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SUMMARY

RNA-directed DNA methylation in Arabidopsis thaliana is driven by the plant-specific RNA
Polymerase IV (Pol 1V). It has been assumed that a Pol IV transcript can give rise to multiple 24-
nucleotide (nt) small interfering RNAs (siRNAs) that target DNA methylation. Here, we
demonstrate that Pol IV-dependent RNAs (P4RNAs) from wild-type Arabidopsis are surprisingly
short in length (30-to-40 nt) and mirror 24-nt siRNAs in distribution, abundance, strand bias, and
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5’-adenine preference. PARNAS exhibit transcription-start-sites similar to Pol Il products, and are
featured with 5’-monophosphates and 3’-misincorporated nucleotides. The 3’-misincorporation
preferentially occurs at methylated cytosines on the template DNA strand, suggesting a co-
transcriptional feedback to siRNA biogenesis by DNA methylation to reinforce silencing locally.
These results highlight an unusual mechanism of Pol IV transcription and suggest a “one-
precursor, one-siRNA” model for the biogenesis of 24-nt siRNAs in Arabidopsis.
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INTRODUCTION

In Arabidopsis, 24-nucleotide (nt) siRNAs are the triggers for RNA-directed DNA
methylation (RADM), which plays central roles in repressing transposable elements (TEs)
and maintaining genome integrity (Law and Jacobsen, 2010; Matzke and Mosher, 2014).
The current model for 24-nt siRNA biogenesis is composed of several sequential steps. First,
Pol 1V recognizes heterochromatic regions, in part via SAWADEE HOMEODOMAIN
HOMOLOG 1 (SHH1) (Law et al., 2013), and transcribes precursor RNAs. These precursor
RNAs are then thought to be processed by RNA-DEPENDENT RNA POLYMERASE 2
(RDR2) to form double-stranded RNAs (dsRNAs). The dsRNAs are primarily cleaved by
DICER-LIKE 3 (DCL3) to produce 24-nt siRNAs (Matzke and Mosher, 2014). Although
Pol 1V is clearly required for the biogenesis of 24-nt siRNAs (Herr et al., 2005; Kanno et al.,
2005; Onodera et al., 2005; Pontier et al., 2005) and was shown to be transcriptionally active
in vitro (Haag et al., 2012), the nature and characteristics of Pol IV-dependent transcripts
remain poorly understood. The low transcription level at silent Pol IV loci and the efficient
downstream processing by dicers has made Pol IV transcripts difficult to study. Recently,
regions containing Pol IV-dependent transcripts were described in a dc/2/3/4 triple mutant
that compromises downstream processing of siRNAs (Li et al., 2015). In that study, with the
conventional assumption that Pol 1V transcribes long precursors, RNA was fragmented
before cloning and sequenced reads were assembled into contiguous regions that
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corresponded to well-known siRNA producing regions (Li et al., 2015). In the present study,
we sought to identify the very low abundance Pol 1\V-dependent transcripts in a wild-type
background, and to precisely characterize their start and end positions. We utilized a special
method for RNA sequencing named PATH (Parallel Analysis of Tail and Head) that utilizes
RNA adapters to capture both ends of any RNA greater than 27-nt with a 5* monophosphate
and a 3’ hydroxyl. Using PATH, we efficiently cloned Pol 1\V-dependent RNAs (P4RNAS)
and found that they were only on the order of 30 to 40 nt in length. These PARNAS mirror
24-nt Pol 1V-dependent siRNAs in distribution, abundance, strand bias, and 5’-adenine
preference, suggesting that they are direct precursors that often determine both the start
position and strandedness of siRNAs. We also observed extensive incorporation of 3’-
nontemplated nucleotides preferentially at methylated cytosines on the template DNA
strand, suggesting that Pol IV misincorporates and terminates at DNA methylated sites. Our
results support a “one precursor, one siRNA” model for the biogenesis of Pol 1V-dependent
24-nt siRNAs in Arabidopsis that creates a positive feedback loop between siRNA
biogenesis and DNA methylation.

Identification of short RNAs derived from Pol IV-dependent 24-nt siRNA loci

We utilized an RNA cloning scheme called PATH that uses RNA ligation and gel-based size
selection to capture RNAs larger than 27 nt that contain a 5’ monophosphate and a 3’
hydroxyl (Fig 1a, see Methods). From a wild-type Columbia (Col) library, around 162
million PATH reads were obtained, of which ~50 million could be mapped uniquely to the
Arabidopsis genome (Table S1), and PATH reads with a minimal length of 27 nt were used
for further analysis. Although the majority of PATH reads matched to structural RNAs
(t/r/sn/snoRNA) (Table S1), a large number of reads mapped to previously defined Pol 1V
SiRNA loci (Law et al., 2013) (Fig. 1a and Table S2). In addition to their co-localization, the
abundances of siRNAs and PATH reads were also highly positively correlated (Fig. 1b). At
Pol IV siRNA loci, in addition to the 24-nt SIRNA peak that is still present in PATH libraries
(Fig. 1c), we observed a secondary peak of PATH reads (P4ARNAS) that primarily ranged
from 30 to 40 nt (Fig. 1c). The size distribution of PARNAS was different from other PATH
reads in the libraries such as reads matching tRNAs and snoRNAs (Fig. S1a). The short
length of P4ARNAs fits well with the specific preference of DCL3 for short (30 to 50 base
pairs, bp) dsRNA substrates (Nagano et al., 2014), consistent with the hypothesis that these
short PARNAS serve as the precursors for sSiRNA biogenesis.

Biogenesis and processing of Pol IV RNAs

To investigate the biogenesis of PARNAS, we constructed small RNA and PATH libraries
from null mutants of NRPD1 (encoding the largest subunit of Pol 1), NRPDI E2 (encoding
the shared second-largest subunit of both Pol IV and Pol V), RDRZ, as well as from the
double mutants of DCL3 NRPDI1and DCL3 RDRZ. We found that both siRNAs and
PARNAs were eliminated in all these mutant backgrounds, indicating a complete
dependency of PARNA biogenesis on both Pol IV and RDR2 (Fig. 2a). Although the loss of
P4RNAS in rdr2 mutants is somewhat unexpected given the assumed downstream function
of RDR2 (Haag et al., 2012), this result is consistent with a previous report (Li et al., 2015),
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and suggests that /n vivo, Pol 1V and RDR2 activities are tightly coupled. These results are
also consistent with the earlier observation that RDR2 is in tight association with Pol IV
subunits /n vivo (Haag et al., 2012; Law et al., 2011).

To test if PARNA biogenesis is dependent on downstream processing events by dicer
proteins, we carried out additional siRNA and PATH library analysis from plants triply
mutant for DCLZ, 3, and 4. Consistent with a recent report detecting Pol IV dependent
transcripts in a dc/2/3/4 mutant background (Li et al., 2015), we observed a dramatically
increased accumulation of PARNAS in the triple mutant dc/2/3/4 (Fig. 2b). In contrast,
siRNAs levels were dramatically decreased in dc/2/3/4 at almost all loci (Fig. 2b, ¢) and
their sizes were shifted from predominantly 24 nt to predominantly 21 nt (Fig. S1b). In
addition, we observed that the abundances of the remaining siRNAs in dc/2/3/4 were tightly
correlated with the abundances of siRNAs in wild-type (Fig 2c). We also found that the
abundances of PARNAs in dc/2/3/4 were strongly positively correlated with the abundances
of siRNAs in Col (Fig. S1c). As one example, PARNAs and siRNAs showed a very similar
enrichment at the boundaries of long transposable elements (Fig. 2d). The accumulation of
PARNAs but reduction of siRNAs in dc/2/3/4 mutants are inconsistent with the interpretation
that PARNAs are merely longer, misprocessed siRNAs, and suggests that PARNAS are
indeed the precursors of Pol 1\V-dependent siRNAs.

We also analyzed siRNA and PATH libraries from other DCL mutant combinations (dc/2/4,
acl3, dcl2/3, and dc/3/4) and compared these with dc/2/3/4. As previously reported
(Henderson et al., 2006), all dc/3 mutant combinations showed a shift in sSiRNA size from 24
nt to 21 and/or 22 nt (Fig. 3a, top panel). PATH sequencing indicated that the over-
accumulation of PARNAs was negligible in dc/2/4, higher in dcl3, dc/2/3, and dc/3/4, and
highest in dc/2/3/4, indicating that the PARNA processing by DCL2 and DCLA4 is less
efficient than by DCL3 (Fig. 3a, bottom panel). As a secondary confirmation of the
accumulation of PARNASs in dc/3 mutants, we examined small RNA northern blots for the
presence of 30- to 40-nt signals. Using LNA probes to six different siRNA producing loci
we indeed observed a RNA smear with larger sizes, along with an accumulation pattern
(highest in dc/2/3/4) that matched the trend of the PARNA level in our PATH libraries (Fig.
3b, ¢) (Henderson et al., 2006). In addition, we used a reverse transcription quantitative PCR
(real-time RT-PCR) approach to verify the very short nature of the PARNAs. Because the
peak of PARNA abundance is 30 — 40 nt, whereas longer P4ARNAS are much less abundant
(Fig. 1c), we reasoned that primers spaced about 40 nt from each other should amplify
P4RNAs much more efficiently than those spaced slightly further apart. After normalizing
for efficiency of DNA amplification, we observed a 100-fold higher level of PCR product
when comparing a 36 bp versus a 58 bp amplicon at one locus, and 50-fold higher level of
PCR product when comparing a 39 bp versus an 81 bp amplicon at a second locus (Fig.
S2a).

To directly test whether the longer PARNAs might simply be misprocessed siRNAs that are
loaded into AGO4, we performed AGO4 RNA-IP (RIP) in the dc/2/3/4 genetic background
using antibodies against endogenous AGO4, and then characterized AGO4-associated RNAs
with high-throughput sequencing. The AGO4 RIP result showed that even though there is a
massive accumulation of longer PARNAS and a reduction of 24nt siRNAs, AGO4 still
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selectively binds to the remaining 22-24 nt siRNAs but not the longer PARNAs (Fig. S2c¢),
strongly supporting our model that PARNAs are the precursors of the 24-nt sSiRNAs.

Even though double-stranded RNAs are thought to be intermediates of SiRNA biogenesis, it
is known that at many loci in the genome, siRNAs are predominantly found on one strand of
the genome but not the other (Lister et al., 2008; Zhong et al., 2014). In addition, these
strand-biased clusters of siRNAs correspond to strand biased DNA methylation (Lister et al.,
2008; Zhong et al., 2014). At these strand-biased siRNA clusters, we also observed strongly
strand-biased P4ARNASs in both Col and dc/2/3/4 (Fig. 1d and S1d). These results suggest that
our PATH libraries are primarily composed of single-stranded, Pol I'V-derived strands, but
not the RDR2-derived second strand. In support of this hypothesis, we used RT-PCR to
amplify these strand-biased clusters, and indeed found that Pol IV/RDR2-dependent
transcripts could be amplified equally from both strands (Fig. S3). This suggests that RDR2
strands are likely present in vivo, but are not cloned by the specific PATH sequencing
technique employed in this study. The observation that PARNAs and siRNAs show the same
strandedness suggests that the Pol I'\V-derived strands, rather than the RDR2-derived strands,
are strongly favored to become the final 24-nt siRNA products.

In summary, results from siRNAs and PATH libraries of mutants deficient in sSiRNA
biogenesis or processing, together with the shared strandedness of PARNAS and siRNAsS,
suggest that the 30 to 40 nt PARNAS serve as precursors to Pol IV dependent siRNAs.

Pol IV transcription initiates at Pol Il like TSSs and favors 5’-adenine

Next we investigated the nature of the 5’ ends of PARNAS. Given that our cloning method
only captures RNAs with 5-monophosphates (Fig. 1a), we sought to measure the proportion
of P4ARNAS containing this type of 5’ end. To address this, we used Terminator exonuclease
to preferentially digest RNAs with a 5’-monophosphate. We subsequently measured the
abundance of the remaining PARNAs by real-time RT-PCR. Consistent with a recent study
(Li et al., 2015), Terminator treatment degraded the majority of P4ARNAS at all loci tested
(Fig. S2b). Thus, while it is possible that subpopulations of PARNASs have other end
structures such as 5’-triphosphates, 5’-caps, or 5’-hydroxyl groups, it appears that the
majority of PARNAS contain 5’-monophosphates.

Because our method did not include a fragmentation step that is typical in RNA-seq library
protocols (Li et al., 2015), it was possible to detect the 5’ nucleotide of PARNA reads. We
observed a strong enrichment of T/C () at the —1 position (the nucleotide immediately
upstream of the first nucleotide of the P4ARNA read) and A/G (R) at the +1 position
(beginning nucleotide of the read) (Fig. 4a). Further, the four possible Y/R dinucleotides at
the —1/+1 positions were by far the most enriched dinucleotides at the 5’ end of PARNAS
(Fig. 4b). This pattern is very similar to that known for the transcriptional start sites (TSSs)
of RNA Polymerase Il (Pol 1) in plants and other organisms and it is referred to as the “Y/R
rule” (Cumbie et al., 2015; Nechaev et al., 2010; Yamamoto et al., 2007). This result
suggests that Pol IV has retained this preference from its evolutionary ancestor Pol 1l (Ream
et al., 2009), and that the 5’ ends of PARNAs likely represent Pol IV transcriptional start
sites. The short TSS like sequences at the 5’ ends of PARNA, along with their very short
nature does not support previous models in which Pol IV initiates transcription solely at the
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nucleosome-depleted promoter regions near the ends of transposons to produce long
transcripts (Li et al., 2015). Instead, our results suggest that Pol IV can initiate transcription
at many positions that resemble the Y/R features of Pol Il TSSs, transcribing many short
P4RNAs along the length of transposons.

Because Pol 1V transcripts feature Pol I1-like TSSs, we also performed genome-wide
profiling of Pol Il occupancy in Arabidopsis via ChlP-seq in wild-type and different mutant
backgrounds (nrpd1 and dcl2/3/4), and compared this with Pol IV ChIP-seq (Law et al.,
2013). Our results showed that Pol Il does not appear to access Pol IV loci even in the
absence of Pol IV (nrpdl) (Fig. S4a). Furthermore, whole-genome bisulfite sequencing and
small RNA sequencing of floral tissues from the weak Pol Il mutant (nrpb2-3) did not reveal
obvious changes in either DNA methylation or siRNA biogenesis (Fig. S4b, c), which is
consistent with our previous analysis of nrpb2-3 using leaf tissue (Stroud et al., 2013).
Therefore despite the proposed crosstalk between Pol Il and the RADM pathway (Zheng et
al., 2009), our data suggest that Pol Il and Pol IV occupy distinct territories on the genome.

Arabidopsis 24-nt siRNAs are primarily loaded into AGO4, and are strongly biased toward
having a 5’-adenine, which was previously shown to involve an AGO4 loading preference
(Havecker et al., 2010; Mi et al., 2008). Interestingly, we found that PARNAsS, like siRNAs,
also show a strong enrichment for 5’-adenine (Fig. 4c, and S5a, b). Because the size of
P4RNA:s is approximately 30 to 40 nt, on average only one 24-nt siRNA duplex could be
processed from each of these PARNA precursors. This fact, coupled with the shared 5’
adenine preference and the shared strand preference, suggests that 24-nt siRNAs are
preferentially cleaved from the 5° portion of PARNAs. Consistent with this hypothesis,
DCL3 was shown to prefer short double-stranded RNAs (30 to 50 bp) that contain a 5
adenine (Nagano et al., 2014). Therefore, our results favor a scenario in which the 5’-
adenine preference of PARNAS likely contributes to the 5’-adenine preference of Pol IV
siRNAs. In addition, our results provide a plausible explanation as to why AGO4 evolved to
bind siRNAs with 5’ adenine. Taken together, the short size and 5’-A feature of Pol IV
transcripts may help to channel their processing to DCL3 rather than dicer proteins in other
silencing pathways, and thus lead to production of predominantly 24-nt siRNAs at Pol 1V
transcribed loci.

Pol IV transcription preferentially terminates at methylated cytosines with misincorporated

nucleotides

We analyzed the sequence composition of PARNA reads with perfect match to genome and
found enrichment for A, C, and U at last three positions of the 3’ end (Fig. S5c). It is not
known whether Pol IV tends to cease transcription at this sequence, or whether it might
transcribe a longer RNA that is then processed by an unknown endonuclease. We found a
similar compositional bias at the 3’ end of Pol IV-dependent siRNAs (Fig. S5d), although
the magnitude of the biases were lower for siRNAs, suggesting that PARNAS are processed
at some level at their 3’ ends to produce siRNAs. Despite the ACU enrichment at the 3’ end
of siRNAs, they still show enrichment for 5’ adenine, which is likely explained by the
AGO4 preference for loading siRNAs with a 5” adenine. These results provides additional
evidence that the PARNAs described here are indeed the precursors of siRNAs, and it is
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again consistent with (1) the shared strandedness of PARNASs and siRNAs, and (2) the
hypothesis that the Pol IV strand, rather than the RDR2 strand, is favored as the final sSiRNA.

We also performed an analysis in which we allowed multiple mismatches during genome
mapping of PARNAS. Interestingly, we found that more than half of the PARNAS contained
one or two non-templated nucleotides at their 3’-ends (Fig. 5a, b). In contrast, in the same
PATH libraries, reads derived from Pol ll-transcribed coding regions, or from microRNA
processing intermediates, had very few mismatches, and these mismatches were not
localized to the 3’ ends (Fig. S6a, b). To further rule out the possibility that PARNA 3’ non-
templated nucleotides are due to lower quality of sequencing toward the end of the read or
result from incomplete trimming of adapter sequence, we analyzed the second read (read2)
from the paired-end sequencing. On read2, the beginning nucleotide corresponds to the 3'
end nucleotide of RNA, where base quality is high and there is no trimming step involved,
and we observed the same high-level of non-templated nucleotides at the 3’-end of P4ARNA
(Fig. S6c¢).

The 3’ end base composition of PARNAS containing non-templated nucleotides was quite
different from those with a perfect genome match (Fig. S5c, e), suggesting that PARNAs
with non-templated nucleotides terminate by a different mechanism than those without. On
the other hand, the 5’ end base composition of reads with non-templated nucleotides was
very similar to those without, suggesting that both classes may share a similar transcription
initiation mechanism by Pol IV (Fig. S5f, g). All four nucleotides were found among the
non-templated nucleotides, although there was some preference for guanines (Fig. S7a). In
addition, we observed different preferences for non-templated nucleotides depending on the
sequence that should have been present, suggesting that the preference for a particular non-
templated nucleotide is determined by the sequence of the DNA template for Pol IV (Fig.
S7b, c). Because all four nucleotides were present, and because different incorrect
nucleotides were present depending on the template DNA sequence, it seems most likely
that these nucleotides arise from misincorporation during Pol IV transcription rather than
from the activity of a terminal transferase.

Because misincorporation of nucleotides occurred most frequently at positions
corresponding to guanines (which would be cytosines on the DNA template) (Fig. 5a), we
hypothesized that misincorporation might be caused by in part by cytosine DNA
methylation. The most highly methylated sequences in the Arabidopsis genome are CG
dinucleotides (Cokus et al., 2008; Lister et al., 2008), and Pol IV siRNA loci targeted by
RdDM are usually heavily methylated at most CG sites (Stroud et al., 2013) (Fig. S4b).
Agreeing with the DNA methylation hypothesis, we found that CG dinucleotides (G being
the last nucleotide of the RNA) exhibited by far the highest enrichment of misincorporation
amongst the 16 possible dinucleotide sequences (Fig. 5c¢). In addition, CG dinucleotides
were strongly enriched at the 3’-end of P4ARNAS that exhibited misincorporation (Fig. 5d).
The second group of most commonly methylated sequences in the genome and at Pol 1V
SiRNA loci are CHG sites (Fig. S4b) (Cokus et al., 2008; Lister et al., 2008). A trinucleotide
analysis showed that all of the trinucleotides showing the strongest tendency for
misincorporation were those that contained CG sites (Fig. S7d). In addition, CHG sites
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showed a strong tendency for misincorporation, which was higher than AHG, THG, or GHG
sites (Fig. S7d).

To directly test whether the loss of methylation can alter the pattern of 3’ end
misincorporation, we analyzed the ddm1 (decrease in DNA methylation 1) mutant that
exhibits a severe loss of methylation in heterochromatin (Matzke and Mosher, 2014).
Despite the significant loss of methylation, many silent loci are still producing 24-nt siRNAs
in ddm1 (Colome-Tatche et al., 2012), suggesting that Pol 1V is still largely functional in
ddm1. Because PARNAS are elevated in de/3 mutants, we utilized a small RNA dataset from
adm1 dc/3 double mutant (RNAs smaller than 200 nt) (McCue et al., 2015) and compared
these with a similar dataset from the dc/3single mutant. We first focused our analysis on a
set of strong ddm hypomethylated CG DMRs (Differentially Methylated Regions) (Fig. 6a,
see methods) from whole genome bisulfite sequencing data of damz (Creasey et al., 2014).
We found that the enrichment of PARNA 3’-misincorporation at CG dinucleotides was
eliminated in ddm1 dc/3 compared to the dc/3 single mutant (Fig. 6b). We also examined
trinucleotide enrichments in ddm1 dc/3 at a set of CHG DMRs (Fig. S7e), and observed a
significant reduction at CHG but not at AHG, THG, or GHG (Fig. S7f). Moreover, PARNAS
in ddm1/dc/3 were slightly longer than those in dc/3single mutant (Fig. S7g). Take together,
these results suggest that DNA methylation itself is contributing to the pattern of 3’-
misincorporation.

If PARNAS are the precursors of sSiRNAs and DCL3 can cleave to some extent from the 3’-
end of PARNA, siRNAs should also contain some level of misincorporated bases at their 3’
ends. By allowing for mismatches during genome mapping, we indeed found that SiRNAs
contain non-templated nucleotides that were enriched at the 3’ end (Fig. S6d). However, the
proportion of siRNAs with 3’-mismatches (~1%) was far lower than that of PARNAs (~50%,
Fig. 5b), suggesting that far fewer siRNAs are processed from the 3’ ends of PARNASs than
from the 5” ends, possibly due to the preference of 5’-adenine by DCL3 (Nagano et al.,
2014). We also observed enrichment of CG sites at the 3’ end of siRNAs that showed
misincorporation (Fig. S6e), again consistent with some level of processing of the 3’ end of
PARNAs into siRNAs.

Since DCL3 appears to process from both ends of the double-stranded Pol IV/RDR2-derived
RNA, and since PARNAs are enriched for adenines at their 5” ends and misincorporated
nucleotides at their 3’ ends (Fig. 7a), two predictions are that sSiRNAs with 5” adenines
should have lower than average 3’ misincorporation, and siRNAs with 3’ misincorporation
should have lower than average 5’ adenine content. Indeed, we found that sSiRNAs with 5’
adenines had 50% lower misincorporation than siRNAs with other 5” nucleotides (Fig. 7b),
and siRNAs with misincorporated nucleotides showed a lower 5” adenine content than those
with perfect matches to the genome (Fig. 7c). These results further support that PARNAS
containing misincorporated 3’ nucleotides are processed into siRNAs. In summary, our
results support that three different mechanisms can contribute the formation of the 3’ end of
P4ARNAs - termination or 3’ end processing at sequences enriched for ACU at the last three
positions of the PARNA, termination associated with misincorporation at methylated
cytosines, and termination associated with misincorporation at other nucleotides.
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DISCUSSION

The results of this study support the general scheme that PARNAS are first transcribed by Pol
IV, made double stranded by RDR2, and diced by DCL3 and other dicers to make the
siRNAs which are loaded into AGO4. DCL3 cleavage produces an siRNA duplex with
symmetric structure (Matzke and Mosher, 2014), but only one strand (the guide strand) is
retained in AGO4, while the other strand (the passenger strand) is cleaved by AGO4 and
degraded (Ye et al., 2012). Little is known about guide-strand selection of 24-nt siRNAs, and
it remains unclear why, at many loci, sSiRNAs predominately match to one strand, and direct
strand-specific methylation (Zhong et al., 2014). Our analysis revealed that the strand biases
for PARNASs and siRNAs are highly positively correlated (Fig. 1d and Fig. S1d), suggesting
that the siRNAs derived from the Pol 1V strand rather than the RDR2-synthesized
complementary strand, are favored as the guide-strand siRNA. This bias appears to be
partially accomplished by a strong bias for adenine to be present as the first nucleotide of
P4RNAs, by the preference of DCL3 for 5’ adenines for siRNA processing, and by the
preference of AGO4 for loading siRNAs with a 5” adenine (Fig 7a). PARNAS also appear to
be processed to some extent at their 3’ ends to yield siRNAs that have similar 3* end
signatures as are present in PARNAS, including either an enrichment for ACU sequences, or
misincorporated nucleotides. In addition, Pol IV transcripts are so short that on average only
one siRNA will arise from each PARNA. Finally, the short nature of Pol IV transcripts,
coupled with the preference of DCL3 for short dsSRNAs, may serve to channel Pol IV/RDR2
products into DCL3 rather than other dicers, such as DCL4 that prefers long dsSRNAS
(Nagano et al., 2014). These results imply a “one precursor, one siRNA” model for
processing of siRNAs from Pol IV to RDR2 to DCL3 to AGO4 (Fig. 7a). Based on the
patterns of TSSs, strand-bias and 3’-misincorporation we conclude that the majority of
PATH reads at siRNA loci are PARNA, but it is still possible that some of these PATH reads
are RDR2-transcribed as they are genetically dependent on both RDR2 and Pol V.

Because Pol 1V transcripts are so short, the sites of Pol 1V transcriptional initiation and
termination are largely determining the positions of siRNAs in the genome. Production of
short transcripts by Pol IV could provide for siRNA biogenesis while avoiding the risk of
transcribing full-length transposable elements. In addition, the short length of Pol IV
transcripts may help to prevent spreading of RADM to flanking regions, and allow specific
silencing of transposons that are close to genes.

Our proposed model for biogenesis of 24-nt siRNAs in Arabidopsis share characteristics
with that of 22U-RNAs (or piRNAS) in C. elegans. 21U-RNAs are 21-nt in length and begin
with a 5’ uridine, and they are autonomously expressed from thousands of loci dispersed in
two broad regions of chromosome 1V (Batista et al., 2008; Ruby et al., 2006). Like PARNAsS,
precursors of 21U-RNAs, which are ~26 nucleotide Pol Il transcripts, are terminated by an
unknown mechanism to produce unusually short transcripts (Gu et al., 2012). However,
unlike PARNAS, 21U-RNA precursors are processed at their 5” ends to remove two
nucleotides, and transcription units usually contain a conserved motif 42-nt upstream of the
mature piRNA (Batista et al., 2008; Gu et al., 2012; Ruby et al., 2006). In contrast we did
not find evidence for sequence conservation upstream of PARNA start sites (Fig. S4d), and
instead Pol IV appears to be recruited by epigenetic signals such as the binding of H3K9
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methylation through the Pol IV interacting protein SHH1 (Law et al., 2013). Furthermore,
while there is clear evidence for transposon-derived secondary siRNA production through
RNA-dependent RNA Polymerase (RARP) activity in C. elegans (22G-RNA) (Lee et al.,
2012), as well as Zucchini-dependent, secondary phased piRNAs in mammals (Han et al.,
2015; Mohn et al., 2015), there is little evidence to support the possibility of secondary
SiRNA production in the RADM pathway.

The 5’ ends of PARNAS are very similar in sequence composition to that of Pol 11
transcripts, showing strong enrichment for Y/R dinucleotides at the —1/+1 positions.
However, as opposed to Pol Il transcripts that begin with trimethylguanosine caps, the
majority of PARNASs have 5 monophosphates. Since RNA polymerases normally start
transcribing with a triphosphate containing nucleotide, it is unclear how Pol IV transcripts
acquire a 5’ monophosphate. It is possible that Pol 1V is able to initiate transcription with a
nucleoside monophosphate as previously reported for some RNA polymerase (Martin and
Coleman, 1989; Ranjith-Kumar et al., 2002), or the PARNAS may be initially capped after
which a de-capping enzyme converts the trimethylguanosine cap to a 5° monophosphate, or
an unknown polyphosphatase-like enzyme may directly convert the 5" -triphosphate to a 5" -
monophosphate. Additionally, since 5 monophosphate containing RNAs are often a target
of 5’ to 3’ exonucleases, there may be mechanisms to protect PARNA 5’ ends until
subsequent processing steps are completed. It is also unclear why PARNA evolved to have 5’
monophosphates rather than cap structures, but one possibility is that this helps the cell
avoid inadvertently mistaking a PARNA for a Pol 1 transcript in order to avoid translation of
transposon RNAs.

Our observations suggest that a component of the mechanism by which Pol IV transcription
terminates is that DNA methylation on the template strand causes misincorporation of
inappropriate bases. The mechanism by which this happens is unclear, but it is known that
DNA methylation can cause transcriptional elongation defects in Meurospora (Rountree and
Selker, 1997). The preferential termination of Pol 1V transcription near DNA methylation
would promote siRNA generation near sites of preexisting DNA methylation, thereby
creating a self-reinforcing loop in which siRNAs direct DNA methylation targeting and
DNA methylation helps direct the location of further siRNA production.

Experimental Procedures

Biological materials

The mutant alleles of nrpdi-4, nrpb2-3, rar2-1, nrp(d/e)2, rdr2/dcl3, and combinations of
acl2/3/4 used in this study were in the background of Arabidopsis thaliana ecotype
Columbia-0 and have been previously described (Henderson et al., 2006; Li et al., 2008;
Pontier et al., 2005; Xie et al., 2004; Zheng et al., 2009). The dc/3/nrpdl double mutant was
obtained by crossing dc/3-1 with nrpdi-4. Plants were grown in a growth chamber with 16
hour of light or greenhouse condition for five weeks. Immature inflorescence tissues
including inflorescence meristem and early stages floral buds (up to stage 11/12) were
collected.
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Sequencing of small RNA, PATH mRNA, and BS-seq libraries

Total RNA was first treated with RiboMinus™ Plant Kit for RNA-Seq (Invitrogen
A10838-08) to remove rRNA, followed by size selection of RNA on a 15% UREA TBE
Polyacrylamide gel (Invitrogen, EC6885BOX). Gels containing RNA with size between 15-
to 27-nt were kept for small RNA library, while gels containing 28- to ~300-nt RNA were
kept for PATH library. After gel elution, library construction for both SRNA and PATH was
done using the Illumina TruSeq Small RNA Sample Preparation Kit (RS-200-0012), except
that at the final size selection step, PCR products were separated on a 6% TBE
Polyacrylamide gel (Invitrogen, EC6265BOX) and selected for the range from 120- to
~1000-bp for PATH library. Gel-eluted PCR products with different TruSeq index sequences
were pooled and sent for lllumina sequencing. The mRNA library was constructed using the
Illumina TruSeq RNA Sample Preparation Kit (RS-122-2001) according to the standard
manual. PATH libraries were sequenced using either paired-end mode with length of readl
being 120-bp and length of read2 being 30-bp (PE120+30), or single-end 100-bp (SE100);
while sSRNA and mRNA libraries were sequenced with single-end 50-bp (SE50). For BS-
seq, DNA was isolated using the DNeasy Plant Mini Kit (Qiagen #69104) according to
manufacturer instructions and quantified using the Qubit dSDNA High Sensitivity Kit (Life
Technologies #Q32851). Libraries were constructed with 30ng DNA using the Ovation
Ultralow Methyl-Seq Library Systems (NuGEN #0335). Bisulfite conversion was done using
the EpiTect Bisulfite Kit (Qiagen # 59104). BS-seq Libraries were sequenced at a length of
50 bp. All sequencing was carried out on Illumina HiSeq machines at the Broad Stem Cell
Research Center (BSCRC) sequencing core at University of California, Los Angeles.

Realtime RT-PCR and RNA gel blot

Realtime RT-PCR to detect PARNAs in various genotypes was performed as the following:
Total RNA were extracted from 100 mg of flowers using Trizol (Ambion) with an extra step
of 24:1 Chloroform : isoamyl alcohol to remove remaining phenol prior to isopropanol
precipitation, the resuspended RNAs were cleaned up using Quick-RNA miniprep (Zymo
research, USA) for further purification and complete gDNA removal. Then 5ug of the
purified RNA from each sample was used for RT reaction with SuperScript 11 first-strand
kit (Invitrogen, USA). 1uL of the RT reaction was used for real time PCR using iQ SYBR
green supermix (Biorad, USA). We used terminator exonuclease (Epicenter, USA) for the
removal of RNA with 5’-monophosphate: 5ug of total RNA were treated for an hour at 30
degree with Terminator, and the control, non-treated, RNA with the same buffer and 50%
glycerol instead of terminator exonuclease enzyme. After Terminator treatment the RNA
were used for RT reaction as described above. Primer information can be found in Table S3.

RNA gel blotting was performed as previously described (Henderson et al., 2006) with LNA
probes for detecting transposon regions and regular RNA probes for detecting 5S locus.
Probe information can be found in Table S3.

Pol Il ChIP-seq and AGO4-RIP

ChiIP-seq was performed as described previously (Johnson et al., 2014). 5 ug Pol 11
antibodies (Abcam #ab817) were used for each ChIP. Libraries for Pol 11 ChIP-seq were
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generated using the Ovation Ultralow DR Multiplex System (NuGen #0330) and sequenced
at a length of 50 bp. ChIP-seq data was visualized using ngsplot (Shen et al., 2014).

AGO4-RIP was performed as previously described (Ji et al., 2011) with commercial AGO4
antibody (Agrisera #AS09 617). RNA isolated from RIP was used for library construction

with Illumina TruSeq Small RNA Sample Preparation Kit (RS-122-2001) according to the
standard manual.

Bioinformatic analysis

Data handling—In general, gseq files received from the sequencing core were
demultiplexed with an in-house Perl script and converted to fastq files for downstream
analysis. For small RNA and PATH data, original reads were first trimmed using Cutadapt
(v1.4), then mapped to the reference TAIR10 genome using Bowtie (Langmead et al., 2009)
allowing only one unique hit (-m 1). We allowed zero mismatch for small RNA mapping (-v
0) and up to three mismatches for PATH mapping (-v 3). mRNA data were mapped using
Tophat (Trapnell et al., 2009) allowing two mismatches and only one unique hit.

Analysis of siRNAs and PARNAs—We used a list of Pol 1V dependent siRNA loci that
is previously described(Law et al., 2013) and manually inspected and filtered out a few loci
that are tRNA related (listed in Table S2). In brief, these are 200 base pair bins where
siRNAs were significantly reduced in a Pol IV mutant compared to two replicates of wild-
type controls (FRD < 10710). More details can be found in the “Identification of SIRNA
clusters” section of Methods in the Law et al. paper (Law et al., 2013). Our definition of
P4ARNAS is any 27+ nt PATH reads derived from these ~7000 previously defined Pol IV
dependent 24-nt siRNA loci. For the abundance calculation, SRNA reads with the length
between 18 and 26 nt, and PATH reads with the length greater or equal to 27 nt were
included (Table S1). 5’-Adenine preference was analyzed by calculating the nucleotide
composition at each position (counting from 5’end) for Pol 1V siRNAs and PARNAs.
Percentage of 3’-nontemplated nucleotides in PARNAs was calculated at each position by
analyzing the mapping results with a custom Perl script with the focus on the “MD:Z”
column in sam format. The length of the 3’-misincorporation was done using the seed
mapping option of bowtie to map the first 24 nt of PARNA perfectly and then allow up to ten
mismatches for 3’ portion. This analysis confirmed that majority of PARNAS carry one or
two 3’-misincorporated nucleotides. Therefore we chose to allow three mismatches for
P4RNA mapping for all analysis.

Normalization of PARNA and sRNA abundance—Abundances of P4ARNA in each
library were normalized to the total number of sequenced reads, and abundances of SIRNAs
were normalized to the sum of all miRNAs in each library. For example, in Figure 2b, in Col
PATH library we obtained 161,241,523 reads in total and of which 63,739 were classified as
sasRNA (27+ nt), while in dcl2/3/4 PATH library we obtained 89,226,121 reads in total and
of which 4,283,063 were classified as sasRNA. Therefore the percentage of PARNA in
dcl2/3/4 compared to Col is calculated as percentage = (4,283,063/89,226,121) /
(63,739/161,241,523) = 121.43 ~ 120 fold.
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BS-seq analysis and DMR calling—Analysis of the floral BS-seq libraries of wild-type
and ddm1 mutant (Creasey et al., 2014) were performed using BSMAP (Xi and Li, 2009),
allowing only uniquely mapped reads and discarded sibling PCR products, with the
tolerance of 2 mismatches per 50 bp. DMR calling was performed as previously described
(Stroud et al., 2013), with a more stringent criteria: 1) sum of all sequenced cytosines in the
100bp bin need to be at least 100; 2) the difference in CG methylation at each bin needs to
be at least 0.5. This filtering allows us to focus on regions that are not only highly
methylated in wild-type but also lose methylation dramatically in the ddm1 mutant. CHG
DMRs were filtered with similar criteria, with the minimal loss of CHG in ddm compared
to wild-type being 0.4, and the count of covered cytosines in each bin no less than 50.

Nucleotide composition and enrichment—P4RNAs a defined set of loci were
measured for their 3’-end sequence composition. For those PARNAS that contain the 3’
misincorporation, different compositions of the reference sequence at the first mismatched
nucleotide (mono-nucleotide), the last matched plus first mismatched (di-nucleotide), or the
last two matched plus first mismatched (tri-nucleotide) were counted as the observed value.
The mono-, di- or tri-nucleotide compositions of the DNA sequence (or K-mer) were
calculated using Jellyfish (Marcais and Kingsford, 2011) and considered as expected value
assuming PARNAs end equally likely on any nucleotide. The observed value and expected
value were both normalized to their own population, and the ratio of observed/expected is
used to show the relative enrichment of certain mono-, di- or tri-nucleotide composition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Pol 1V transcribes 30 to 40 nucleotide short RNASs to initiate SIRNA
biogenesis.

P4RNAs mirror siRNAs in distribution, abundance, strand bias and 5°-
A preference.

PARNAs feature TSSs similar to Pol Il products.

PARNAS carry 3’-misincorporation that preferentially occurs at
methylated cytosines.
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Fig. 1. Identification of siRNA-loci associated short RNAs (P4ARNAS)
a. Procedure for the construction and analysis of PATH libraries. An example siRNA locus is

shown at the bottom with IGV screenshots of PARNAs and siRNAs matching to that region.
b. Abundances are highly correlated of PATH reads (27+ nt) and SRNA reads (18 to 26 nt) in
wild-type Col from previously defined Pol IV siRNA loci (Law et al., 2013).

c. Size distribution plots of all PATH reads and sSRNA reads in Col from Pol 1V siRNA loci.
A distinct peak at 30 to 40 nt can be seen in the PATH library; we named these “P4RNAS”.
d. PARNAs and siRNAs share the same strand bias at Pol 1V siRNA loci. Only Pol IV
siRNA loci matched by more than 100 PARNAS in Col were selected to obtain a robust
calculation of strandedness. The plus-strand ratio was calculated as the abundance of reads
matching to the plus strand divided by the total number of reads at that locus.

See also Figure S1, S2 and Table S1, S2.
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Fig. 2. Biogenesis and processing of PARNAs

a. Both Pol 1V siRNAs and PARNAS are eliminated in nrpd1, nrp(a/e)2, rar2, del3/nrpdl,
and del3/rdr2. Small RNA abundances were normalized to the sum of all TAIR10-annotated
miRNAs in each sSRNA library, and then compared to Col; PARNA abundances were
normalized to the total number of reads in each PATH library.

b. Pol IV siRNAs are reduced in dc/2/3/4, whereas PARNAS accumulate substantially.

¢. Abundances of PARNA and siRNA at each locus in Col and dc/2/3/4.

Cell. Author manuscript; available in PMC 2016 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhai et al.

Page 20

d. At long TEs, PARNASs resemble the distribution of siRNAs — enriched at promoters and
termini of TEs, and also spread into TE bodies.
See also Figure S3, Table S1 and S2.
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Fig. 3. PARNAS in dcl mutant combinations
a. Size of Pol 1V siRNAs shifted from 24 nt in Col to 21/22 nt in dc/3-containing mutants,

accompanied by the accumulation of PARNAs. PARNA abundances are normalized to that in
Col.

b. RNA blot analysis of siRNAs and PARNAS in dc/ mutant backgrounds.

c. Size distribution of P4ARNASs in dc/3-containing mutants.

See also Figure S3, Table S1 and S2.
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Fig. 4. PARNAs feature Pol 11 like TSSs and favor 5’-Adenine
a. TSSs of Pol 1V exhibit preference for C/T at the —1 position and A/G at the +1 position,

resembling the “Y/R rule” of Pol 1l TSS, calculated using PARNAS from dc/2/3/4.

b. Dinucleotide enrichment at —=1/+1 of PARNA, calculated using PARNASs from dc/2/3/4.
¢. Both siRNA and P4RNAs from Col have a strong preference for 5’ adenine.

See also Figure S4 and Sb5.
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Fig. 5. Pol IV transcription preferentially terminates at methylated cytosines with
misincorporated nucleotides

a. Example of 3’-nontemplated nucleotides on PARNAs. The black bar represents 50 bp in
length.

b. Length of the 3’-end nontemplated nucleotides, defined by the first mismatched
nucleotide to the last nucleotide. If a PARNA has no mismatch, the length is zero.

¢. Di-nucleotide enrichment at the first mismatched position at the 3’ end.

d. Frequency of CG dinucleotide on reference sequence over the PARNASs with
misincorporation, “~1" marks the last perfectly matched position, and “+1” marks the first
mismatched position. The count of each CG is designated to the position of the G, therefore
the peak at “+1” represents a peak of CG at “-1/+1".

See also Figure S6.
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Fig. 6. Pol IV transcription preferentially terminates at methylated cytosines with

misincorporated nucleotides

a. CG hypomethylated DMRs in ddm.1 compared to a wild-type control.
b. 3’-misincorporated nucleotides of PARNA at ddmI CG DMRs in ddm1 dc/3 compared to

acl3.
See also Figure S7.
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a 1) Initiation of Pol IV transcription at Pol Il like TSSs
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Fig. 7. “one precursor, one siRNA” model for the biogenesis of Pol IV dependent 24-nt siRNAs
a. Pol IV transcription is initiated at Pol I1-like TSSs. A short RNA of ~30 to 40 nt (with 5’-

adenine preference) is produced by Pol 1V at heterochromatic regions; misincorporation then
occurs at the cytosine position (red bar) and terminates Pol IV transcription. This process
typically yields a PARNA with 5’ adenine and 3’ misincorporation. PARNA then goes
through processing that involves RDR2 synthesizing the complementary strand (gray),
DCL3 cutting from the 5” end (major) or 3’ end (minor) of the PARNA, and loading of the
PARNA-derived siRNA strand into AGO4 as the guide-strand. Eventually one P4ARNA
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precursor gives rise to one siRNA that is derived from either its 5’ or 3’ end. (“M”
underneath the DNA template indicates DNA methylation at the heterochromatic region.)
b. When DCL3 cuts from the 5 end of PARNAS, the resulting siRNAs are more likely to
carry a 5’ adenine and be perfectly matched. Indeed a reduction of 3° mismatches is
observed for sSiRNAs with a 5” adenine.

c. When DCL3 cuts from the 3’ end of PARNAS, the resulting siRNAs are more likely to
carry the 3” misincorporation and less likely the 5’ adenine. This is consistent with the
observation that siRNAs with mismatch have lower percentage of 5’ adenine.

See also Figure S5.
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