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Our previous study identified approximately 6,000 abiotic stress-responsive noncoding transcripts existing on the antisense
strand of protein-coding genes and implied that a type of antisense RNA was synthesized from a sense RNA template by RNA-
dependent RNA polymerase (RDR). Expression analyses revealed that the expression of novel abiotic stress-induced antisense RNA
on 1,136 gene loci was reduced in the rdr1/2/6 mutants. RNase protection indicated that the RD29A antisense RNA and other
RDR1/2/6-dependent antisense RNAs are involved in the formation of dsRNA. The accumulation of stress-inducible antisense
RNA was decreased and increased in dcp5 and xrn4, respectively, but not changed in dcl2/3/4, nrpdla and nrpd1b. RNA-seq
analyses revealed that the majority of the RDR1/2/6-dependent antisense RNA loci did not overlap with RDR1/2/6-dependent
20-30 nt RNA loci. Additionally, dr1/2/6 mutants decreased the degradation rate of the sense RNA and exhibited arrested root
growth during the recovery stage following a drought stress, whereas dcl2/3/4 mutants did not. Collectively, these results
indicate that RDRs have stress-inducible antisense RNA synthesis activity and a novel biological function that is different
from the known endogenous small RNA pathways from protein-coding genes. These data reveal a novel mechanism of RNA

regulation during abiotic stress response that involves complex RNA degradation pathways.

When growing under natural conditions, plants are
exposed to a variety of environmental stresses that
negatively affect their growth and productivity (Boyer,
1982; Chevin et al., 2010). Drought stress is one of the
major limiting environmental factors affecting more
than 10% of arable lands, resulting in a greater than 50%
decline in the average yield of major crops worldwide
(Bray et al., 2000). Therefore, it is important to under-
stand the molecular mechanisms associated with abi-
otic stress responses in order to improve the molecular
breeding of stress-tolerant plants.

Recent genome-wide transcriptome technologies, such
as tiling arrays and next generation sequencing, have
revealed a large number of stress-responsive ncRNAs
that were not translated into proteins. Emerging evi-
dence indicates that ncRNAs are major products of the
plant transcriptome (Matsui et al., 2013; Liu et al., 2012).
Previously, several transcriptome analyses identifying

antisense RNAs and their associated regulatory mech-
anisms have been reported (Yamada et al., 2003; Osato
et al., 2003; Jin et al., 2008; Matsui et al., 2008; Hazen
et al., 2009). Current evidence suggests that natural cis-
antisense RNAs have various functional roles in tran-
scriptional and posttranscriptional regulation in order
to achieve different biological responses (Terryn and
Rouzé, 2000; Prescott and Proudfoot, 2002; Yamada
et al., 2003; Faghihi et al., 2010; Zubko et al., 2011).
These roles include gene silencing (Aravin et al., 2001;
Tufarelli et al., 2003; Katiyar-Agarwal et al., 2006), poly
(A) signal modification (Gu et al., 2009), inhibition of
miRNA function (Faghihi et al., 2010), and RNA editing
(Peters et al., 2003). Using a tiling array approach, our
previous study of the Arabidopsis transcriptome revealed
a unique transcriptomic phenomenon where more than
6,000 non-protein-coding antisense transcripts were
expressed in response to abiotic stress (Matsui et al., 2008).
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These antisense transcripts were fully overlapping sense-
antisense transcripts (fSATs), in which the sequence of
one transcript covered more than 80% of the other anti-
sense transcript. Pairs of the sense- and antisense tran-
scripts exhibited a positive correlation in their expression
in response to abiotic stress. These results suggested that
there is novel regulation of RNA metabolism that func-
tions under abiotic stress conditions.

At the present time, there is still limited understanding
pertaining to the biogenesis mechanisms and biological
function of antisense RNAs that are induced in response
to abiotic stress. This is primarily due to the fact that
various types of antisense RNAs are synthesized on
protein-coding loci. The most intensively studied anti-
sense RNAs have been mRNA-like transcripts that
possess a cap structure, intron gaps, and a poly (A) tail
(Osato et al., 2003; Jen et al., 2005; Wang et al., 2005). In
many cases, their existence can be estimated from the
alignment of full-length cDNAs and ESTs to the genome
sequence. In general, it is believed that they are tran-
scribed from their 5'-upstream promoters by RNA
polymerase II and that most of them partially overlap
with sense-stranded protein-coding genes. However,
our subcloning analysis revealed that stress-induced
antisense RNAs did not have cap-structures or a poly
(A) tail and have a sequence complementary to the
mRNA mapped onto the opposite strand (Matsui et al.,
2008). The stress-inducible antisense RNAs are coex-
pressed with the sense mRNA under abiotic stresses
(Matsui et al., 2008). These findings support the hypoth-
esis that RNA-dependent RNA polymerases (RDRs) are
involved in the biosynthesis of antisense RNAs, although
another possibility for stress-induced antisense RNA
synthesis may also exist. Recent findings have indicated
that uncapped sense-stranded RNAs are linked to post-
transcriptional gene silencing (PTGS)-related small RNA
synthesis, synthesizing dsRNA during the process of
small RNA biosynthesis. Additionally, recent studies
have also reported that disruption of several genes,
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including the decapping enzyme complex component
(DCP1, DCP2, VCS), a 5'-3" exoribonuclease (XRN4
(EINS)), and a DExH-box RNA helicase functioning in
3’-5" RNA degradation (SKI2), induced the expression
of endogenous siRNAs (Gregory et al., 2008; Martinez
de Alba et al.,, 2015; Zhang et al., 2015). The increased
levels of uncapped sense-stranded RNAs in these mu-
tants were used as templates to produce dsRNAs dur-
ing the PTGS process. The dsRNAs were synthesized
by RNA-dependent RNA polymerase 6 (RDR6), one
of six Arabidopsis RDRs (Rajeswaran et al., 2012;
Martinez de Alba et al., 2015; Zhang et al., 2015), and
processed into 21-22 nt siRNA by DCL4 (Zhang et al,,
2015). Another possible mechanism of antisense RNA
synthesis is transcriptional gene silencing (TGS) of re-
lated RNAs that are synthesized by a DNA-directed
RNA polymerase IV (PollV) and RDR2 (Xie et al., 2004;
Swiezewski et al., 2009). PollV and RDR2 generate
dsRNAs from heterochromatic regions (Xie et al., 2004).
The generation of siRNAs from overlapping regions of
protein-coding gene pairs has been previously reported
(Borsani et al., 2005; Nobuta et al., 2007; Zhou et al.,
2009; Ron et al., 2010).

In order to elucidate the mechanism responsible for the
biosynthesis of abiotic stress-induced antisense RNA, we
tried to identify the antisense RNA biosynthesis-defective
mutants based upon the information from a previous
study where the sequences of antisense RNAs comple-
mentary to their sense RNAs on protein-coding gene loci
were reported (Matsui et al., 2008). The current study
indicated that RDRs function redundantly during anti-
sense RNA synthesis. Surprisingly, most of the RDR1/2/
6-dependent antisense RNA loci did not overlap with
regions of 20-30 nt RDR1/2/6-dependent small RNAs,
suggesting that RDR synthesized dsRNA in endogenous
loci where small RNAs were limited at very low level in
wild-type plants. The rdrl/2/6 mutants also exhibited
arrested root growth during the recovery stage following
a drought stress, while dcl2/3/4 mutants did not show this
phenotype. These results indicate that RDRs have a novel
biological function that is different from the known small
RNA pathway involved in abiotic stress response. Our
study reveals the importance of a novel RNA metabolism
and that RDR1/2/6-mediated biosynthesis of antisense
RNAs is involved in maintaining the integrity of the
transcriptome network in abiotic stress response.

RESULTS

Accumulation of a Fully Overlapping Antisense
Transcript, fAsRD29A1, from the RD29A Locus Is Reduced
in the rdr1/2/6 Mutant

We previously found that two types of antisense
transcripts are generated at the RD29A locus in Arabi-
dopsis plants subjected to abiotic stress (Matsui et al.,
2008). The sequence of a fully overlapping antisense
RNA (fAsRD29A1, named antisense TU2 in Matsui et al.
[2008]) on the RD29A locus is complementary to the
sense mRNA sequence containing an intron gap, and
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the fAsRD29A2 (named antisense TU1 in Matsui et al.
[2008]) sequence is complementary to the genomic se-
quence (Fig. 1A). In order to investigate the biosyn-
thesis of the fully overlapping antisense RNA, the
accumulation of fAsRD29A1 was measured in single
gene knockout lines of RDRs subjected to drought
stress. To measure the accumulation of fAsRD29A1,
gRT-PCR primers were designed with forward primers
containing part of exon 3 and exon 4 (Fig. 1A). The RNA
samples were used for the reverse transcription with
the forward and reverse primers to generate the strand-
specific cDNA at 55°C for preventing miss-annealing
(Yassour et al., 2010; Feng et al., 2012), and the accu-
mulation of sense and antisense RNAs was measured
by qRT-PCR. Accumulation of fAsRD29A1 increased in
wild-type plants in response to a drought stress treat-
ment in the same manner as the poly (A+) sense RNA.
However, the accumulation of fAsRD29A1 was ap-
proximately 1/100 to the accumulation of the poly (A+)

A

RD29A sense RNA

Biogenesis of Stress-Inducible Antisense RNA

sense RNA. qRT-PCR results also indicated that the
accumulation of fAsRD29A1 was not affected in the
single rdr, nrpdla, and nrpd1b mutants (Fig. 1B). This
result was consistent with our previous finding that the
accumulation of CYP707A1 antisense RNA was unaf-
fected in six single rdr mutant lines (Matsui et al., 2008).
The accumulation of fAsRD29A1 in the double and two
independent triple knockout lines, rdr1/2, rdr1/6, rdr2/6,
rdr1/2/6-1, and rdr1/2/6-2 was subsequently measured.
The results indicated that disruption of RDR1/2/6 re-
duced the expression of fAsRD29A1 transcripts to half
(the P values for f test < 0.01) (Fig. 1B). Accumulation of
the stress-inducible antisense RNA of RD20 (AT2G33380)
and PP2CA (AT3G11410), where the antisense RNAs
were identified in our previous study (Matsui et al.,
2008), were reduced in rdr1/2/6-1 mutant (Supplemental
Fig. S1A). The linker RT-PCR method (Lepere et al.,
2008) also showed that the accumulation of the anti-
sense poly (A—) RNAs was reduced in rdr1/2/6-1 and in
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Figure 1. Analysis of the accumulation of sense and antisense RNA at the RD29A locus in rdr and nrpd1 mutants. A, Schematic
diagram of two types of antisense RNAs, fASRD29A1 and fAsRD29A2, that exist at the RD29A locus. In order to detect the ac-
cumulation of fAsSRD29A1 complementary to the sense RNA, an RD29A forward primer containing part of exon 3 and 4, but
lacking the intron, was used for qRT-PCR. B, The accumulation level of RD29A sense RNA and antisense RNA (fAsRD29AT) in
wild type, single mutants of six RDRs, NRPD1a, and NRPD1b, and double and triple mutants of RDR1/2/6 was measured by qRT-
PCR. One ug of total RNA was used. Data represent the mean = SD (n = 3). Asterisk indicates the Pvalues for ttest < 0.01, when
mutants and wild type were compared under the same condition. C, northern analysis of RD29A sense RNA and antisense RNAs
in wild-type and rdr1/2/6-1 plants. Ten ug of total RNA was loaded into each lane and hybridized with RI-labeled strand-specific
RNA probes of RD29A and the ACT2 control (that shows the similar expression level between nontreatment and 2 h drought
treatment). The exposure times for detecting the sense- and antisense- RNAs were 1 h and 24 h, respectively. The fASRD29A1
fragment is indicated by an arrow. The table shows relative Rl-intensities of each band at the northern blots using Image-J program.
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rdr1/2/6-2 (Supplemental Fig. S2). Northern analysis
using the strand-specific probe confirmed that the sig-
nal of fAsRD29A1 fragment was lower in rdr1/2/6-1 as
compared to wild type (Fig. 1C). The expression anal-
yses suggest that the loss of RDR1/2/6 reduces the
expression of stress-inducible antisense RNAs. Loss of
NRPDl1a and NRPD1b, which resulted in impaired
PollV and PolV, respectively, did not affect accumula-
tion of fAsSRD29A1 (Supplemental Fig. S1A), suggesting
that abiotic stress-induced fAsRD29A1 is not generated
by TGS-related transcription. In contrast, the accumu-
lation of fAsRD29A2 was not affected in the rdr1/2/6
mutant (Supplemental Fig. S3).

Mutation of XRN4 and DCP5 Affects Accumulation of
fAsRD29A1, Indicating that Antisense RNA Is Generated
from Uncapped Sense RNA

Mutation of xrn4 increases the accumulation of
uncapped and unpolyadenylated RNAs that serve as
substrates for RDRs, leading to the formation of
dsRNA precursors. Indeed, it has been reported that
the xrn4 mutation induced a class of small RNAs that
are processed from the antisense strand of endogenous
genes (Gregory et al., 2008). The mutant lines xrn4 and
dcp5 were selected in order to test whether degraded
RNAs affect the biosynthesis of fully overlapping an-
tisense RNAs. DCP5 is involved in the de-capping of
mRNAs by interacting with DCP1 or DCP2 (Xu and
Chua, 2012). We examined the circular RT-PCR, which
connects the 5'-end of uncapped RNAs to its 3’ end by
self-ligation and amplifies the self-ligated molecules
and synthesizes cDNA using the random RT primer to
analyze the uncapped RD29A sense RNA. The circular
RT-PCR revealed that the accumulation of RD29A
uncapped sense RNA increased in xrn4 and decreased
in dcp5 (Supplemental Fig. S1B). qRT-PCR analysis
using a random primer or oligo dT primer showed that
poly (A—) RD29A sense RNA accumulated in xrn4 and
poly (A+) RD29A sense RNA accumulated in dcp5 with
and without drought stress treatment (Supplemental
Fig. S1C). Expression of fAsRD29A1 was increased in
xrn4 but was reduced in dep5 (Supplemental Fig. S1C).
Especially, these results indicate the accumulation of
uncapped RD29A sense RNA in xrn4 and the reduction
of fAsRD29A1 in dcp5, suggesting that fASRD29A1 is
synthesized by using the degraded fragment of RD29A
sense mRNA as a template. The same expression pro-
file in rdr1/2/6-1, dcp5, and xrn4 was observed in RD20
and PP2CA antisense RNAs under drought stress
(Supplemental Fig. S1A). RD29A poly (A—) sense RNA
might be specially targeted by XRN4-dependent RNA
degradation under normal condition and drought
stress (Supplemental Fig. S1C). RDRs have dsRNA
synthesis activity under both control and drought
conditions, but the generation of the stress-inducible
antisense RNAs is induced with the amount of its
substrate by changes in RNA degradation metabolism
under drought stress. Collectively, the results indicate
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that antisense RNAs of RD29A and several other loci
whose expression is drought-inducible are synthesized
using endogenous uncapped sense RNA as a template.

Custom Microarray Analysis Identified 1,136
RDR1/2/6-Dependent Antisense RNA Loci and Suggested
that RDR1/2/6 Activities Synthesizing Antisense RNAs
Increase under Drought Stress

Sequence analysis of subcloned cDNAs showed that
fAsRD29A1 did not have a cap structure and a long poly
(A) tail (Matsui et al., 2008). Although recent develop-
ments of sequencing technology have made more se-
quencing reads possible, it was difficult to compare the
expression of antisense RNA in wild type with those
in rdr1/2/6-1 using SOLIiD 3 sequencing technology
(GSE39033). This was primarily due to very low ex-
pression of stress-induced antisense RNAs, and no
methods were available to separate the stress-inducible
antisense RNAs from other poly (A—) RNAs such as
tRNAs, snoRNAs, 55 rRNAs, and uncapped sense
RNAs. Therefore, a custom microarray analysis was
selected so that it could be used to detect the probe
signal of the target antisense RNAs by overloading a
high amount of labeled cRNAs onto the array. The
custom array was designed for detecting novel tran-
scriptional regions, including 7,918 antisense transcripts
on 7,138 TAIR10-annotated gene loci (Supplemental Fig.
S4A) based on previous transcriptome data obtained
using a tiling array and RNA sequencing (Matsui et al.,
2008; Okamoto et al., 2010; Kawaguchi et al., 2012). Poly
(A+) and poly (A—) RNA fractions were separated from
total RNA extracted from rdr1/2/6-1 and wild-type plants
with and without a drought stress treatment. The poly
(A+) and poly (A—) RNA fractions were then used for
custom microarray analysis (Supplemental Fig. S4B).
Signals of tRNAs, U2 RNAs, and U6 RNAs that do not
have poly (A) tails had a higher intensity in the poly (A—)
RNA microarray data as compared to the poly (A+) RNA
microarray data (Supplemental Fig. S4C). The custom
microarray analysis successfully detected poly (A—) and
poly (A+) RNA (Supplemental Fig. S4C). We focused on
7,138 loci of the sense and antisense transcripts (SAT loci)
that are detectable in wild-type or rdr1/2/6-1 plants on the
custom array (Supplemental Table S1).

Differential expression of poly (A—) RNAs in wild-
type and rdr1/2/6-1 plants was evaluated in response to
drought stress (Fig. 2A, Supplemental Fig. S4D). Loss of
RDR1/2/6 not only decreased poly (A—) antisense
RNAs, but also increased poly (A—) sense RNAs (Fig.
2A, Supplemental Fig. S5, B and D). Poly (A—) RNAson
7,138 SAT loci were compared between control and
drought stress conditions. When rdr1/2/6-1 plants were
subjected to drought stress, poly (A—) antisense RNA
was reduced (Supplemental Figure S5D), whereas poly
(A—) sense transcripts accumulated (Supplemental
Figure S5B). On the other hand, the accumulation of
poly (A—) antisense and sense RNAs was stable in
wild-type plants (Supplemental Fig. S5, B and D). The
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Figure 2. Custom microarray analysis of the accumulation of antisense RNAs in wild-type and rdr1/2/6 plants subjected to
drought stress. A, MA plots illustrating the accumulation level of poly (A-) sense RNA and poly (A-) antisense RNA at 7,138 gene
loci in which sense and antisense RNAs are detectable in wild-type and rdr1/2/6-1 plants. Red and black dots indicate differ-
entially expressed genes and genes with similar expression levels, respectively, in WT and rdri1/2/6-1 plants. Differentially
expressed genes were selected with an FDR < 0.1 using linear models and empirical Bayes methods (Ritchie et al., 2015) and
Benjamini-Hochberg p-adjustment. B, Histograms illustrating the distribution of log, fold changes (Dry/Control) in RDR1/2/6-
dependent antisense RNA loci- and RDR1/2/6-independent-loci. Black and red lines indicate wild-type and rdr1/2/6-1 samples,
respectively.
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trend seen in the poly (A—) RNA microarray data were
not observed in the poly (A+) RNA data (Supplemental
Fig. S5, A and C). When subjected to drought stress, the
overall trend in the ratio of poly (A—) antisense RNA/
poly (A—) sense RNA per each gene was more greatly
reduced in rdr1/2/6 plants (Supplemental Fig. S5, E and F).

RDR1/2/6-dependent antisense RNA loci were se-
lected by the criteria that the ratio of antisense RNA to
sense RNA is lower in rdr1/2/6-1 as compared with the
wild-type plants under control or drought stress con-
ditions (FDR < 0.075). The 1,136 RDR1/2/6-dependent
antisense RNA loci were identified only under drought
stress (Fig. 3A; Supplemental Table S1). Twenty-six
percent of the RDR1/2/6-dependent antisense RNA
loci were drought-inducible genes, including RD29A
(Supplemental Table S1). Our previous study, which
compared the gene expression between control and
drought stress, revealed the presence of the antisense
RNAs on the stress-responsive genes (Matsui et al.,
2008). In the current study, comparisons of rdr1/2/6-1 and
wild type revealed a novel finding that RDR1/2/6-
dependent antisense RNA was synthesized from the
genes with various expression patterns. Microarray

A 7,138 SATs locion
custom microarray

2,325 RDR1/2/6-dependent

small RNA loci
188

\>

1,136 RDR1/2/6-dependent
antisense RNA

DN

1,128 RDR1/2/6- 8 RDR1/2/6-dependent 188 RDR1/2/6-dependent
dependent antisense RNA loci small RNA loci without
antisense RNA loci with small RNAs RDR1/2/6-dependent
without small RNAs antisense RNAs

o

2,325 RDR1/2/6-
dependent
small RNA loci

HTEs
O Pseudo genes

O Other RNAs
O Protein-coding genes

7,138 SATs loci on
custom microarray

Figure 3. Comparative analysis of RDR1/2/6-dependent antisense RNA
loci and RDR1/2/6-dependent small RNA loci. A, Venn diagram com-
paring 1,136 RDR1/2/6-dependent antisense RNA loci within 7,138
sense-antisense transcripts (SATs) loci with custom array probes and
2,325 RDR1/2/6-dependent small RNA loci. B, Classification of five
groups based on functional categories in the TAIR10 dataset.

462

analyses revealed that the efficiency of RDR1/2/6-
dependent antisense RNA synthesis was gradually
regulated in a gene dependent manner.

In order to address their expression trend of sense
and antisense RNAs in RDR1/2/6-dependent anti-
sense RNA loci, we therefore needed to compare the
RDR1/2/6-dependent antisense RNA loci and RDR1/
2/6-independent RNA loci using a relatively weak
threshold. When the threshold of FDR > 0.25 was used
in this study based upon the data that the change in log,
ratio of poly (A—) antisense RNA/poly (A—) sense
RNA between rdr1/2/6-1 and wild type was less than 1/2,
one thousand and fifteen RDR1/2/6-independent loci
were also selected (Supplemental Table S1). Changes in
the accumulation of poly (A—) sense and poly (A—) an-
tisense RNA in the presence and absence of drought stress
were examined in these gene sets (Fig. 2, B-G). A distinct
trend was observed with an increased signal intensity of
poly (A—) antisense RN As in wild-type plants in response
to the drought stress treatment (Fig. 2B). In contrast, the
signal intensity of poly (A—) sense RNAs did not exhibit a
large change in wild type in response to drought stress at
RDR1/2/6-dependent antisense RNA loci (Fig. 2C). The
expression trends of poly (A—) antisense and sense RNAs
for the response to drought stress in RDR1/2/6-dependent
antisense RNA loci were not observed in the RDR1/2/6-
independent RNA loci (Fig. 2, E and F).

gRT-PCR analysis confirmed the decrease in the ex-
pression of poly (A—) antisense RNAs in rdr1/2/6-1 after
drought stress in several RDR1/2/6-dependent antisense
RNA loci (Supplemental Fig. S6). Collectively, these data
indicate that RDR1/2 /6-dependent antisense RNAs exist
on the annotated protein-coding gene loci throughout the
genome and that their accumulation increases in re-
sponse to drought stress. In addition, qRT-PCR analyses
also confirmed the increase of poly (A—) sense RNA in
some RDR1/2/6-dependent antisense RNA loci in rdr1/
2/6-1 plants (Supplemental Fig. S6). The microarray
analysis showed that the loss of RDR1/2/6 distinctly
affected antisense RNA accumulation and slightly af-
fected poly (A—) sense RNA under drought stress.

RD29A and fAsRD29A1 Form dsRNA by the Action
of RDRs

The custom microarray analysis indicated the possibility
that RDR1/2/6 affects the accumulation of poly (A—)
sense RNA in RDR1/2/6-dependent antisense RNA loci. It
is known that RDRs generate dsRNNAs by transcribing
antisense RNA from its sense RNA (Yoshikawa et al.,
2005; Curaba and Chen, 2008; Willmann et al., 2011). In
order to determine whether dsRNAs are formed from
sense and antisense RNAs, a RNase protection assay was
utilized in RD29A, a RDR1/2/6-dependent antisense
RNA locus, and in ACT2, which does not have antisense
RNAs, thus serving as a negative control (Fig. 4A). A
fAsRD29A1-derived fragment could be amplified after
using single-stranded RNA-specific RNases (RNase I/
RNase A). In contrast, after using a dsRNA-specific
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RNase (RNase V1), the fAsRD29A1-derived fragment
could not be amplified. The amount of the RD29A sense
RNA-derived fragment decreased slightly after RNase
V1 treatment and decreased significantly after RNase I/
RNase A Mix treatment. The RNA structure in wild
type and rdr1/2/6-1 was compared. qRT-PCR of samples
after being treated with the RNase I/RNase A Mix indi-
cated that dsRNA structure decreased in rdr1/2/6-1 (Fig.
4B). These results imply that a part of RD29A sense RNA
forms dsRNA with fAsRD29A1 by the action of RDRs and
that most of the RD29A sense RNA exists in the form of
single-stranded RINA. Similar results were obtained by a
RNA protection assay in other RDR1/2/6-dependent
antisense RNA loci (Supplemental Fig. S57).

Most of the RDR1/2/6-Dependent Antisense RNA Loci Do
Not Overlap with RDR1/2/6-Dependent small RNA Loci

Recent studies have shown that various RDR-
dependent noncoding RNAs are produced on protein-
coding loci and TEs (Gregory et al., 2008; Cao et al., 2014,
Martinez de Alba et al., 2015; Zhang et al., 2015) and that

A RNase V1 treatment

RD29A fASRD29A1

1/3° noRT = 1/3 noRT -

RNase | / RNase A treatment

RD29A fASRD29A1

ACT2

Biogenesis of Stress-Inducible Antisense RNA

small RNAs are generated for mRNA degradation on
protein-coding gene loci under specific conditions, such
as virus-infection or in RNA degradation-related mu-
tants. These pathways are similar to that of the accumu-
lation of RDR1/2/6-dependent antisense RNA under
abiotic stress. Therefore, we examined whether RDR1/
2/6-dependent antisense RNAs were processed into
small RNAs by comparing the small RNAs between
rdr1/2/6-1 and wild type by the use of HiSeq2000 deep
sequencing. These efforts identified 2,325 RDR1/2/6-
dependent small RNA loci in drought stress or control
conditions (Fig. 3A; Supplemental Table S2). Only eight
small RNA loci overlapped with RDR1/2/6-dependent
antisense RNA loci (Fig. 3, A and B). Specifically, they
were a transacting siRNA locus la (TASla), three
transposable elements, and four protein-coding genes
in which DNA methylation was observed (Zhang et al.,
2006). Two RDR1/2/6-dependent antisense RNAs that
were mapped on TAS1B existed upstream of a major
small RNA-generated region (Supplemental Fig. S8A,
Rajeswaran et al., 2012). In addition, we tested whether
accumulation of sense and antisense RNAs was re-
duced through the small RNA production process on

Figure 4. RNase protection assay of sense and anti-
sense RNA at the RD29A locus. A, One ug of total
RNA extracted from 2 h drought-stress-treated wild-
type plants was treated with 1/900 U of RNase V1 or
1/9 U of RNase I/RNase A Mix for 15 min at room
temperature. RNase-treated RNAs were converted to

19  1/3 noRT cDNAs using RD29A strand-specific primers. Then,
1/10 of the cDNAs were amplified using 35 cycles of

PCR. ACT2 sense RNA, which does not have anti-

ACT2 sense RNAs, was used as a negative control. For

ACT2 sense RNA, 1/300 U of RNase V1 and 1/3 U of
RNase I/RNase A Mix were used. “-” indicates no
treatment of RNases. “no RT” indicates no reverse

1/3 noRT 113 noRT o 1/3  noRT transcription of RNA to cDNA. B, Accumulation of
RD29A sense RNA in wild-type and rdr1/2/6-1 plants
B RD29A was measured by qRT-PCR analysis after RNase V1
RNase V1 RNase | / RNase A and RNase I/RNase A Mix treatment. Then, 1/10 of
% . — the cDNAs, which were converted by a random
1bfe— & B I 1.0 g PR primer, were used for qRT-PCR. Asterisk indicates the
= - = P values for t test < 0.01.
05— =8— B I 0.5 — B N
0 0 ol
- 1 13 19 1/27 1/81 - 1 13 19 127 181
Unit Unit
ACT2 (control)
RNase V1 RNase | / RNase A
' k| 10— —1a]
0.5 -z I L 0.5
0 - d 0 s —
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RDR-dependent antisense RNA loci (Supplemental Fig.
S9). The mutation of DCL2/3/4 increased accumulation of
sense and antisense RNA in TAS2 locus where transacting
siRNA is produced by RDR6 and DCL4 (Supplemental
Fig. 59). On the other hand, the dcl2/3/4 mutation did not
change the accumulation sense and antisense RNAs on
stress-inducible RDR-dependent antisense RNA loci
(Supplemental Fig. S9).

Recently, it was reported that DCL1/2/3/4-independent
and Pol IV-dependent small RNAs can also function in
RdDM pathway (Yang et al., 2016). The expression of
antisense RNAs was not changed in nrpdla and nrpd1b
(Fig. 1A; Supplemental Fig. S1A). The possibility of
generating a small amount of small RNAs was investi-
gated. A histogram of small RNAs revealed that the av-
erage number of small RNA on RDR1/2/6-dependent
antisense RNA loci was less than 2™ *-fold compared with
the average number on RDR1/2/6-dependent small RNA
loci (Supplemental Fig. S8B). These data indicate that
small RNAs at RDR1/2/6-dependent antisense RNA
loci were at a background level (Supplemental Fig. S8B;
Supplemental Table S1), and that they represent 20-30 nt
small RNAs corresponding to RNA degradation frag-
ments generated from sense RNA. The result of the
custom microarray showed that the signal intensity
of poly (A—) sense and poly (A—) antisense RNA at
RDR1/2/6-dependent small RNA loci was lower than
the signal at RDR1/2/6-dependent antisense RNA loci
(Supplemental Fig. S8C). These observations suggest
that most of the dsRNAs did not accumulate as inter-
mediates of small RNA synthesis, because they were
quickly processed into small RNAs (Rajeswaran et al.,
2012). The RDR1/2/6-dependent antisense RNA loci
were also compared with the specific small RNA loci
reported previously (Martinez de Alba et al., 2015;
Zhang et al., 2015). Only 24% of RDR1/2/6-dependent
antisense RNA loci overlapped with the specific small
RNA loci (Supplemental Fig. S10A). MA plots showed
that the overlapped 277 loci did not change siRNA ac-
cumulation in rdr1/2/6-1 compared with wild type
(Supplemental Fig. S10B). The results suggested that
these loci produced siRNAs only under some specific
conditions (Martinez de Alba et al., 2015; Zhang et al.,
2015) and did not accumulate siRNAs under our control
and drought stress conditions. These results suggest that
RDRs synthesize double-strand RNAs on the loci that do
not generate small RNAs in addition to the small RNA-
generating loci in wild type under drought stress.

In order to study the linkage between RDR1/2/
6-dependent antisense RNA synthesis and siRNA pro-
duction, the accumulation of antisense RNA was mea-
sured in rdr6 at a transacting siRNA locus, TAS2. The rdr6
mutant showed a 2-fold increase in the accumulation of
antisense RNAs on the 3’ fragment of TAS2 after the
miR173 cleavage site where small RNAs are synthesized
(Supplemental Fig. S11A), although RDR6 is necessary
for generating antisense RNA during an intermediate
step in transacting siRNA synthesis (Allen et al., 2005;
Yoshikawa et al., 2005; Curaba and Chen, 2008). The
strand-specific circular RT-PCR for cloning for TAS

464

antisense RN As, using the strand-specific primers during
RT, identified various lengths of TAS2 antisense RNAs in
rdr6 (Supplemental Fig. S11B). Relative to the levels in
rdr6, TAS2 antisense RNAs were lower in rdr1/6, rdr2/6,
and rdrl/2/6. TAS2 transcripts were a common target
substrate of dsSRNA synthesis. When RDR6 was missing,
however, the increase of antisense RNAs could be in-
duced by other redundant RDRs, and they did not serve
as substrates for processing into siRNAs (Allen et al.,
2005; Yoshikawa et al., 2005; Curaba and Chen, 2008).
These results indicate that siRNA synthesis and antisense
RNA synthesis are not always cooperated and that the
recognition of target RNAs by each synthesis-related
component occurs prior to the synthesis of dsRNA.

RNA Decay Rate of RD29A Poly (A+) Sense RNA Is
Reduced in rdr1/2/6, dep5, and Is Not Affected in dcl2/3/4

Results of the current study indicate that antisense
RNAs are involved in poly (A+) sense RNA degrada-
tion. Therefore, the RNA decay rate of RD29A poly (A+)
sense RNA in rdr1/2/6-1 and wild-type plants were
compared as described previously (Lidder et al., 2005).
Plants were pretreated with 30% polyethyleneglycol
(PEG) solution for 2 h and then transferred to a PEG
solution containing a transcriptional inhibitor, cordy-
cepin. The reduction in the RNA decay rate of RD29A
mRNA in rdr1/2/6-1, relative to the wild type, was ob-
vious (Fig. 5A). The decay rate of RD29A poly (A+)
sense RNA was 1.4-fold greater in wild type than in
rdr1/2/6-1. In contrast, the decay rate of ACT2 poly (A+)
sense RNA was similar between rdr1/2/6-1 and wild
type (Fig. 5A). It was also confirmed that the RNA de-
cay rate of other RDR1/2/6-dependent antisense RNA
loci decreased in rdr1/2/6 subjected to osmotic stress
(Supplemental Fig. 512). In addition, we addressed the
RNA decay rate of RD29A and other RDR1/2/6-
dependent antisense RNA loci in dep5 and dcl2/3/4 (a
mutant that cannot synthesize canonical siRNA after
dsRNA synthesis) plants that affected and did not
affect RDR1/2/6-dependent antisense RNA synthesis
(Supplemental Fig. S13). The RNA decay rates of tar-
gets were reduced in dcp5 but were not affected in dcl2/
3/4 (Supplemental Fig. S13). It was apparent that DCP5
was also required for RNA degradation that is the initial
step of RDR1/2/6-dependent antisense RNA- mediating
RNA degradation on RDR1/2/6-dependent antisense RNA
loci. In addition, RDR1/2/6-dependent antisense RNA
may also assist with poly (A+) RNA degradation without
small RNA-dependent RNA degradation in these loci. On
the other hand, this result caused a discrepancy because
the similar levels of poly (A+) RNA expression for a part
of the RDR1/2/6-dependent antisense RNA loci be-
tween rdr1/2/6-1 and wild type could not be explained
by the RNA decay rate between rdr1/2/6-1 and wild
type (Supplemental Figs. S6 and S12). The short-term
drought stress drastically changes the transcriptional
activity, and the transcriptional regulation has a strong
effect on gene expression as compared to degradation.
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Figure 5. RNA Decay Rate of RD29A Poly (A+) Sense RNA in wild-type
and rdr1/2/6 plants subjected to an osmotic stress. A, Two-week-old wild-
type and rdr1/2/6-1 plants were pretreated with a 30% PEG solution for 2 h
and then treated with 0.6 mm cordycepin, a transcription inhibitor. The
RNA decay rate of RD29A (a RDR1/2/6-dependent antisense RNA locus)
and ACT2 (a locus without antisense RNA) mRNAs was measured by qRT-
PCR. The vertical axis indicates the log, copy numbers of mRNA per
100 ng of total RNA. The horizontal axis indicates the time-course fol-
lowing cordycepin treatment. Covariance analysis (ANCOVA) was used to
determine whether there are different RNA decay rates between wild-type
and rdr1/2/6-1 plants. B, rdri1/2/6-1 and wild-type plants were treated with
30% PEG6000 for 2 h and returned to a well-watered condition (rehydration).
Relative fresh weight of rdr1/2/6-1 and wild-type plants were then measured.
Covariance analysis (ANCOVA) was used to determine whether there are
different on the RNA decay rates between wild type and rdr1/2/6-1 plants. C,
Accumulation of RD29A mRNA during the rehydration phase was measured
by gRT-PCR and normalized to ACT2 accumulation. D, Accumulation of
RD29A mRNA and antisense RNA (fAsRD29A1) during the rehydration phase
was measured by qRT-PCR and normalized to ACT2 accumulation. Asterisk
indicates the P values for t test < 0.05.

Therefore, it might not yet have reached at the state of
static equilibrium between transcription and degrada-
tion. It might be also due to that mRNA synthesis is
robustly controlled by feedback signal from RNA deg-
radation (Haimovich et al., 2013; Skalska et al., 2017).

rdr1/2/6 Exhibits Reduced Recovery of Root Growth after a
Temporal Osmotic Stress as Compared to WT and dcl2/3/4

The expression of sense RNA was observed to be
regulated by antisense RNAs after a reduction of the

Plant Physiol. Vol. 175, 2017

Biogenesis of Stress-Inducible Antisense RNA

transcriptional activity (Fig. 5A). Specifically, qRT-PCR
detected a partial decrease in the degradation of the
sense mRNAs on RD29A and RDR1/2/6-dependent
antisense RNA loci in rdr1/2/6-1 during the recovery
stage when water was applied after a temporal osmotic
stress (Figs. 5B, 5C, and 5D; Supplemental Fig. S14).
We hypothesized that RDR1/2/6-dependent antisense
RNA loci functioned in the RNA degradation of abiotic-
response-related genes after transcription levels were
reduced when plants were re-watered. In order to in-
vestigate biological function of RDR1/2/6-dependent
antisense RNA, the phenotype of rdr1/2/6-1, rdr1/2/6-2,
dcl2/3/4, and wild-type plants were characterized and
compared during the recovery phase following an os-
motic stress treatment (Fig. 6A). All of the genotypes
exhibited similar root lengths on the initial day and
after two days of well-watered conditions (control). In
contrast, a temporal osmotic stress treatment (three-
hour osmotic stress treatment) followed by two days
of a well-watered condition inhibited root growth in
rdr1/2/6-1, rdr1/2/6-2, dcl2/3/4, and wild-type plants. In
particular, root growth in rdr1/2/6 plants was severely
inhibited, relative to dcl2/3/4 and wild-type plants. On
the other hand, rdr double mutants did not exhibit the
severe inhibition of the root growth phenotype as com-
pared to rdr1/2/6 plants after a temporal osmotic stress
was administered (Fig. 6A). Additionally, the repetition of
a temporal drought stress treatment inhibited root growth
more greatly in rdr1/2/6-1 and rdr1/2/6-2 plants as com-
pared to wild-type plants (Fig. 6B). Collectively, these
results indicate that the redundant RDRs had a novel bi-
ological function in drought stress response.

We also addressed the root growth phenotype of dcp5
that showed a resistance of RNA decay and a reduction
of antisense RNA accumulation in some RDR1/2/6-
dependent antisense RNA loci. Phenotypic analyses of
the dep5 mutant revealed a short root phenotype as com-
pared to wild type under normal and temporal osmotic
stress conditions (Fig. 6A). These data suggest that DCP5-
mediated RNA decay and RDR1/2/6-dependent anti-
sense RNA are also required for normal root growth.

RDR1/2/6-Dependent Antisense RNA Synthesis Functions
in Enhanced Down-Regulation of its Poly (A+) Sense RNA
during the Recovery Stage after a Temporal Osmotic Stress

In order to better understand the regulation of gene
expression by RDR1/2/6-dependent antisense RNA,
we compared gene expression patterns between wild
type and rdr1/2/6-1 under control conditions, 2 h drought
stress and 2 h rehydration, in which antisense RN As were
gradually down-regulated (Fig. 5D). The microarray
analysis showed that the change in the expression of
sense poly (A+) RNA between rdr1/2/6-1 and wild type
was slightly affected under drought stress conditions. In
addition, more than 1,200 genes showed a change in ex-
pression of the sense poly (A+) RNA between rdr1/2/6 and
wild-type plants under the recovery stage (Supplemental
Fig. S15A). It is important to note that RDR1/2/6-dependent
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Figure 6. Inhibition of root growth in rdr1/2/6 plants in response to a
temporal drought stress treatment. A, Six day-old wild-type, rdri/2/6-1,
rdr1/2/6-2, and dcl2/3/4 plants were treated with 30% PEG6000 for
three hours and were then grown under well-watered conditions for two
days. The length of ten primary roots was measured and averaged and
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antisense RNA loci, such as RD29A, were among the
significantly differentially expressed genes under the
recovery stage (Supplemental Table S3). These data
indicate that RDR1/2/6-dependent antisense RNAs
triggered the gene expression changes under the re-
covery stage. In order to clarify the relationship be-
tween the regulation of gene expression and RDR1/2/
6-dependent antisense RNA, we selected the drought-
stress-up-regulated and rehydration-down-regulated
genes, whose transcriptional activities were estimated
to be greatly reduced during recovery stage, from RDR1/
2/6-dependent antisense RNA loci (Supplemental Fig.
S15B). In comparison to wild-type plants, rdr1/2/6-1 plants
showed a reduced down-regulation of the expression
ratio (2 h rehydration/2 h dry) during the recovery stage
on a portion of RDR1/2/6-dependent antisense RNA loci
(Supplemental Fig. S15C). Such a decrease in the down-
regulation of gene expression during the recovery stage
was not observed in the drought-stress-up-regulated
and rehydration-down-regulated genes from RDR1/2/
6-independent loci and RDR1/2/6-dependent small
RNA loci (Supplemental Fig. S15C). These results in-
dicate that RDR1/2/6-dependent antisense RNA syn-
thesis functions in enhanced degradation of its poly (A+)
sense RNA during the recovery stage after a temporal
osmotic stress. It is important to note that the expression
in RDR1/2/6-dependent small RNA loci was increased
under drought stress in rdr1/2/6-1 as compared with wild
type (Supplemental Fig. S15C).

DISCUSSION

The present studies demonstrate that poly (A—) an-
tisense RNAs are synthesized by RDR1/2/6 on protein-
coding regions where 20-30 nt small RNAs have not
been generated under drought stress conditions (Figs.
3A and 7A). The poly (A—) antisense RNAs form
dsRNAs with the poly (A—) sense RNAs and are in-
volved in the degradation of poly (A+) sense RNAs
(Fig. 5, A and C). Our data indicate that antisense RNA-
mediated degradation of sense RNA functions in a part
of RNA degradation during drought stress and the re-
covery stage after the drought stress (Fig. 7B).

When compared to control conditions, microarray
analyses of rdr1/2/6 plants showed a trend of poly (A—)
sense RNA induction and a reduction of poly (A—)

the experiment was repeated three times (n = 3). The bar graph shows
the primary root length for each of the plant-types before treatment, in
PEG (osmotic stress)-treated plants, and after two days of rehydration
(recovery). Scale bars = 1 cm. Asterisks indicate significantly different
values (Pvalue < 0.05). B, Seven-day-old wild-type and rdr1/2/6-1 plants
were subjected to three cycles of three-day drought stress and recovery
treatments (by adding 20 mL of water) (total 9 d treatment). Scale bars =
2 cm. Scatter plots illustrate root fresh weight per total fresh weight of each
plant. Covariance analysis (ANCOVA) was used to determine whether
there are different on the rate of root weight to total weight between wild-
type and rdr1/2/6-1 plants.
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antisense RNA under drought stress conditions (Fig. 2,
B and C; Supplemental Fig. S5, B and D). Linker
RT-PCR also did not detect antisense RNA in poly (A+)
RNA fraction (Supplemental Fig. S2). RDR6 has been
reported to synthesize antisense RNAs from non-
canonical sense RNAs of transgenes with aberrant
features, such as the noncapped structure of the 5’ end
(Yoshikawa et al., 2005; Willmann et al., 2011). These
data suggest that antisense RNA forms dsRNAs with
poly A(—) sense RNA, resulting in dsSRNA degradation.
rdr1/2/6 plants also showed a decreased decay rate of
poly (A+) sense RNA in RDR1/2/6-dependent anti-
sense RNA loci (Fig. 5; Supplemental Fig. 512). We
speculate that poly (A—) dsRNA degradation is asso-
ciated with a degradation pathway of poly A (+) sense
RNA (Fig. 7A).

However, microarray and qRT-PCR data of poly (A+)
sense RNA also suggest that gene expression is robustly
controlled under control and drought stress conditions
(Fig. 2; Supplemental Figs. S5 and S6; Supplemental
Table S1). RNA degradation by RDR1/2/6-dependent
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MPK6, SnRK2 @ e ey

RNA degradation

PAP DCPs
AT T i

Decapping

small RNA

RDR1/2/6

Antisense RNA
5'-3’ degradation and
dsRNA degradation
B
Regulation of stress-inducible genes by RDR1/2/6-dependent antisense RNA

Transcriptional activity of
sense RNA

Antisense RNA-

mediated degradation A

Control Drought  Rehydration

Figure 7. Schematic model for antisense RNA-mediated degradation of
sense mMRNAs under abiotic stress. A, The hypothetical model is con-
structed from the current study and previous reports. Antisense RNAs
are generated from uncapped sense RNAs by RDRs. The antisense RNAs
and sense RNAs form double-stranded RNAs that function in the deg-
radation of sense mRNAs. DCPs and XRNs are involved in this mech-
anism. B, The model of RNA regulation by RDR1/2/6-dependent
antisense RNAs. RNA regulation is robustly controlled by transcription
during the increasing phase prior to static equivalence and/or a feed-
back mechanism. RDR1/2/6-dependent antisense RNAs reinforce the
down-regulation of drought stress-increased mRNAs after their tran-
scriptions are strongly decreased during the recovery stage.
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antisense RNA was observed under the conditions in
which transcription was stopped by cordycepin treat-
ment or during the recovery stage. The reason why sense
RNA degradation by RDR1/2/6-dependent antisense
RNA was not observed under drought stress might be
due to lack of time to reach static equilibrium between
transcription and RNA degradation or feedback regula-
tion mechanism of transcription (Fig. 7B). Under drought
stress condition, as poly A(+) RNAs of drought stress-
inducible genes are generated by the transcription by
RNA polymerase 11, it is difficult to see the decrease of
poly A(+) sense RNA. Recently, it has been also reported
that mRNA synthesis was robustly controlled by feed-
back signal from RNA degradation. For example, “deg-
radation factor” of RNA decay complex shuttles between
the cytoplasm and the nucleus and increased mRNA
level (Haimovich et al., 2013). The nascent pre-mRNA and
nascent ncRNA change chromatin activating transcrip-
tion as regulatory feedback system (Skalska et al., 2017).

RDR seemed to keep their activity of antisense RNA
synthesis under control and drought stress, because the
accumulation of RD29A antisense RNA was increased
due to increase of poly (A—) sense RNA by loss of
XRN4-dependent degradation under normal condition
and drought stress (Supplemental Fig. S1, B and C). The
accumulation of antisense RNA was affected by the
amount of the substrate that is generated by changes of
RNA degradation metabolism under drought stress.
Recently, it has been reported that mRNA decay path-
way plays an important role in plant stress and hor-
mone responses (Abler and Green, 1996, Kuhn and
Schroeder, 2003, Riehs-Kearnan et al.,, 2012, Xu and
Chua, 2012; Soma et al., 2017). DCP1 and VARICOSE
were phosphorylated by MPK6 and SnRK2, respec-
tively, when plants were subjected to drought stress
(Xu and Chua, 2012; Soma et al., 2017). Phosphorylated
DCP1 preferentially bound to DCP5 and promoted the
decapping of direct mRNA targets, whereas dcp5 mu-
tants were hypersensitive to osmotic stress (Xu and
Chua, 2012). The increase of a phosphonucleotide (3'-
phosphoadenosine 5’-phosphate [PAP]) in response to
drought inhibits XRN activity (Estavillo et al., 2011),
which degrades RNA substrates after de-capping pro-
cess. It seems that RNA metabolism is maintained in a
balanced state under drought stress by an increase of
poly (A—) sense RNA, antisense RNA synthesis, and
dsRNA degradation. It is plausible that the activation of
a specific RNA metabolism in response to abiotic stress
is required for the removal of uncapped sense RNAs
by RDR1/2/6-dependent antisense RNA. For the bio-
logical function, it is possible that the effects of RDR1/
2/6-dependent antisense RNA may reinforce the deg-
radation of sense RNA of critical developmental-related
genes for the adaptation to drought stress.

Recent studies have shown that various RDR-dependent
noncoding RNA were produced on protein-coding loci
and TEs. (Gregory et al., 2008; Cao et al., 2014, Martinez
de Alba et al., 2015; Zhang et al., 2015). The small RNA
production occurs through the activity of RDRs and
DCLs on protein-coding genes and is involved in
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mRNA degradation under specific conditions, such as
virus-infection or loss of functions of decapping en-
zyme and ribonucleases (Gregory et al., 2008; Cao et al.,
2014, Martinez de Alba et al., 2015; Zhang et al., 2015).
Twenty-four percent of RDR1/2/6-dependent anti-
sense RNA loci were overlapped with virus-derived
siRNAs or RNA degradation-related siRNAs, suggest-
ing that these loci had potential to make dsRNA by
RDRs. However, it was reported that accumulation of
known siRNAs was significantly changed by disrup-
tion of key component of siRNA synthesis. For exam-
ple, the virus-derived siRNAs were affected by RDR1,
DCL4, and AGO2 (Cao et al., 2014), the decapping-
related siRNAs were affected by RDR6 (Martinez de
Alba et al., 2015), and cytoplasmic RNA decay-related
siRNAs were affected by RDR6, SGS3 and DCL2/4
(Zhang et al., 2015). The present study showed an 20-30
nt small RNAs were not accumulated on the antisense
RNA loci under our control or drought stress condi-
tions (Fig. 3A, Supplemental Figs. S8B and 510). The
antisense RNA was accumulated redundantly by RDRs
and the degradation of sense RNA was reduced in rdr1/
2/6, but not in dcl2/3/4 (Fig. 1A, Supplemental Figs. S1,
S12, and S13). rdr1/2/6 plants exhibited severe inhibition
of root growth after the application of a temporal
drought stress, whereas the phenotype was not ob-
served in dcl2/3/4 and rdr double mutants (Fig. 6A). The
dsRNA accumulation and small RNA accumulation
can be subjected depending on the situation. It is thought
that siRNA biosynthesis is required for the recognition
and construction of a protein-RNA complex, including
other components of siRNA synthesis (Yoshikawa et al.,
2005; Curaba and Chen, 2008; Willmann et al., 2011). It
was also reported that another small RNAs over 30 nt
DCL1/2/3/4-independent and pol IV-dependent small
RNAs can also function in RADM pathway, that mostly
targeted TEs (Yang et al., 2016). Our present analysis
showed that the synthesis of stress-inducible antisense
RNAs requires RDR1/2/6, but not NRPDla and NRPD1b
(Fig. 1A; Supplemental Fig. S1A) and antisense RNA
loci contains a lot of protein-conding genes (Fig. 3). We
speculate that dsRNAs formed from poly(A—) sense
and poly(A—) antisense RNAs are degraded by other
dsRNases independently of siRNA generation.
Interestingly, RDRs are conserved in RNA viruses,
plants, fungi, protists, and worms, but are absent in
flies, mice, and humans (Willmann et al., 2011). In hu-
mans, a telomerase reverse transcriptase catalytic sub-
unit (TERT) and an RNA component of mitochondrial
RNA processing endoribonuclease (RMRP) form a
distinct ribonucleoprotein complex that has RDR ac-
tivity and produces double-stranded RNAs that can be
processed into siRNAs (Maida et al., 2009). In plants,
among a total of six RDRs, RDR1, RDR2, and RDR6 are
known to synthesize dsRNA to generate siRNA in
utilizing TGS and PTGS (Willmann et al., 2011). When
compared to wild-type plants, the accumulation of
antisense RNAs was reduced in rdr1/2/6, but not in
single or double mutants of RDRs (Fig. 1; Supplemental
Fig. S1A; Supplemental Table S1). The cloning of TAS2
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antisense RNA using rdr mutants also showed an in-
dependent recognition to select the genes that are tar-
geted by each RDR (Supplemental Fig. S11). These
results suggest that RDRs with redundant functions are
necessary for the synthesis of stress-inducible antisense
RNAs. Among the six RDR genes in Arabidopsis,
RDR3/4/5 may also function in the synthesis of stress-
inducible antisense RN As because the loss of RDR1/2/
6 only affected half of the antisense RNA synthesis.
RDR1, -2, and -6 are thought to convert aberrant single-
stranded RNAs into double-stranded RNAs (Voinnet,
2008; Willmann et al., 2011). Each RDR has specific
substrates that are processed into various forms of
siRNAs. It is also known that RDRs function in a co-
ordinated manner. Analysis of female gametophyte
development suggests that RDR2 and RDR6 function
redundantly in gene silencing (Autran et al.,, 2011).
RDR1 and RDR6 have redundant functions in the bio-
synthesis or amplification of viral dsRNAs for TuMV
and CMV (Garcia-Ruiz et al., 2010, Wang et al., 2010).
RDR?2 and RDR6 compete for RNA substrates produced
by transgenes that are subjected to sense transgene-
mediated posttranscriptional gene silencing (S-PTGS)
(Jauvion et al., 2012). Data from the previous and
present studies indicates that RDR1, RDR2, and RDR6
have redundant functions in the biosynthesis of anti-
sense RNAs from sense transcripts of protein-coding
genes.

Sequence characteristics of the 1,136 RDR1/2/6-
dependent antisense RNA loci were revealed by com-
paring them with the 1,015 RDR1/2/6-independent
loci and 7,138 SAT loci (Supplemental Figure S16A).
The multi exon transcripts (>5 exons; X test P value =
45*10*) and long 5 UTR transcripts (>200 nt;
P value = 2.4*10%) were enriched in the RDR1/2/6-
dependent antisense RNA loci. Their sequence motifs
at the (+) strand of the 50-150 nt length 5'UTR category
and the 200-300 nt length 5'UTR category were
searched by comparing RDR1/2/6-dependent anti-
sense RNA loci to RDR1/2/6-independent loci, using
Multiple Em for Motif Elicitation (MEME) software
(Bailey et al., 2006). The analysis identified a CT-rich
motif (5’-TCTNNNTCT-3) and a AG-rich motif (5'-
AGANNNAGA-3') in both 5" UTR categories
(Supplemental Figure S16B). About 40% of the tran-
scripts with a 200-300 nt 5’ UTR had both motifs, while
most of the 50-150 nt 5'UTR transcripts only had one of
the pair. When the search of sequences of the 50-150 nt
5" UTR mRNAs was expanded to UTRs that were 250 nt
in length, including the exon, the number of loci with
both motifs increased. It was thought that transcripts
with the 50-150 nt UTR might have their secondary
structures unraveled by translation and reduced the
possibility to produce antisense RNA. Since antisense
RNA was transcribed from the 3’ end of mRNA, it is
plausible that RNA secondary structures with the
CT-rich and AG-rich motifs are formed and that motifs
with the 5" UTR perhaps indirectly regulate antisense
RNA generation via inhibition of a 5'-3" exoribonu-
clease or by recruitment of RDRs.
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The current study indicates that, during the RNA
decay response to abiotic stress, the selectivity of the
target RNA might affect various biological processes in
plants. It also suggests that RDR1/2/6-dependent an-
tisense RNA may be linked to other forms of RNA
regulation and together regulate stress response and
adaptation. The current study illuminates a novel
mechanism that RDR1/2/6-mediated biosynthesis of
antisense RNAs is involved in RNA turnover in re-
sponse to specific environmental conditions.

MATERIALS AND METHODS
Linker RT-PCR and qRT-PCR Analysis

Two-week-old mutant and wild-type plants were subjected to a drought
stress as previously described (Matsui et a., 2008). Total RNAs were extracted
with a Plant RNA Isolation Reagent (Life Technologies) and treated with DNase
I (Life Technologies). For linker RT-PCR, RNAs were reverse transcribed with
the target gene primers with linker sequence (5'-CGACTGGAGCACGAG-
GACACTGA-3’), and the strand-specific PCR was used with one primer spe-
cific to the linker and the other primer specific for the target genes (Lepere et al.,
2008)(Supplemental Table S4). For strand-specific qRT-PCR, cDNAs of sense
and antisense RNAs were reverse transcribed with the strand-specific primers
(Supplemental Table S4) using Superscript III (Life Technologies) at 55°C for
preventing miss-annealing (Yassour et al., 2010; Feng et al., 2012). Accumula-
tion of the transcripts was measured in an ABI Prism 3100 or Step One Plus (Life
Technologies) using SYBR Premix Ex Taq II (Takara) or SYBR Green Master Mix
(Life Technologies), respectively. Three independent biological replicates were
used for each RT-PCR analysis.

Northern Analysis

Northern analysis was performed as previously described (Matsui et al.,
2008).

RNase Protection Assay

One ug of total RNA and 1 ug of yeast tRNA were combined. Enzymatic
reactions were used for the single-stranded RNA degradation assay according
to a previously described approach (Dodds et al., 1984). RNA was dissolved in
0.3 M NaCl, 50 mm Tris-HCI (pH 6.5) and the RNA solution was added to a
dilution series of a mixture of 1U of RNase I (Life Technologies) and 1 U of
RNase A (Life Technologies) and incubated for 15 min at room temperature. For
the dsRNA degradation assay, RNase V1 (Life Technologies) was used. The
RNA was prepared in 0.3 M NaCl, 50 mm Tris-HCI (pH 6.5) and the RNA so-
lution was added to a dilution series of 0.01 U of RNase V1 and incubated for
15 min at room temperature. RNase-treated RNA was purified by proteinase K
treatment, phenol extraction, and ethanol precipitation. The quantity of
recovered RNA was measured using the qRT-PCR protocol as described
previously.

Circular RT-PCR

Circular RT-PCR was carried out as previously described (Zakrzewska-
Placzek et al., 2010). Four ug of total RNA was self-ligated for 8 h using T4
RNA ligase (Takara). The ligated RNA was then converted to cDNA using a
random primer for RD29A. 1/20 dilution of cDNA was amplified by 30 cycles of
PCR using circular PCR primers (Supplemental Table S4). For the cloning of
TAS?2 antisense RNA, the circular RNA after self-ligation is converted to cDNA
using the strand-specific primer “TAS2_circular_RT-PCR_RT” in Supplemental
Table S4, and PCR is performed with the primers “TAS2_circular_RT-PCR_F”
and “TAS2_circular_RT-PCR_R”.

Measurement of RNA Decay Rate

In order to determine whether antisense RN A synthesis affects RNA stability,
the RNA decay rate of RD29A poly (A+) sense RNA in rdr1/2/6 and wild-type
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plants was measured using a half-life analysis as described by Lidder et al.
(2005). Two-week-old plants were transferred to a 30% PEG solution and in-
cubated for two hours. The plants were then transferred to a 30% PEG solution
with and without 0.6 mm 3'-deoxyadenosine (cordycepin). Total RNA was
isolated from untreated and 1, 2, and 3 h-treated plants using a Plant RNA
Purification reagent (Invitrogen). cDNA was reverse-transcribed from samples
containing 2 ug of total RNA using SuperScript III (Life Technologies) and an
oligo dT primer. The remaining RD29A and ACT2 poly (A+) sense RNAs were
measured by qRT-PCR analysis.

Custom Microarray Analysis

A custom microarray was used for gene expression analysis during the
drought (Matsui et al., 2008) and rehydration (Oono et al., 2003) treatments.
Two-week-old rdr1/2/6-1 and wild-type plants were transferred from Murashige
and Skoog (MS) medium to plastic Petri dishes and kept for 2 h. Then, water was
added to the petri dishes essentially as described previously (Oono et al., 2003).
Total RNA was extracted from whole plants using Plant RNA Isolation Reagent
(Life Technologies). Then, 100 ug of total RNA was separated into poly (A+) RNA
and poly (A—) fractions using Ambion Poly A purist MAG. Poly (A—) RNA
samples were prepared by depleting TRNAs using an Invitrogen RiboMinus Plant
Kit. Five ng of the poly (A+) RNA fraction and 1400 ng of poly (A—) from each
sample was used to prepare for Cy3-labeled cRNA using a Low Input Quick Amp
Labeling Kit (Agilent). In a subsequent step, 600 ng of cRNAs from each poly (A+)
RNA sample and 3 mg of cRNAs from each poly (A-) RNA sample were hy-
bridized to the microarray (GPL19830) at 65°C for 17 h using a Gene Expression
Hybridization kit. After hybridization, the microarray was washed with Gene
Expression Wash buffer 1 (Agilent) and Gene Expression Wash buffer (Agilent),
and then dried immediately with a brief centrifugation step. The microarray was
scanned using an Agilent DNA Microarray Scanner G2539A ver. C and raw data
were extracted using the Feature Extraction program ver 9.1. RMA normalization
was performed for signals of microarray probes using the limma package (Ritchie
etal., 2015) in the R 2.12.1 program (R Core Team). The statistical significance of
differences in gene expression was determined using a Student’s ¢ test and
Benjamini Hochberg FDR (Benjamini and Hochberg, 1995) < 0.075.

Deep Sequencing of Small RNAs

Small RNA fractions were extracted from plants using a mirVana miRNA
Isolation Kit (Life Technologies). Ten ug from the small RNA fractions was
separated and purified into 20-30 nt RNAs using 8M urea and 7.5% acrylamide
gel electrophoresis, followed by gel extraction. Then, the 20-30 nt small RNAs
were used to construct RNA libraries using a TruSeq Small RNA Library
Preparation Kits (Illumina). The small RNA libraries were sequenced on a
HiSequation 2000 (Illumina). The library preparation and sequencing were
performed by the Genome Network Analysis Support Facility, RIKEN CLST.
Small RNA libraries for SOLiD were constructed according to the protocol
provided in the SOLiD Total RNA-Seq Kit (Life Technologies). First, small
RNAs were ligated with a 5" and a 3’ adapter to generate cDNAs. The cDNAs
were separated in a 7.5% acrylamide gel containing 8M urea and the 60-80 nt
cDNAs were recovered. The cDNAs were amplified for 12-15 cycles of PCR
using barcode primers (Life Technologies) and were subjected to SOLiD se-
quencing from the 5'-end.

Data Analysis of Small RNAs

The sequence of the 3’-end (AATTCTCGGGTGCCAAGGAACT) for the
Hi-5eq2000 sequence data or the first 26-nt barcode for the SOLiD sequence data
were first removed. The sequence data were then mapped to the Arabidopsis
genome using bowtie software (Langmead et al., 2009). The following two-step
normalization was used for data analysis of small RNAs. (1) The small RNAs
mapped to annotated genes were counted and normalized independently for
rdr1/2/6 and wild type by adjusting the slope of the linear approximate equation
between the control and drought stress condition. The top 10% of highly
expressed small RNA loci was used for the normalization. (2) Tag numbers that
mapped to miRNA loci were used by adjusting the slope of the linear approxi-
mate equation between rdr1/2/6 and wild-type samples because the accumulation
of miRNAs is thought to be less affected by the loss of RDR1/2/6. Then, the
P values of AGI-annotated genes with mapped small RNAs were calculated using
the DESeq package (Anders and Huber, 2010) and a FDR method (Benjamini and
Hochberg, 1995) in R 2.12.1 software.
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Accession Numbers

Arabidopsis microarray expression profiling data are available in GEO under
the accession numbers, GSE37137, GSE72309 and GSE83846. Small RNA se-
quence data are available under the accession number GSE39024, GSE39033 and
GSE72982.

Supplemental Data

The following supplemental materials are available:
Supplemental Figure S1. Accumulation of sense and antisense RNAs of

drought-inducible RD29A, RD20, PP2CA in rdr1/2/6, xrn4, dcp5 and
wild-type plants.

Supplemental Figure S2. Linker RT-PCR of sense RNAs and antisense
RNAs in poly (A+) RNA fraction and poly (A-) RNA fraction.

Supplemental Figure S3. Accumulation of fASRD29A2 in rdrl/2/6 and
wild-type plants.

Supplemental Figure S4. Preparation scheme for the custom microarray
for the analysis of poly (A+) RNA and poly (A-) RNA.

Supplemental Figure S5. Custom microarray analysis of sense- and anti-
sense RNAs in wild-type and rdr1/2/6 plants.

Supplemental Figure S6. Confirmation of RDR1/2/6-dependent antisense
RNA loci by gRT-PCR analysis.

Supplemental Figure S7. RNase protection assay of RDR1/2/6-dependent
antisense RNA loci.

Supplemental Figure S8. Number of small RNAs at the TAS1B locus and
the distribution of the expression level of small RNAs, poly (A-) sense
RNA, and poly (A-) antisense RNA.

Supplemental Figure S9. Accumulation of RDR1/2/6-dependent anti-
sense RNA loci in dcl2/3/4 by qRT-PCR analysis.

Supplemental Figure S10. Comparison between RDR1/2/6-dependent
antisense RNA loci and previous reported endogenous loci with small
RNA accumulation associated with RNA degradation.

Supplemental Figure S11. Accumulation of antisense RNAs on TAS2 loci
in wild-type and rdr mutants.

Supplemental Figure S12. Analysis of the RNA decay rate at RDR1/2/6-
dependent antisense RNA loci in wild-type and rdr1/2/6 plants subjected
to an osmotic stress treatment.

Supplemental Figure S13. Analysis of the RNA decay rate at RDR1/2/6-
dependent antisense RNA loci in plants subjected to an osmotic stress.

Supplemental Figure S14. Accumulation level of sense RNA at RDR1/2/
6-dependent antisense RNA loci in wild-type and rdr1/2/6 plants during
the rehydration phase following a temporal osmotic stress treatment.

Supplemental Figure S15. Comparative expression analysis of drought
stress-upregulated- and rehydration- downregulated genes in RDR1/2/6-
dependent antisense RNA loci, RDR1/2/6-independent antisense RNA loci
and RDR1/2/6-dependent small RNA loci during the rehydration stage.

Supplemental Figure S16. Sequence characteristics of RDR1/2/6-dependent
antisense RNA loci.

Supplemental Table S1. Expression data from a custom microarray analysis
of antisense RNAs and sense RNAs at 7,138 SAT loci using poly (A+) RNA
and poly (A-) RNA.

Supplemental Table S2. List of 2,325 RDR1/2/6-dependent small RNA loci.

Supplemental Table S3. Expression data from a custom microarray anal-
ysis of sense RNAs on 1,136 RDR1/2/6-dependent antisense RNA loci
during recovery process after drought stress treatment.

Supplemental Table S4. Primer sequences.
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