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Abstract

MicroRNAs (miRNAs) are ~21-nucleotide small RNAs (sRNAs) with essential regulatory roles in plants. They are generated
from stem-loop-structured precursors through two sequential Dicer-like 1 (DCL1)-mediated cleavages. To date, hundreds of
plant miRNAs have been uncovered. However, the question, whether the sequences reverse complementary (RC) to the
miRNA precursors could form hairpin-like structures and produce sRNA duplexes similar to the miRNA/miRNA* pairs has not
been solved yet. Here, we interrogated this possibility in 16 plant species based on sRNA high-throughput sequencing data
and secondary structure prediction. A total of 59 RC sequences with great potential to form stem-loop structures and
generate miRNA/miRNA*-like duplexes were identified in ten plants, which were named as RC-miRNA precursors. Unlike the
canonical miRNAs, only a few cleavage targets of the RC-miRNAs were identified in Arabidopsis (Arabidopsis thaliana) and
rice (Oryza sativa), and none in Soybean (Glycine max) based on degradome data. Surprisingly, the genomic regions
surrounding some of the RC-miRNA target recognition sites were observed to be specifically methylated in both Arabidopsis
and rice. Taken together, we reported a new class of miRNAs, called RC-miRNAs, which were generated from the antisense
strands of the miRNA precursors. Based on the results, we speculated that the mature RC-miRNAs might have subtle
regulatory activity through target cleavages, but might possess short interfering RNA-like activity by guiding sequence-

specific DNA methylation.
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Introduction

MicroRNAs (miRNAs) are small non-coding molecules discov-
ered at the end of the last century, and their critical regulatory
roles in numerous biological processes in organisms were widely
recognized at the beginning of this century [1-4]. In recent years,
the newly developed high-throughput sequencing (HTS; also
called next-generation sequencing) technology was employed for
transcriptome-wide small RNA (sRNA) profiling [5,6]. The
sequencing results provided us with an unprecedented sRNA
universe containing miRNAs and other sRNA species such as
short interfering RNAs (siRNAs). However, a problem was
subsequently encountered that how to predict and validate new
miRNA genes based on such huge HT'S data sets. The criteria for
miRNA definition were proposed for both general organisms and
plant species specifically [7,8]. Although it is still difficult to
guarantee the high accuracy of miRNA annotations based on
these criteria, the major part of the settled principle was
considered to be indispensable for miRINA definition. For plants,
the miRNA precursors should be able to form compelling stem-
loop structures, and the mature miRNAs should be easily
detectable by HTS or other fine-scale experimental methods such
as Northern blot. Ideally, both miRNA and the corresponding
miRNA* should be cloned. And, when mapped to the predicted
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hairpin-structured precursor, they should form a short duplex with
2-nucleotide (nt) 3" overhangs at both ends, which result from two
sequential cleavages of Dicer-like 1 (DCLI) in the nucleus [3,4].
Besides, miRINAs are sorted into Argonaute 1 (AGO1)-associated
miRNA-induced silencing complexes (miRISCs) in most cases.
Based on these well-established notions, the structure- and
accumulation-based approach was widely adopted for new
miRNA gene identification.

To date, hundreds of miRNAs belonging to various plant
species have been registered in the famous miRNA database,
miRBase (http://www.mirbase.org/index.shtml) [9], and more
and more novel miRNA genes are being discovered. However,
one question seems to be obvious that whether the sequences
reverse complementary (RC) to the miRNA precursors could
generate miRNA-like sSRNAs since these RC sequences tend to
form stem-loop structures more easily compared to the random
genomic sequences. Supporting this scenario, a few solid evidences
were found in animals. Almost at the same time, three groups
reported the discovery of a pair of sense/antisense miRNA genes,
mir-iab-4 and mir-iab-8 [10-12]. Both non-coding transcripts
transcribed from the two miRNA genes could form canonical
hairpin structures, and the mature miRNAs generated from both
precursors (mir-iab-4-5p/-3p and mir-iab-8-5p/-3p) could be
detected by Northern analysis. Furthermore, Stark et al. (2008)
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and Tyler et al. (2008) also indicated that transcription and
production of functional miRNAs from the antisense strands of the
annotated miRNA genes could be widespread in both inverte-
brates and vertebrates. In plants, however, there is no exact hint
supporting the antisense transcription of miRNA genes. Instead,
only a few related cases were reported. A genome-wide
identification of rice miRNAs carried out by Lu and his colleagues
(2008) revealed a new class of miRNAs, natural antisense
microRNAs (nat-miRNAs). Different from the antisense miRNA
genes identified in animals, nat-miRNAs are produced from the
transcripts antisense to protein-coding genes such as MADS box
genes. Although the processing of mature miRNAs from their
precursors are also DCL1-dependent, a distinguishable feature of
these miRNA genes is the existence of introns resided within their
primary transcripts, which must be removed for subsequent
hairpin formation [13].

To our best knowledge, no systemic identification of the plant
antisense miRNA genes has been performed. To address this issue,
we carried out a genome-wide survey of the potential miRNA
genes antisense to the miRNA loci registered in miRBase (Release
17) [9]. Sixteen plant species with available sSRNA HTS data sets
were investigated. After HTS data- and structure-based search and
filtering, 59 RC sequences with great potential to form hairpin
structures and produce miRNA-like sRNA molecules were
identified in ten plant species, which were defined as RC-miRNA
genes in order to make them distinguishable to the previously
reported natural antisense miRNAs [13]. Similar to the canonical
miRNAs, the sequence length of the identified mature RC-
miRNAs is highly enriched from 20 to 22 nt. However, different
from the miRNAs predominantly starting with 5" U (uridine) [4],
large portions of the RC-miRNAs begin with 5" A (adenosine) and
C (cytosine). The mature RC-miRNAs with high accumulation
levels in Arabidopsis (Arabidopsis thaliana), rice (Orza satwa) and
soybean (Glycine max) were selected for further functional analyses.
Only a few targets were identified in Arabidopsis and rice by using
degradome sequencing data. Intriguingly, a large portion of these
RC-miRNAs were indicated to mediate target site-specific DNA
methylation in both plants. On the other hand, several in-
vestigated RC-miRNAs are not enriched in AGOI1, but in
Arabidopsis AGO2 and rice AGO4 clade proteins instead. Taken
together, we reported a novel class of miRNAs transcribed from
the opposite strands of the currently annotated miRNA genes in
the plant kingdom. The potential involvement of these RC-
miRNAs in the target-specific DNA methylation pathway needs
further investigations.

Results

Accumulation- and Structure-based Identification of RC-
miRNAs

All the miRBase-registered (release 17) miRNA precursors
belonging to 16 different plant species (Arabidopsis lyrata,
Arabidopsis thaliana, Carica papaya, Citrus sinensis, Glycine
max, Gossypium arboretum, Gossypium hirsutum, Hordeum
vulgare, Medicago truncatula, Oryza sativa, Populus trichocarpa,
Solanum lycopersicum, Sorghum bicolor, Triticum aestivum, Vitis
vinifera and Zea mays) with publicly available sSRNA HTS data
were included to generate RC sequences. All the sRNA HT'S short
sequences were mapped to the RC sequences of each plant species,
and the perfectly matched sequences were retained to generate
sRNA distribution patterns for all the RC sequences. To avoid the
interference of the stem-loop structures capable of generating
enormous siRNA populations [14,15], and to obtain RC-miRNA
precursor candidates with simplified sSRNA distribution patterns,
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the RC sequences with continuously distributed short sequences
were discarded, and only the ones with two or more isolated SRNA
clusters were retained. According to the recently proposed
principle for HTS-based miRNA identification [16], these
retained RC sequences were further filtered by the criterion that
two or more short sequences with identical 5" ends should appear
in at least one isolated sSRNA cluster on each RC sequence. These
isolated sRINA clusters served as the database for further
identification of mature RC-miRNA candidates (see details in
Materials and Methods).

Then, the filtered RC sequences were subjected to secondary
structure-based manual check. Secondary structure prediction was
carried out by using RNAshapes [17]. All the predicted results
were manually checked, and only the RC sequences capable of
forming compelling hairpin structures were retained. The RC-
miRNA and RC-miRNA* candidates were selected from the
sRNA clusters on the RC sequences (RC-miRNA candidates
should be supported by two or more short sequences with identical
5" ends), and mapped to the hairpin-structured precursors for
manual check. Considering the featured structure of miRNA/
miRNA* duplex with 2-nt 3’ overhangs [3,4], only those RC
sequences generating RC-miRNA/RC-miRNA* duplexes with 0-
to 3-nt 3’ overhangs were finally considered to be the RC-miRNA
precursor candidates. As a result, 59 candidates were identified in
ten plant species (Figure S1 and Table S3). For most precursor
candidates, both RC-miRNAs and RC-miRNA*s were cloned by
HTS, and the RC-miRNAs were supported by two or more
different short sequences (Figure 1 and Figure S1). For a larger
portion of the precursors (45 out of the 59 precursors), the
accumulation levels of the RC-miRNAs were significantly higher
than those of the RC-miRNA*s. For the remaining precursors (14
out of 59), the accumulation levels of the RC-miRNAs generated
from the 5" and the 3’ arms were quite similar, and thus were
named as RC-miRNA-5p and RC-miRNA-3p respectively. In-
terestingly, more than one RC-miRNA/RC-miRNA* pairs were
identified on some of the precursors (Figure 1F and Figure S1).
Notably, these RC-miRNA/RC-miRNA* pairs generated from
the same precursors always largely overlap with each other. This
observation may result from the wobble effect of DCL-mediated
cleavages.

All the RC-miRNAs (87 sequences) were recruited for sequence
feature characterization. The statistical results showed that the
sequence length of the RC-miRNAs was enriched from 20 to
22 nt (Figure 2A), which was similar to the plant miRNAs.
However, quite different from the miRNAs that predominantly
starting with 5" U [4], nearly equal portions of the RC-miRNAs
initiate with A (34.48%), C (22.99%), and U (29.89%) respectively,
but much less with 5 G (guanine; 12.64%) (Figure 2B).
Considering the notion that accumulation level is a good in-
dication for the biological relevance of a miRNA, the RC-miRNAs
with relatively high accumulation levels based on the HTS data
[with normalized total read counts larger than 20 RPM (reads per
million)] were analyzed again. The result showed that both
sequence length distribution and 5" nucleotide composition were
highly consistent with those of the total RC-miRNA population
(see gray bars in Figure 2).

To address the concern whether a random genomic sequence
could form a hairpin structure and produce RC-miRNA/RC-
miRNA*-like short duplex, we set out to create a control set in
both Arabidopsis and rice. To make the control sets more
comparable to the RC sequences of the miRNA genes, 1,000
sequences antisense to the protein-coding genes were randomly
collected in both plants. The length of the random sequences was
determined by the average length of the discovered RC-miRNA
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Figure 1. High-throughput sequencing (HTS) data- and structure-based identification of reverse complementary microRNAs (RC-
miRNAs). (A) RC-ath-MIR391. (B) RC-aly-MIR3443. (C) RC-wvi-MIR172b. (D) RC-zma-MIR169d. (E) RC-osa-MIR535. (F) RC-ath-MIR782. (G) RC-osa-
MIR2905. (H) RC-ptc-MIR396c¢. (I) RC-osa-MIR169¢. (J) RC-csi-MIR172a. For all the panels, the short sequences perfectly mapped to the RC-miRNA
precursors along with their normalized read counts in RPM (reads per million) are shown (see Table S1 for the small RNA HTS data sources and see
Materials and Methods for read count normalization). The mature RC-miRNAs with significantly higher accumulation levels compared to the RC-
miRNA* coordinates were highlighted in dark red color, and the other short sequences with identical 5" ends supporting the RC-miRNAs were in
yellow. The RC-miRNA*s were in dark blue, and the other supporting sequences in light blue. For the RC precursors generating RC-miRNAs with
indistinguishable accumulation levels on both arms, their mature RC-miRNAs were highlighted in green color and named as miRNA-5p (5’ arm) and
miRNA-3p (3’ arm), respectively. The corresponding supporting sequences were in light green color. The RC-miRNAs and the star species were also
indicated in the stem-loop structures of their precursors. The parenthesis-dot formed secondary structure expression along with the free energy, and
the stem-loop structures were all predicted and generated by RNAshapes [17]. aly: Arabidopsis lyrata. ath: Arabidopsis thaliana. csi: Citrus sinensis. osa:
Oryza sativa. ptc: Populus trichocarpa. vvi: Vitis vinifera. zma: Zea mays.

doi:10.1371/journal.pone.0046991.g001

precursors, 1e. 159 nt in Arabidopsis and 132 nt in rice (see in each plant were subjected to secondary structure prediction by
sequence information in Data S1 and S2). Then, we set out to using RNAshapes, and only the antisense sequences capable of
identify potential RC-miRNAs by using a similar analytical forming hairpin structures were retained for the following sSRNA
workflow with slight differences. First, 1,000 random sequences HTS data-based analysis. This step greatly reduced the compu-
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Figure 2. Sequence characteristics of the reverse complementary microRNAs (RC-miRNAs) identified in nine plant species. (A)
Sequence length distribution patterns. (B) 5’ terminal nucleotide compositions. For both (A) and (B), all the identified RC-miRNAs (black bars) and the
ones with normalized total read counts larger than 20 RPM (reads per million) (gray bars) were analyzed separately.

doi:10.1371/journal.pone.0046991.g002

tational time cost during the next step, since only 106 sequences in
Arabidopsis and 210 in rice passed the first-step filtering (Data S3
and S4). Then, all the sSRNA short sequences from the HT'S data
sets were mapped to the retained random sequences. As a result,
only 34 sequences in Arabidopsis and 111 sequences in rice possess
perfectly-matched sRNAs (Data S5 and S6). Finally, manual
inspection was carried out to search for the potential miRNA/
miRNA* duplex with 2-nt 3" overhangs at both ends. Notably, no
ideal hairpin structure capable of producing miRNA/miRNA*
duplex was discovered. This discovery rate (0/1000) was
significantly low compared to those in Arabidopsis (5/232) and rice
(26/491). Thus, it is reasonable to conclude that the RC-miRNA
genes are not randomly distributed on the genomic sequences
antisense to the annotated genes.

PLOS ONE | www.plosone.org

Degradome Data-based Target Identification

The canonical plant miRNAs were incorporated into AGO-
associated (AGO1 normally) miRISCs to guide the silencing
complexes to the target transcripts for cleavage-based post-
transcriptional regulation [2-4]. Here, the highly accumulated
RC-miRNAs (with total read counts more than 20 RPM) of
Arabidopsis, rice and soybean were recruited for degradome
sequencing data-based target identification. First, according to
the gene model annotations from TAIR (Release 10) [18], TIGR
rice (Release 6.1) [19], and GmGDB belonging to PlantGDB
(version Glymal) [20], transcriptome-wide target prediction was
performed for the three plants by using miRU algorithm [21,22].
Then, the predicted targets were subjected to degradome data-
based (see Table S2 for data sources) validation by generating t-
plots (target plots) [23,24] for manual check following the rules
proposed previously [25]. Strikingly, only a few targets were
confirmed to be cleaved at the target binding sites in Arabidopsis
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and rice (Figure 3, Figure S2 and S3, and Table S5), and none was
identified in soybean. For rice, a large portion of the confirmed
targets with compelling cleavage signals in the middle of the
binding sites were recognized by the mature RC-miRNAs
produced from the precursors RC-osa-MIR169p and RC-osa-
MIR169q, which share the identical sequences with osa-
miR169b/c and osa-miR169h/1/j/k/1/m (Figure 3, Figure S3
and Table S4). The targets were annotated as Nuclear Factor ¥
(NVFY), which were previously shown to be targeted by miR169 in
Arabidopsis [26,27]. However, it is hard to tell that either RC-osa-
miR169 or o0sa-miR169, or both exert their cleavage-based
regulatory roles.

RC-miRNA-guided DNA Methylation through a Target
Site-specific Manner

It is questionable that the RC-miRNAs with high accumulation
levels only possess subtle regulatory roles in gene expression. A
recent study by Qi’s group (2010) reminds us a potential role of
miRNAs and miRNA-like sSRNAs in transcriptional gene silencing
through a DNA methylation pathway [28]. To address this
possibility, the genomic locations of all the predicted target binding
sites of the highly accumulated RC-miRNAs in Arabidopsis and rice
were retrieved (see Materials and Methods, and Figure S4) for
DNA methylation profiling queries by using the currently released
epigenome browsers [29,30]. Intriguingly, several coding regions
generating transcripts targeted by specific RC-miRNAs were
shown to be highly methylated. In many cases, the positions of the
methylated genomic regions were highly correlated with the
binding sites of the RC-miRNAs on the target transcripts (Figure 4,
and Figure S5 and S6). These results indicate a potential role of
certain RC-miRNAs in mediating DNA methylation in both
Arabidopsis and rice. More interestingly, among the 19 observed
methylated target genes in Arabidopsis, three genes were annotated
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to be involved in DNA or histone methylation, and two were
implicated in root hair development (Table S6).

The recently reported ImiRNAs (long miRNAs) that mediating
DNA methylation were confirmed to be DCL3-dependent, and
were associated with AGO4 clade proteins, indicating a distinct
regulatory pathway that they were involved in compared to the
canonical miRNAs in plants [28]. In this regard, the DCL
dependence and the AGO sorting patterns of the highly
accumulated RC-miRNAs were investigated. Although the HTS
data used for this interrogation were not sufficient to tell the
biogenesis and the AGO sorting patterns for all the investigated
RC-miRNAs (data not shown), some clear patterns were observed
for certain RC-miRNAs (Table 1). In Arabidopsis, RC-ath-miR391
and RC-ath-miR2112 were enriched in AGO2 but not in AGO1,
and the later one was also detected in AGO4. In rice, RC-osa-
miR 1857 and RC-osa-miR169p-1 were highly enriched in AGO1,
whereas RC-o0sa-miR2118q was incorporated into AGO4 clade
proteins, ie. AGO4 and AGO16. RC-o0sa-miR1857, RC-osa-
miR169p-1, and RC-o0sa-miR169g-2 showed dependence on
DCLI but not DCL3 for their biogenesis, and all of them were
RDR2-independent. However, no evident dependence of the
Arabidopsis RC-miRNAs on DCLs was observed which was like due
to the small number (only five, see Figure S1) of the RC-miRNA
precursors identified in this plant. Notably, in rice, clear de-
pendence of the accumulation of RC-0sa-miR1857 on DCLI, but
not DCL3 and RDR2, and its enrichment in AGOI1 protein
complex were observed (see Figure 5 and Data S7), which strongly
indicates that RC-0sa-miR1857 share a common biogenesis
pathway with the canonical miRNA genes [4]. Similar evidences
were obtained for RC-o0sa-miR169p and RC-osa-miR169q (Data
S7). Taken together, the RC-miRNAs likely form a novel miRNA-
like population in addition to the canonical ones.
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Figure 3. Degradome sequencing data-based identification of the targets of the highly accumulated reverse complementary
microRNAs (RC-miRNAs) in Arabidopsis and rice. For all the sub-figures (A to F), the left panels depict the degradome signals all along the target
transcripts, and the other panels provide detailed views of the cleavage signals within the regions surrounding the target recognition sites (denoted
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Figure 5. Dependence of RC-osa-miR1857 on DCL1, but not DCL3 and RDR2, and its enrichment in Argonaute 1. Secondary structure
and the accumulation levels of the mature RC-miRNA (indicated by red color) and the RC-miRNA* (blue color) are shown on the top of the figure. The
table at the bottom shows the accumulation levels of RC-osa-miR1857 in various biological samples, such as wild type seedling, dc/T mutant, DCL1
RNAi (RNA interference) transgenic lines, dc/3 mutant, rdr2 mutant, and the sequencing data from Argonaute 1 (AGO1)-enriched small RNA
population. Please note, the expression data (normalized in RPM, reads per million) was more comparable for the high-throughput sequencing data
sets belonging to the same group (indicated by the same background color).

doi:10.1371/journal.pone.0046991.g005
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Discussion

Sequences Antisense to the miRNA Precursors Possess
Great Potential for Generating miRNA-like sRNAs

In this study, by using accumulation- and secondary structure-
based screening, 59 RC-miRNA precursor candidates were
identified in ten plant species (Figure S1 and Table S3). All the
RC-miRNA  precursors are capable of forming compelling
hairpin-like structures. And, the mature RC-miRNAs along with
the RC-miRNA*s were cloned by HTS, which were often
supported by two or more distinct short sequences. Besides, the
RC-miRNAs and the corresponding RC-miRNA*s could often
form short duplexes with 2-nt 3" overhangs at both ends, which
were considered to be catalytic cleavage feature of the DCLs [3,4].
Compared to the star species, the mature RC-miRNAs were
usually accumulated much higher (Figure 1 and Figure SI).
However, the accumulation levels of some RC-miRNAs generated
from both arms of the same precursors were indistinguishable, and
they were always accumulated at relatively low levels.

For the RC-miRNAs with total read counts higher than
20 RPM, we made an accumulation level-based comparison
between these RC-miRNAs and the corresponding mature
miRNAs. Although a portion of the miRNAs were cloned at
much higher frequency than the RC-miRNAs identified on the
antisense strands, many RC-miRNAs with accumulation levels
comparable to the miRNAs or even much higher than the
miRNAs were observed, such as those in Glycine max, Medicago
truncatula, Triticum aestivum, Vitis vinifera and ea mays (Table S7).
The result indicates that the RC-miRNAs, at least some of them,
accumulated at biologically relevant levels. On the other hand, for
the RC-miRNAs with relatively low accumulation levels, we
hypothesis that the RC-miRNA precursors may be newly born in
specific plant species considering the factor that the newly evolved,
less conserved miRINA genes were hardly detectable [31]. It was
also observed that a large portion of the RC precursors were
antisense to the less conserved plant miRNA genes. These
evolutionary implications need to be investigated.

RC-miRNAs, with a Role in Transcriptional Regulation
through a DNA Methylation Pathway?

Although only a few cleavage targets of the highly accumulated
RC-miRNAs were detected, several RC-miRNAs were shown to
possess great potential to guide DNA methylation in both
Arabidopsis  (RC_ath-miR2112, RC_ath-miR391, RC_ath-
miR781, RC_ath-miR782, and RC_ath-miR847) and rice
(RC_osa-miR156, RC_osa-miR159, RC_osa-miR169, RC_osa-
miR 1846, RC_osa-miR2118, and RC_osa-miR535) (Figure 4 and
Table S6). Except for the transposable element genes that were
evenly methylated along their gene bodies, most protein-coding
genes were specifically methylated at the target recognition sites of
these RC-miRNAs, implying a sequence-specific mechanism.
Interestingly, several target genes are suggested to be implicated
in DNA or histone methylation in Arabidopsis according to the
TAIR (Release 10) GO (Gene Ontology) annotations (Table S6).
Moreover, previous study in rice uncovered the interplay between
DNA methylation, histone methylation, and gene expression [32].
Thus, the scenario that RC-miRNAs repress genes with methyl-
ation-related functions through a DNA methylation pathway to
form a feedback circuit maintaining a normal chromatin status
planta needs to be further investigated.

As mentioned above, a recent study discovered a new class of
miRNAs called ImiRNAs. This miRNA species are DCL3-
dependent, and are loaded into AGO#4 clade protein-associated
miRISCs to guide DNA methylation in rice [28]. In this study, the
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DCL-dependence and the AGO sorting patterns were analyzed
for the highly accumulated RC-miRNAs in Arabidopsis and rice
(Table 1). Three rice RC-miRNAs (RC-osa-miR1857, RC-osa-
miR169p-1, and RC-o0sa-miR169g-2) showed clear evidences that
their biogenesis was DCLI1-dependent but DCL3- and RDR2-
independent. Notably, RC-osa-miR2118q targeting three genes
for site-specific DNA methylation (Figure S6 and Table S6) was
indicated to be highly enriched in AGO4 and AGO16 (Table 1).
Consistent with its DNA methylation role, the rice AGO4 clade
proteins including AGO16 were confirmed to play an important
role in transcriptional gene silencing in plants [28,33]. Interest-
ingly, in Arabidopsis, the only two RC-miRNAs showing clear AGO
enrichment patterns were indicated to be associated with AGO2
(Table 1). Although some evidences pointed to the roles of AGO2
in antiviral defense [34-36], the mechanisms of AGO2-mediated
gene silencing remain to be uncovered [33].

The sequence characteristics of all the RC-miRNAs and the
highly accumulated ones identified in nine plant species were
analyzed separately (Figure 2). Previous results show us that
AGOL1 preferentially recruits miRNAs with 5" U, AGO2 and
AGO4 harbor sRNAs started with 5° A, and AGO5 pre-
dominantly binds sSRNA with 5" C in Arabidopsis [37]. Accordingly,
the various 5’ nucleotide compositions are consistent with the
diverse AGO sorting patterns of RC-miRNAs observed in this
study (Table 1), and indicate the multiple manners for them to
exert regulatory roles in gene expression control.

Taken together, whether the RC-miRNAs could be generated
by a specific DCL-dependent pathway, and exert target-specific
repressive regulation by guiding certain AGO-associated silencing
complexes need experimental confirmation. The results obtained
in this study could serve as the basis for further studies on this
research topic.

Materials and Methods

Data Sets Used in this Study

The sRNA HTS data sets of Arabidopsis lyrata, Arabidopsis
thaliana, Carica papaya, Citrus sinensis, Glycine max, Gossypium
arboretum, Gossypium hirsutum, Hordeum vulgare, Medicago
truncatula, Oryza sativa, Populus trichocarpa, Solanum lycopersi-
cum, Sorghum bicolor, Triticum aestivum, Vitis vinifera and Zea
mays were retrieved from GEO (Gene Expression Omnibus;
http://www.ncbi.nlm.nih.gov/geo/) [38], CSPSR (Comparative
Sequencing of Plant Small RNAs; http://smallrna.udel.edu/
project_data.php), CSRDB (Cereal Small RNAs Database;
http://sundarlab.ucdavis.edu/smrnas/) [39], and TomFuncDB
(Tomato Functional Genomics Database; http://ted.bti.cornell.
edu/cgi-bin/ TFGD/sRNA/download.cgi) [40-42]. See Table S1
for the accession numbers. The degradome sequencing data sets of
Arabidopsis thaliana, Oryza sativa and Glycine max were
retrieved from GEO or NGSDBs (Next-Gen Sequence Databases;
http://mpss.udel.edu/) [43]. See Table S2 for the accession
numbers. The miRNAs and their precursor sequences of the 16
plant species were downloaded from miRBase (Release 17; http://
www.mirbase.org/) [9]. The cDNAs, full-length genomic se-
quences, and the gene annotations of Arabidopsis, rice and
soybean were retrieved from the FTP sites of The Arabidopsis
Information Resource (TAIR, Release 7 and 10; ftp://fitp.
arabidopsis.org/home/tair/Sequences/blast_datasets/) [18], the
rice genome annotation project established by The Institute for
Genome Research (currently named the J. Craig Venter institute)
(TIGR rice, Release 5 and 6.1; fip://ftp.plantbiology.msu.edu/
pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/
pseudomolecules/) [19], and GmGDB belonging to PlantGDB
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(version  Glymal) [20]  (ftp://ftp.plantgdb.org/download/
Genomes/GmGDB/), respectively.

HTS Data-based Identification of RC-miRNA Candidates

First, the sequences reverse complementary to the miRNA
precursors were generated for further analyses. In order to allow
cross-library comparison, the normalized read count (in RPM,
reads per million) of a short sequence from a specific library was
calculated by dividing the raw count of this sequence by the total
counts of the library, and then multiplied by 10°. Then, all the
short sequences were mapped onto the RC sequences by BLAST
algorithm [44], and all the perfectly matched ones were retained.
Finally, manual identification of the RC-miRNA precursor
candidates was carried out as follows: (1) there should be two or
more isolated short-sequence clusters on the RC sequences, and
the RC sequences with numerous continuously distributed (ladder-
like) sequences without clear-cut boundaries were discarded. (2)
according to the previously proposed criterion for miRNA locus
identification [16], and considering that the SRNA HTS data of
Arabidopsis and rice were much more abundant than the other
plants’, three or more distinct short sequences with identical 5’
ends should appear in at least one isolated short-sequence clusters
on each RC sequence for Arabidopsis and rice, and two or more
short sequences with identical 5" ends should appear in at least one
isolated short sequence clusters for the other plant species. All
these multi-sequences-supported sRNAs served as the mature RC-
miRNA candidates for selection in the further analyses. The RC
sequences met the above two filtering criteria were retained for
further validation.

Structure-based Validation of RC-miRNA Candidates

The retained RC sequences were subjected to secondary
structure prediction by using RNAshapes in “Shape folding”
mode with default parameters [17]. The simplest structure (with
single stem-loop region in most cases) among all the predicted
results for one RC sequence was selected for manual check. The
RC sequences capable of forming stable hairpin-like structures
were retained. The canonical miRNA/miRNA* short duplex
possesses 2-nt 3" overhangs [3,4]. In this regard, the RC-miRNA
candidates and the corresponding RC-miRNA*s were selected
from the isolated short sequence clusters (as mention above, the
RC-miRNA candidates should be supported by three or more
sequences with identical 5" ends in Arabidopsis and rice, and two or
more sequence in the other plants analyzed; and the RC-miRNA*
candidates were also supported by several sequences with identical
5" ends in some cases), and were mapped onto the stem-loop-
structured RC sequences and subjected to manual check. The
hairpin-like RC sequences that could generate RC-miRNA/RC-
miRNA* duplexes with 0- to 3-nt 3" overhangs were considered to
be the final RC-miRNA precursor candidates. The RC-miRNA
candidates with normalized total read counts larger than 20 RPM
in Arabidopsis, rice and soybean were selected for target prediction.

Cleavage Target Prediction and Degradome Sequencing-
based Verification

Target prediction was performed by using miRU algorithm
[21,22] with default parameters. The degradome sequencing data
were utilized to validate the predicted RC-miRNA—target pairs.
First, the read counts of all the degradome signatures from each
library were normalized as described above. Then, two-step
filtering was performed to extract the most likely RC-miRNA—
target pairs. During the first step, the predicted RC-miRNA
binding sites along with the 50-nt surrounding sequences at both
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ends were collected in order to reduce the BLAST time. For the
BLAST, all the collected degradome data sets (eleven of
Arabidopsis, four of rice and one of soybean; see Table S2) were
utilized at the same time to do a comprehensive search. It was
based on the scenario that a RC-miRNA-target pair was
considered to be the candidate once the cleavage signal(s) existed
in any data set(s). Two types of predicted targets were retained for
further filtering: (1) there must be perfectly matched degradome
signatures with their 5" ends resided within 8-14 nt region away
from the 5" ends of the target binding sites; or (2) the target
transcripts should possess degradome signatures at least partially
located within the target binding sites, and their normalized counts
should be significantly higher than the surrounding signals. These
transcripts were subjected to a second BLAST, and the degradome
signals along each transcript were obtained to provide a global
view of the signal noise when compared to the signal intensity
within a specific target binding site. Referring to our previous
study [25], both the global and the local t-plots were drawn.
Exhaustive manual filtering was performed, and only the
transcripts with cleavage signals easy to be recognized were
extracted as the potential RC-miRNA-target pairs.

Analysis of RC-miRNA-guided Target DNA Methylation

According to the target prediction results produced by miRU,
the TAIR 10- and TIGR rice 6.1-based genomic positions of the
predicted target binding sites of the RC-miRNA candidates (with
normalized total read counts larger than 20 RPM) were converted
mto TAIR 7- and TIGR rice 5-based genomic positions,
respectively. Then, the binding sites were used for DNA
methylation profile queries through (http://epigenomics.mcdb.
ucla.edu/DNAmeth/) [30] and (http://159.226.118.31:9311/cgi-
bin/hgGateway) [29], which were built based on the annotated
gene information of TAIR 7 and TIGR rice 5 respectively. Please
see Figure S4 for the clear workflow.

Supporting Information

Figure S1 Structure- and accumulation level-based
identification of plant RC-miRNAs.

(PDF)

Figure S2 Degradome data-based validation of RC-
miRNA-regulated target transcripts in Arabidopsis.
(PDF)

Figure S3 Degradome data-based validation of RC-
miRNA-regulated target transcripts in rice.

(PDF)

Figure S4 Schematic workflow of converting the geno-
mic positions of target binding sites from TAIR 10 and
TIGR rice 6.1 to TAIR 7 and TIGR rice 5 for DNA
methylation profile queries in Arabidopsis and rice.
(PDF)

Figure S5 RC-miRNA-guided DNA methylation sur-
rounding their target recognition sites in Arabidopsis.
(PDF)

Figure S6 RC-miRNA-guided DNA methylation sur-
rounding their target recognition sites in rice.

(PDF)

Table S1 Plant small RNA high-throughput sequencing

data sets used in this study.

(PDF)
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Table $2 Plant degradome sequencing data sets used in
this study.

(PDE)
Table S3 Sequence information of identified mature

RC-miRNAs, RC-miRNA*s, and RC-miRNA precursors.
(XLS)

Table S4 List of mature RC-miRNAs used for cleavage
target identification and DNA methylation analysis in
Arabidopsis and rice, and the mature RC-miRNAs with
normalized total read counts more than 20 RPM (reads
per million) in other plant species (the mature RC-
miRNAs of soybean with accumulation levels higher
than 20 RPM were also used for degradome sequencing
data-based target identification).

(XLS)

Table S5 List of identified RC-miRNA—-cleavage target
regulatory relationships in Arabidopsis and rice.

(XLS)

Table S6 RC-miRNA-guided DNA methylation and their
target genes in Arabidopsis and rice.
(XLS)

Table S7 Comparison of the accumulation levels be-
tween RC-microRNAs and the corresponding micro-
RNAs in the sixteen plant species (only the RC-miRNAs
with accumulation levels higher than 20 RPM were
included).

(PDF)
Data S1 Randomly selected 1000 sequences antisense to

the protein-coding genes in Arabidopsis.
(TXT)

References

1. Carthew RW, Sontheimer EJ (2009) Origins and mechanisms of miRNAs and
siRNAs. Cell 136: 642-655.
2. Chen X (2009) Small RNAs and their roles in plant development. Annu Rev
Cell Dev Biol 25: 21-44.
3. Jones-Rhoades MW, Bartel DP, Bartel B (2006) MicroRNAs and their
regulatory roles in plants. Annu Rev Plant Biol 57: 19-53.
4. Voinnet O (2009) Origin, biogenesis, and activity of plant microRNAs. Cell 136:
669-687.
. Morozova O, Marra MA (2008) Applications of next-generation sequencing
technologies in functional genomics. Genomics 92: 255-264.

6. Simon SA, Zhai J, Nandety RS, McCormick KP, Zeng J, et al. (2009) Short-read
sequencing technologies for transcriptional analyses. Annu Rev Plant Biol 60:
305-333.

7. Ambros V, Bartel B, Bartel DP, Burge CB, Carrington JC, et al. (2003) A
uniform system for microRNA annotation. RNA 9: 277-279.

8. Meyers BC, Axtell MJ, Bartel B, Bartel DP, Baulcombe D, et al. (2008) Criteria
for annotation of plant MicroRNAs. Plant Cell 20: 3186-3190.

9. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ (2008) miRBase: tools for
microRNA genomics. Nucleic Acids Res 36: D154-158.

10. Bender W (2008) MicroRNAs in the Drosophila bithorax complex. Genes Dev
22: 14-19.

11. Stark A, Bushati N, Jan CH, Kheradpour P, Hodges E, et al. (2008) A single
Hox locus in Drosophila produces functional microRNAs from opposite DNA
strands. Genes Dev 22: 8-13.

12. Tyler DM, Okamura K, Chung W], Hagen JW, Berezikov E, et al. (2008)
Functionally distinct regulatory RNAs generated by bidirectional transcription
and processing of microRNA loci. Genes Dev 22: 26-36.

13. Lu C, Jeong DH, Kulkarni K, Pillay M, Nobuta K, et al. (2008) Genome-wide
analysis for discovery of rice microRNAs reveals natural antisense microRNAs
(nat-miRNAs). Proc Natl Acad Sci USA 105: 4951-4956.

14. Chen D, Meng Y, Yuan C, Bai L, Huang D, et al. (2011) Plant siRNAs from
introns mediate DNA methylation of host genes. RNA 17: 1012-1024.

15. Dunoyer P, Brosnan CA, Schott G, Wang Y, Jay F, et al. (2010) An endogenous,
systemic RNAi pathway in plants. EMBO J 29: 1699-1712.

16. Berezikov E, Liu N, Flynt AS, Hodges E, Rooks M, et al. (2010) Evolutionary

flux of canonical microRNAs and mirtrons in Drosophila. Nat Genet 42: 6-9.

&)

PLOS ONE | www.plosone.org

Reverse Complementary microRNAs in Plants

Data $2 Randomly selected 1000 sequences antisense to
the protein-coding genes in rice.

(TXT)

Data S3 Retained random sequences after secondary
structure prediction in Arabidopsis.

(TXT)

Data S4 Retained random sequences after secondary
structure prediction in rice.

(TXT)

Data S5 Random sequences possessing perfectly-
matched small RNAs in Arabidopsis.
(TXT)

Data S6 Random sequences possessing perfectly-
matched small RNAs in rice.
(TXT)

Data S7 Dependence of the accumulation levels of
certain RC-miRNA(*)s on DCL1, but not DCL3 and
RDR2, and their association with AGO1 protein.

(XLS)

Acknowledgments

We would like to thank all the publicly available datasets and the scientists
behind them.

Author Contributions

Conceived and designed the experiments: YM CS XM XX. Performed the
experiments: CS XM YM. Analyzed the data: YM CS XM XX.
Contributed reagents/materials/analysis tools: XM YM HW. Wrote the
paper: YM HW.

17. Steffen P, Voss B, Rehmsmeier M, Reeder J, Giegerich R (2006) RNAshapes: an
integrated RNA analysis package based on abstract shapes. Bioinformatics 22:
500-503.

18. Huala E, Dickerman AW, Garcia-Hernandez M, Weems D, Reiser L, et al.
(2001) The Arabidopsis Information Resource (TAIR): a comprehensive
database and web-based information retrieval, analysis, and visualization system
for a model plant. Nucleic Acids Res 29: 102-105.

19. Yuan Q, Ouyang S, Liu J, Suh B, Cheung F, et al. (2003) The TIGR rice
genome annotation resource: annotating the rice genome and creating resources
for plant biologists. Nucleic Acids Res 31: 229-233.

20. Duvick J, Fu A, Muppirala U, Sabharwal M, Wilkerson MD, et al. (2008)
PlantGDB: a resource for comparative plant genomics. Nucleic acids research
36: D959-965.

21. Dai X, Zhao PX (2011) psRNATarget: a plant small RNA target analysis server.
Nucleic Acids Res 39: W155-159.

22. Zhang Y (2005) miRU: an automated plant miRNA target prediction server.
Nucleic Acids Res 33: W701-704.

23. German MA, Luo S, Schroth G, Meyers BC, Green PJ (2009) Construction of
Parallel Analysis of RNA Ends (PARE) libraries for the study of cleaved miRNA
targets and the RNA degradome. Nat Protoc 4: 356-362.

24. German MA, Pillay M, Jeong DH, Hetawal A, Luo S, et al. (2008) Global
identification of microRNA-target RNA pairs by parallel analysis of RNA ends.
Nat Biotechnol 26: 941-946.

25. Meng Y, Shao C, Chen M (2011) Toward microRNA-mediated gene regulatory
networks in plants. Brief Bioinform 12: 645-659.

26. Li WX, Oono Y, Zhu J, He XJ, Wu JM, et al. (2008) The Arabidopsis NFYA5
transcription factor is regulated transcriptionally and posttranscriptionally to
promote drought resistance. Plant Cell 20: 2238-2251.

27. Zhao M, Ding H, Zhu JK, Zhang F, Li WX (2011) Involvement of miR169 in
the nitrogen-starvation responses in Arabidopsis. New Phytol 190: 906-915.

28. Wu L, Zhou H, Zhang Q, Zhang J, Ni F, et al. (2010) DNA methylation
mediated by a microRNA pathway. Mol Cell 38: 465-475.

29. He G, Zhu X, Elling AA, Chen L, Wang X, et al. (2010) Global epigenetic and
transcriptional trends among two rice subspecies and their reciprocal hybrids.
Plant Cell 22: 17-33.

30. Zhang X, Yazaki J, Sundaresan A, Cokus S, Chan SW, et al. (2006) Genome-
wide high-resolution mapping and functional analysis of DNA methylation in
Arabidopsis. Cell 126: 1189-1201.

October 2012 | Volume 7 | Issue 10 | e46991



31.

32.

33.

34.

36.

37.

Axtell MJ, Bowman JL (2008) Evolution of plant microRNAs and their targets.
Trends Plant Sci 13: 343-349.

Li X, Wang X, He K, Ma Y, Su N, et al. (2008) High-resolution mapping of
epigenetic modifications of the rice genome uncovers interplay between DNA
methylation, histone methylation, and gene expression. Plant Cell 20: 259-276.
Vaucheret H (2008) Plant ARGONAUTES. Trends Plant Sci 13: 350-358.
Harvey JJ, Lewsey MG, Patel K, Westwood J, Heimstadt S, et al. (2011) An
antiviral defense role of AGO2 in plants. PLoS One 6: ¢14639.

. Jaubert M, Bhattacharjee S, Mello AF, Perry KL, Moffett P (2011)

ARGONAUTE2 mediates RNA-silencing antiviral defenses against Potato
virus X in Arabidopsis. Plant Physiol 156: 1556-1564.

Zhang X, Zhao H, Gao S, Wang WC, Katiyar-Agarwal S, et al. (2011)
Arabidopsis Argonaute 2 regulates innate immunity via miRNA393(*)-mediated
silencing of a Golgi-localized SNARE gene, MEMB12. Mol Cell 42: 356-366.
Mi S, Cai T, Hu Y, Chen Y, Hodges E, et al. (2008) Sorting of small RNAs into
Arabidopsis argonaute complexes is directed by the 5’ terminal nucleotide. Cell

133: 116-127.

PLOS ONE | www.plosone.org

1

38.

39.

40.

41.

42,

43.

44.

Reverse Complementary microRNAs in Plants

Barrett T, Troup DB, Wilhite SE, Ledoux P, Rudnev D, et al. (2009) NCBI
GEO: archive for high-throughput functional genomic data. Nucleic Acids Res
37: D885-890.

Johnson C, Bowman L, Adai AT, Vance V, Sundaresan V (2007) CSRDB:
a small RNA integrated database and browser resource for cereals. Nucleic
Acids Res 35: D829-833.

Itaya A, Bundschuh R, Archual AJ, Joung JG, Fei Z, et al. (2008) Small RNAs in
tomato fruit and leaf development. Biochim Biophys Acta 1779: 99-107.
Moxon S, Jing R, Szittya G, Schwach F, Rusholme Pilcher RL, et al. (2008)
Deep sequencing of tomato short RNAs identifies microRNAs targeting genes
involved in fruit ripening. Genome Res 18: 1602-1609.

Pilcher RL, Moxon S, Pakseresht N, Moulton V, Manning K, et al. (2007)
Identification of novel small RNAs in tomato (Solanum lycopersicum). Planta
226: 709-717.

Nakano M, Nobuta K, Vemaraju K, Tej SS, Skogen JW, et al. (2006) Plant
MPSS databases: signature-based transcriptional resources for analyses of
mRNA and small RNA. Nucleic Acids Res 34: D731-735.

Altschul SF, Gish W, Miller W, Myers EW, Lipman D] (1990) Basic local
alignment search tool. J] Mol Biol 215: 403-410.

October 2012 | Volume 7 | Issue 10 | e46991



