarly, osa-MIR167 family
reported as a known miRNA and functions in plant development [18, 46], was highly up-regu-
lated upon RSV infection. Some miRNAs had a short life time, such as 12 miRNAs were not
expressed between 3 dpi and 7 dpi in mock rice. It seems that a miRNA degradation pathway
might function in this phase. Unfortunately, there is no study reporting on miRNA degrada-
tion mechanism in rice. However, a family of exoribonucleases encoded by the small RNA
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degrading nuclease (SDN) genes in Arabidopsis degrade mature miRNAs [47]. In addition,
there were some rice miRNAs were up-regulated at the late stage. It is logical that miRNAs are
produced when they are induced by several stimuli and can be degraded when they are useless
any more during plant development.

Many identified miRNAs in this study were also identified in previous reports such as osa-
MIR166 family and osa-MIR167 family and their read counts were very high [30, 31, 44]. It is
possible that the frequently identified miRNAs might be multifunctional and important for
rice development. We also identified miRNAs which highly regulated by RSV infection at three
time points. About 12% (14/112) miRNAs were up-regulated while about 20% (21/112) miR-
NAs were down-regulated. However, this expression pattern was dramatically changed at 7 dpi
and 15 dpi. There were about 21% (24/112) and 30% (30/112) miRNAs, which were up-regu-
lated while only few numbers of miRNAs were down-regulated. The number of up-regulated
miRNAs was similar both at 3 dpi and 7 dpi but the number of up-regulated miRNAs was dra-
matically increased from 7 dpi to 15 dpi. Many miRNAs were up-regulated by RSV at the late
stage when a large amount of RSV RNAs had been accumulated. However, transcripts for the
down-regulated miRNAs were strongly decreased via time-course. This result demonstrates
that many miRNAs become very active in rice in response to RSV infection. A previous report
also demonstrated that several rice miRNAs are involved in different virus infection [30]. In
our study, we revealed some miRNAs were specifically regulated by RSV. For instance, osa-
MIR2118q, osa-MIR395w, osa-MIR399¢, osa-MIR399g, osa-MIR5158, and osa-MIR5835 were
specifically up-regulated by RSV infection at different time point, respectively. They might play
important roles in RSV infection. Moreover, osa-miR396e-5p was up-regulated by RSV at all
stages. This miRNA was a member of osa-miR396 family containing several members. It might
be valuable to characterize the role of osa-miR396e-5p associated with RSV infection in near
future. Although many numbers of miRNAs associated with RSV infections were identified,
the characterized miRNA associated with RSV infection is limited. For example, a recent study
showed that monocot specific miR444 is required for the antiviral signaling from virus infec-
tion to OsRDRI expression [48].

The target RNA is cleaved by complementarity or translational suppression to their target
[43, 49]. We found that 399 rice genes were targets of selected 49 miRNAs. Similar with a previ-
ous report, those target genes were mainly associated with signal transduction, retrotransposon
protein, transcription factor, biological functions, differentiation, and disease resistance [44].
Based on these results, RSV infection might suppress genes associated with rice growth and
development and interrupt defense mechanism against viruses resulting in viral disease symp-
toms [3]. Interestingly, 15 disease resistance genes were predicted as targets of miRNAs, such
as osa-MIR2118n, osa-MIR2118q, osa-MIR395y, and osa-MIR399g as well as two newly iden-
tified miRNAs, pm4242 and pm5124. Those miRNAs were significantly up-regulated upon
RSV infection except osa-MIR399g, in which transcript was not expressed at 15 dpi. It is well
known that members in miR2118 family target NBS-LRR containing gene families in many
plant species. In rice, there are 18 pre-miRNA variants correspond to 16 different mature miR-
NAs [50, 51]. The miR482 and miR2118 were assigned into miR482/2118 superfamily and tar-
get the coding sequence for the P-loop motif in disease resistance genes possessing nucleotide
binding site (NBS) and leucine-rich repeat (LRR) motifs in various species [52, 53]. A previous
report demonstrated that miR482 targets mRNAs with coiled-coil domains causing mRNA
decay and production of secondary siRNAs in a manner that depends on RNA-dependent
RNA polymerase 6 in Nicotiana benthamiana [53]. Although there is no report on function
pathway of osa-MIR2118 in rice, some miRNAs might play a conserved role in NB-LRR/LRR
mediated gene regulation and pathogen resistance [21]. In addition, osa-MIR395 was fre-
quently up-regulated upon environmental stresses [54]. MIR399 involved in the regulation of
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the cellular response [55] was down regulated upon RSV infection in this study. It might be
worth of studying on the mechanism how those miRNAs regulate host gene expression upon
RSV infection.

Suppression of the target gene by miRNAs is an essential step for gene silencing. For exam-
ple, up-regulation of osa-MIR820c led to down-regulation of target genes. Nevertheless, only a
small set of target genes were down-regulated by miRNAs in this study. Similar results were
also reported in rice samples infected Magnaporthe oryzae [56]. It seems that there might be
time lags of expression between miRNA and their target genes [57]. Moreover, it is also evident
that host mRNA gene expression were not solely affected by miRNAs but also there are several
unknown factors which regulate gene expression in plants [58]. We also carefully suppose that
expression of a target gene which was suppressed by miRNA can be recovered by unknown
other signal pathway.

In summary, we investigated miRNAs expression upon RSV infection via time-course. Sev-
eral crucial miRNAs related to RSV infection were identified including a total of 15 disease
resistance genes. Our results provide a list of known and novel miRNAs which were involved
in RSV infection. The identified miRNAs are good candidates to study novel insight into the
dynamic profiles of miRNAs in RSV infection and contribute to the understanding of the regu-
latory roles of miRNAs via time-course.
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