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ABSTRACT

In plants, nuclear multisubunit RNA polymerases
IV and V are RNA Polymerase II-related enzymes
that synthesize non-coding RNAs for RNA-directed
DNA methylation (RdDM) and transcriptional gene
silencing. Here, we tested the importance of the
C-terminal domain (CTD) of Pol IV’s largest sub-
unit given that the Pol II CTD mediates multiple
aspects of Pol II transcription. We show that the
CTD is dispensable for Pol IV catalytic activity and
Pol IV termination-dependent activation of RNA-
DEPENDENT RNA POLYMERASE 2, which partners
with Pol IV to generate dsRNA precursors of the 24
nt siRNAs that guide RdDM. However, 24 nt siRNA
levels decrease ∼80% when the CTD is deleted. RNA-
dependent cytosine methylation is also reduced, but
only ∼20%, suggesting that siRNA levels typically ex-
ceed the levels needed for methylation of most loci.
Pol IV-dependent loci affected by loss of the CTD are
primarily located in chromosome arms, similar to loci
dependent CLSY1/2 or SHH1, which are proteins im-
plicated in Pol IV recruitment. However, deletion of
the CTD does not phenocopy clsy or shh1 mutants,
consistent with the CTD affecting post-recruitment
aspects of Pol IV activity at target loci.

INTRODUCTION

Multisubunit RNA polymerases IV and V are plant-specific
enzymes that play non-redundant roles in RNA-directed
DNA methylation (RdDM), a process important for si-
lencing DNA viruses, transposons, repetitive elements and
a subset of genes (reviewed in: 1,2). In partnership with

RDR2, Pol IV generates precursor RNAs, averaging only
∼32 bp in length (3–6), that are cleaved by the Dicer en-
donuclease, DCL3 to produce 24 nt siRNAs (3,7,8). The
siRNAs are then loaded into an Argonaute family protein,
primarily AGO4 or AGO6 (9,10) and guide the siRNA–
AGO complexes to sites of Pol V transcription (11–13). In
subsequent steps that are not well understood, the AGO–
siRNA–Pol V transcription complexes mediate recruitment
of chromatin modifying activities that include the cytosine
methyltransferase, DRM2, resulting in extensive de novo
cytosine methylation and associated histone modifications
that collectively repress transcription by Pols I, II or III (14–
16).

Pols IV and V are each composed of twelve subunits,
most of which are encoded by the same genes as Pol II sub-
units (17). Subunits of Pols IV and/or V that differ from
those of Pol II are encoded by genes that arose through du-
plication or retrotransposition of the ancestral Pol II sub-
unit genes (18,19). Among the latter are the genes encod-
ing the Pol IV and Pol V largest subunits, NRPD1 and
NRPE1, respectively. Multiple exon–intron junction posi-
tions within the NRPD1 and NRPE1 genes are identical
to those in NRPB1, which encodes the Pol II largest sub-
unit, indicative of their shared ancestry (19). However, the
3′ ends of the NRPB1, NRPD1 and NRPE1 proteins are
distinct. NRPB1 encodes a C-terminal domain (CTD) com-
posed of a repeating seven amino acid motif that is highly
conserved throughout eukaryotes (20). These heptad re-
peats are missing in Pols IV and V (19,21,22). Instead, the
Pol IV largest subunit has a relatively short CTD consist-
ing almost entirely of a Defective Chloroplasts and Leaves
(DeCL) subdomain named for its sequence similarity to a
small protein family implicated in chloroplast pre-rRNA
processing (23,24). A similar, but non-identical DeCL sub-
domain is present in the Pol V largest subunit CTD as one of
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at least four recognizable subdomains. Three of these sub-
domains affect Pol V function at different subsets of tar-
get loci (19,21,22,25), but deletion of the DeCL subdomain
causes Pol V transcripts to become undetectable and elimi-
nates nearly all Pol V-dependent RdDM (25). Importantly,
Pol V transcription in vitro is unaffected by deletion of the
DeCL subdomain (25). Collectively, these results have sug-
gested that the DeCL subdomain of Pol V may be required
for the enzyme’s recruitment or activity in the context of
chromatin. Consistent with this interpretation, loci that are
mis-regulated in the absence of the NRPE1 DeCL subdo-
main overlap considerably with loci that are mis-regulated
in mutants defective for proteins implicated in Pol V recruit-
ment to target loci (25).

Based on the prior studies of Pol V, a reasonable hypoth-
esis is that the DeCL domain of Pol IV might be important
for Pol IV recruitment to target loci, which is thought to
be mediated by members of the CLASSY (CLSY) protein
family (CLSY1 through CLSY4) and SAWADEE HOME-
ODOMAIN HOMOLOG 1 (SHH1; also known as DTF1)
(5,26–28). CLSY proteins are predicted to be adenosine
triphosphate (ATP)-dependent DNA translocases, a pro-
tein superfamily that includes chromatin remodelers, heli-
cases and DNA repair enzymes (29). CLSY1 and CLSY2
primarily enable Pol IV function at loci interspersed among
genes in the chromosome arms whereas CLSY3 and CLSY4
mostly facilitate Pol IV function within pericentromeric
regions that are gene-poor and composed of dense hete-
rochromatin (27). SHH1/DTF1 has a domain that binds
Histone H3 dimethylated on lysine 9 (H3K9me2) and is
thought to recruit Pol IV to target sites enriched for this
modification (26,27) in crosstalk with CG maintenance
methylation, dependent on DNA methyltransferase MET1
and histone deacetylase HDA6 (30). The activities of MET1
and HDA6 allow for transgenerational epigenetic inheri-
tance of Pol IV recruitment signals (30). Loci requiring
SHH/DTF1 are enriched within chromosome arms, similar
to CLSY1-2-dependent loci, and SHH1/DTF1 and CLSY1
interact in yeast two-hybrid assays, suggesting that they
work in partnership (28).

In this study, we tested the importance of the Pol IV CTD
for Pol IV transcription and termination in vitro, as well
as the functional coupling of Pol IV and RDR2 activities,
which act sequentially to generate the dsRNA precursors
of 24 nt siRNAs. We also tested the importance of the CTD
for siRNA biogenesis, cytosine methylation and transcrip-
tional silencing, which are the molecular phenotypes indica-
tive of Pol IV function in vivo. We show that in the absence
of the CTD, Pol IV transcription, RDR2 association, Pol IV
termination and Pol IV-RDR2 transcriptional coupling are
all unimpaired in vitro, indicating that the CTD is dispens-
able for the known catalytic activities of Pol IV. Nonethe-
less, 24 nt siRNA levels and cytosine methylation are re-
duced in vivo. Like methylated loci dependent on SHH1
and CLSY1/2, loci dependent on the Pol IV CTD are more
prevalent within chromosome arms than in pericentromeric
regions. However, the molecular phenotypes resulting from
deletion of the Pol IV CTD differ from those of shh1 and
clsy1clsy2, suggesting that the CTD affects steps of the Pol
IV transcription cycle other than, or in addition to, recruit-
ment to target loci.

MATERIALS AND METHODS

Plant material

Arabidopsis thaliana mutants nrpd1-3 and nrpe1-11 have
been described previously (22,31), as have full length
NRPD1-FLAG (nrpd1-3) and NRPB2-FLAG (nrpb2)
transgenes and nrpb2 (32,33). All plants were grown in soil
in long day conditions (16 h light, 8 h dark).

Generation of the NRPD1�CTD transgenic line

The C-terminal domain deletion of NRPD1 (amino acids
1337–1453) was generated by modification of a pENTR-
NRPD1 full-length genomic clone with the native gene pro-
moter (33). Using this clone as the DNA template, poly-
merase chain reaction (PCR) amplification of the gene with-
out the CTD (Supplementary Table S8) was accomplished
using Pfu Ultra DNA polymerase (Stratagene). The PCR
product was cloned into pENTR-TOPO S/D (Invitrogen)
then recombined into pEarleyGate302 to generate a C-
terminal FLAG epitope fusion (34). The plasmid was trans-
formed into Agrobacterium tumefaciens and used to trans-
form nrpd1-3 plants using the floral dip method (35,36).

Protein immunoprecipitation and immunoblot analysis

Proteins were extracted from 4 grams of ∼2.5 week-old
above-ground plant tissues ground to a fine powder in
liquid nitrogen. The resulting powder was suspended in
14 ml lysis buffer (50 mM Tris HCl pH 7.6, 150 mM
NaCl, 5mM MgCl2, 10% glycerol, 0.5 mM Dithiothre-
itol (DTT), 0.1% IGEPAL, 1% plant protease inhibitors
(Sigma)), filtered through two layers of Miracloth and
subjected to centrifugation at 16 000 × g, 15 min, 4◦C.
The resulting supernatant was incubated with anti-FLAG
Agarose (Sigma) for 2 h at 4◦C on a rotating mixer. The
agarose resin was then washed twice with lysis buffer and
boiled in sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer. SDS-PAGE was
conducted using Tris-glycine gels and proteins were then
transferred to nitrocellulose membranes for immunoblot-
ting. Antibodies were diluted in TBST + 5% (w/v) nonfat
dried milk as follows: 1:500 anti-NRP(D/E)2, 1:250 anti-
RDR2, 1:500 anti-NRP(B/D/E)11 and 1:2000 anti-FLAG-
HRP (Sigma). Anti-rabbit-HRP (Santa Cruz Biotechnol-
ogy) diluted 1:5000 was used as secondary antibody to bind
the primary antibodies. Native antibodies to NRP(D/E)2,
RDR2 and NRP(B/D/E)11 were previously described
(25,31,37).

Nuclear immunolocalization

Immunolocalization studies were conducted as described
previously (Pontes et al., (33)), using nuclei of 4-week-old
plants fixed in 4% formaldehyde and antibodies recogniz-
ing the C-terminal FLAG epitopes fused to the recombi-
nant NRPD1 proteins.

In vitro transcription assays

Equimolar amounts of template DNA, non-template DNA
and RNA primer, whose sequences are provided in Sup-
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plementary Figure S1, were mixed in annealing buffer (30
mM HEPES-KOH at pH 7.6, 100 mM potassium acetate),
brought to a boil in a water bath and slowly cooled to room
temperature. For Pol IV reactions involving end-labeled
primer RNA, a 10% excess of non-template DNA was used
to ensure the complete annealing of the RNA primer. End-
labeling was achieved using T4 polynucleotide kinase (T4
PNK, NEB) and 25 �Ci of [� -32P]-ATP (6000 Ci/mmol;
Perkin Elmer).

In vitro transcription reactions involved Pol IV–RDR2
complexes affinity captured on anti-FLAG agarose resin
(Sigma) (4,25). A total of 25 �l of polymerase-bound resin
was washed once with low salt buffer (100 mM potas-
sium acetate, 25 mM HEPES-KOH pH 7.9, 20% glycerol,
0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM
DTT, 1 mM PMSF), then adjusted to 50 �l in low salt buffer
buffer. A total of 50 �l of 2× transcription reaction buffer
(template nucleic acids, 120 mM ammonium sulfate, 40 mM
HEPES-KOH pH 7.6, 20 mM magnesium sulfate, 20 �M
zinc sulfate, 20% glycerol, 0.16 U/�l RNaseOUT, 20 mM
DTT) was added to the 50 �l of resin slurry with associated
RNA polymerases or non-specifically associated proteins of
non-transgenic plant lysate controls. For end-labeled primer
extension assays, the final template concentration was 25
nM and for the body-labeling assay, the template concentra-
tion was 250 nM. The final nucleotide triphosphate (NTP)
concentration for end-labeling assay was 1 mM each of
ATP, GTP, CTP and UTP and for the body labeling as-
say it was 1 mM each of GTP, CTP and UTP, 40 �M ATP
and 10 �Ci of [�-32P]-ATP (3000 Ci/mmol; Perkin Elmer).
Transcription reactions were conducted at room tempera-
ture for 60 min on a rotating mixer and stopped by ad-
dition of 20 mM EDTA and heating at 75◦C for 5 min.
Transcription products were desalted using PERFORMA
spin columns (EdgeBio) and precipitated using 1/10 volume
of 3M sodium acetate, pH 5.2, 20 �g glycogen and three
volumes of isopropanol at −20◦C overnight. Radioactive
RNA transcripts were resolved on 15% denaturing poly-
acrylamide gels, transferred to Whatman 3MM filter paper,
dried under vacuum and visualized by autoradiography.

Whole genome bisulfite sequencing and analysis

Bisulfite sequencing and analysis was conducted as de-
scribed in (25). DNA (100 ng) extracted from ∼2.5-week-
old above ground plant tissues was prepared using the Il-
lumina TruSeq DNA methylation library prep kit accord-
ing to the manufacturer’s instructions. Libraries were se-
quenced using an Illumina NextSeq instrument. Base call-
ing, adapter trimming, and read size selection (≥35 bp) were
performed using bcl2fastq v2.16.0.10. To counter methy-
lation end bias, the first seven and last two bases of each
read were removed and a minimum q-score of 25 was ap-
plied as a filter using Cutadapt version 1.9.1 (38). Mapping
of sequenced reads to the A. thaliana TAIR10 genome, re-
moval of PCR duplicates and extraction of methylation in-
formation for cytosines with a minimum coverage of five
reads was completed using Bismark version 0.16.1 with de-
fault settings (39). The bisulfite conversion rate was calcu-
lated based on the number of methylated cytosines divided
by total number of mapped cytosines (converted and un-

converted) of the chloroplast genome, which is unmethy-
lated.

Differently methylated regions (DMRs) for CHH methy-
lation relative to Col-0 were defined using the R package
methylKit version 0.9.5 (40). The genome was analyzed in
300 bp sliding windows with a step size of 200 bp. Windows
were counted if 10 informative cytosines with at least five
reads each were observed. Significant hypo-DMRs, where
methylation is reduced relative to wild-type (WT), were as-
sessed at a cutoff value of at least a 10% decrease relative to
WT. DMRs were calculated using a logistic regression and
significance was assumed for q-values ≤ 0.01, with P-values
corrected for multiple testing using the SLIM method (40).
Changes in methylation between genotypes and statistic val-
ues were calculated using both biologic replicates to account
for variation between replicates. Overlapping DMRs were
merged into a single region prior to determining the num-
ber of DMRs in each line. Only DMRs that also met min-
imum coverage criteria in our sRNA sequencing data sets
(see ‘sRNA analysis’ section) were considered in the analy-
ses in Figures 2, 3 and 6.

To quantify % methylation within regions of interest,
the methylKit regionCounts function was utilized with
the genomic coordinates of interest input as a bed file
(40). In box plots, outliers 1.5 times the interquartile
range beyond the upper or lower quartile were omitted
for visualization purposes but were included in all cal-
culations. For heatmap and hierarchical clustering anal-
yses, the heatmap.2 R function was utilized with default
clustering settings (http://www.R-project.org/). To find the
distribution of DMRs between euchromatin and dense
heterochromatin, as shown in Figure 6D, the follow-
ing coordinates were used to designate the dense peri-
centromeric heterochromatin regions on each chromo-
some: Chr1: 12150001-17900000; Chr2: 1000001-7350000;
Chr3: 10600001-16350000; Chr4: 2550001-6400000; Chr5:
9550001-15050000. Regions falling within the heterochro-
matic knob of Chromosome 4 (Chr4: 1300001-2400000)
were also considered dense heterochromatin regions.

To calculate % methylation values for the locus-specific
analyses of Figures 4 and 5, % methylation was summed
for all Pol IV-dependent DMRs, regardless of small RNA
coverage, found to overlap the locus of interest, including
300 bp of 5′ and 3′ flanking sequence.

Accession numbers for previously published bisulfite se-
quencing data are provided in Supplementary Table S1.

sRNA analysis

Whole genome small RNA sequencing was conducted using
1 �g total RNA isolated from 2.5-week-old above-ground
plant tissues isolated using Trizol. Libraries were prepared
using the Illumina TruSeq small RNA library prep kit ac-
cording to the manufacturer’s instructions, except that the
size selection step was adjusted to select for RNAs of 15–60
nt.

Raw reads were adapter and quality (q > 20) trimmed
and size selected (16–60 nucleotides) using Cutadapt ver-
sion 1.9.1 (38). Reads were first filtered to remove struc-
tural RNAs (tRNAs, rRNAs, snRNAs and snoRNAs),

http://www.R-project.org/


Nucleic Acids Research, 2019, Vol. 47, No. 17 9027

then mapped to the Arabidopsis TAIR10 genome using
ShortStack version 3.4 default settings (41).

Small RNA read counts for regions of interest were ex-
tracted from BAM files using the ShortStack –locifile func-
tion (41). First, read counts for all Pol IV-dependent CHH
DMRs identified from bisulfite sequencing data (see above)
were obtained for both Col-0 replicates. Only those regions
that had a minimum of 25 reads, were classified as 24 nt clus-
ters (minimum of 80% of reads being the 24 nt size class)
in both Col-0 replicates, and showed a minimum −2 log2
fold change in nrpd1-3 mutants were used for the sRNA the
DNA methylation analyses in Figures 2, 3 and 6. Counts
were normalized as reads per million (RPM) bases of total
mapped reads. To calculate the log2 fold change relative to
Col-0, 0.5 reads were first added to the read count for each
region of interest to account for 0 values. After read count
normalization, the average RPM of WT Col-0 was calcu-
lated and log2 fold changes were calculated for each sample
as: log2 (Sample RPM/Avg. WT Col-0 RPM). In the Venn
diagram in Figure 2C, the numbers represent the average
log2 fold change of both replicates for each line. In box plots,
outliers 1.5 times the interquartile range beyond the upper
or lower quartile were omitted for visualization purposes
but included in all calculations. For heatmap and hierarchi-
cal clustering analyses, the heatmap.2 R function was uti-
lized with default clustering settings (http://www.R-project.
org/). To find the distribution of regions between euchro-
matin and dense heterochromatin, as shown in Figure 6C,
the following coordinates were used to designate the dense
pericentromeric heterochromatin regions on each chromo-
some: Chr1: 12150001-17900000; Chr2: 1000001-7350000;
Chr3: 10600001-16350000; Chr4: 2550001-6400000; Chr5:
9550001-15050000. Regions falling within the heterochro-
matic knob of Chromosome 4 (Chr4: 1300001-2400000)
were also considered dense heterochromatin regions. Acces-
sion numbers for previously published sRNA data are listed
in Supplementary Table S1.

To analyze Pol IV dependent precursor RNAs, as shown
in Figure 3F and Supplementary Table S7, read sizes of 26–
60 nt were summed for each Pol IV DMR in each Col-0
replicate and only those regions with a minimum coverage
of 10 reads for precursor RNA size classes in both Col-0
replicates were analyzed for each genotype.

To calculate log2 fold change values for the locus-specific
analyses in Figures 4 and 5, 24 nt siRNA clusters were iden-
tified genome-wide. The 24 nt siRNA clusters were defined
with a minimum coverage of 25 reads, comprised of at least
80% 24 nt siRNAs. Clusters within 75 bp were merged into a
single region. Only clusters that were identified in both Col-
0 WT replicates were analyzed. Read counts were summed
in each replicate of each genotype for all 24 nt siRNA clus-
ters found to overlap the locus of interest with 300 bp of
5′ and 3′ flanking sequences included and log2 fold changes
were calculated relative to the average Col-0 RPM as de-
scribed above.

Chop PCR

Genomic DNA was double-digested with AluI and HaeIII
(NEB) at 37◦C for 3 h, followed by PCR using GoTaq Green
(Promega) with primers that flank enzyme cut sites listed

in Supplementary Table S8. For no-digest controls, DNA
was subjected to the same protocol but with no restriction
enzymes added.

RT-PCR

RNA extraction of 2.5 weeks above-ground tissues was con-
ducted using Trizol. Reverse transcription was conducted
using SuperScript III (Invitrogen), 5 �g RNA and random
primers (Sigma) PCR amplification was conducted using
GoTaq Green (Promega) with primers listed in Supplemen-
tary Table S8.

RESULTS

The NRPD1 CTD is dispensable for Pol IV subunit assembly,
nuclear localization, RNA polymerase activity and transcrip-
tional coupling with RDR2

Transgenes expressing full length NRPD1 or NRPD1 lack-
ing the C-terminal DeCL domain (amino acid positions
1337–1453; referred to as NRPD1�CTD; Figure 1A) were
transformed into nrpd1-3, a null mutant with a T-DNA in-
sertion disrupting the Pol IV largest subunit gene. FLAG
epitope tags fused to the C-termini of the recombinant
NRPD1 proteins enabled their affinity capture on anti-
FLAG agarose beads (Figure 1B). Full-length NRPD1
and NRPD1�CTD copurify with equivalent amounts of
NRP(D/E)2, the Pol IV second-largest subunit, and RDR2
(Figure 1B) indicating that Pol IV subunit assembly and
RDR2 association do not require the CTD.

Detection of the recombinant NRPD1 proteins in iso-
lated cell nuclei using anti-FLAG antibodies revealed that
full-length NRPD1 and NRPD1�CTD are both detectable
within punctate foci (Figure 1C), consistent with previous
studies of native NRPD1 (33). The percentage of nuclei dis-
playing this pattern was somewhat lower for NRPD1�CTD
than for full-length NRPD1 (53 versus 74%), but the signif-
icance of this observation is unclear.

To test whether the CTD is needed for catalytic activity,
Pol IV–RDR2 complexes were affinity purified, by virtue
of the FLAG epitope tags engineered at the C-termini of
NRPD1 or NRPD1�CTD, and assayed side-by-side for
Pol IV transcription, Pol IV termination and coupling of
Pol IV termination with RNA second strand synthesis by
RDR2. As reported recently, Pol IV engaged in transcrip-
tion of a single-stranded DNA template terminates 12–16
after encountering a basepaired non-template DNA strand
(8). Moreover, termination induced in this manner is re-
quired for RDR2 to use the Pol IV transcript as a template
and synthesize a complementary RNA strand, thus generat-
ing a dsRNA that can be diced by DCL3 (8). Transcription
by Pol IV and RDR2 can be monitored using a 51 nt DNA
template lacking thymidines (T-less template) to which a
16 nt RNA primer and 28 nt non-template DNA strand
have been annealed (8), as depicted in the diagram of Fig-
ure 1D (see also Supplementary Figure S1B for nucleic acid
sequences). By end-labeling the RNA primer with 32P, first-
strand transcripts generated by Pol IV can be visualized
by autoradiography, following denaturing polyacrylamide
gel electrophoresis (Figure 1D, lanes 2–3; see also Supple-
mentary Figure S1A). Alternatively, by using an unlabeled

http://www.R-project.org/
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Figure 1. Expression and functional analysis of full length NRPD1 and NRPD1�CTD transgenes. (A) Schematic of the full length NRPD1 protein
and NRPD1 missing the C-terminal DeCL domain. Domains A-H are conserved in all multi-subunit RNA polymerase largest-subunit genes. NRPD1
has a unique carboxy-terminal domain (CTD) characterized by a Defective Chloroplasts and Leaves (DeCL) domain similar to proteins involved in
chloroplast function. Full length NRPD1 and NRPD1 with the DeCL domain deleted (deletion encompassing amino acids 1337–1453, referred to as
NRPD1�CTD) were transformed into nrpd1-3 mutant plants. Both constructs incorporated a C-terminal FLAG epitope. (B) Western blot of anti-FLAG
immunoprecipitated full length NRPD1 or NRPD1�CTD proteins. The top panel was probed using anti-FLAG antibodies. The middle and bottom panels
were probed using antibodies that recognize the Pol IV second-largest subunit, NRP(D/E)2 or the Pol IV interacting protein RNA DEPENDENT RNA
POLYMERASE 2 (RDR2), respectively. Non-transgenic Col-0 was also subjected to immunoprecipitation as a negative control. (C) Formaldehyde-fixed
nuclei were incubated with anti-FLAG antibodies to detect recombinant NRPD1 proteins. Nuclei of non-transgenic Col-0 serve as a negative control.
The number of nuclei examined, and the frequency of localization patterns resembling the representative images shown, are provided to the right of the
images. (D) The NRPD1 CTD has no effect on Pol IV transcription elongation, termination or RDR2 coupling. Affinity purified Pol IV–RDR2 complexes
assembled using full-length NRPD1 or NRPD1�CTD were tested for both Pol IV and RDR2 activity using a 52 nt T-less template DNA annealed to a
28 nt nontemplate DNA strand and 16 nt RNA primer, as depicted in the cartoon. In lanes 1–3, transcription reactions were conducted using 32P end-
labeled RNA primer, allowing first strand transcripts generated by Pol IV to be visualized following denaturing polyacrylamide gel electrophoresis and
autoradiography. In lanes 3–6, an unlabeled RNA primer was used to initiate first strand synthesis and �-32P-ATP incorporation was used to body- label
second strands synthesized by RDR2. In lanes 1 and 3, fractions resulting from mock FLAG affinity purification of proteins from lysates of non-transgenic
plants were tested as negative controls. The position of the nontemplate DNA strand, relative to the transcripts, is depicted by the blue vertical bar to the
right of the autoradiogram. Nucleic acid sequences are provided in Supplementary Figure S1B.
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primer to initiate Pol IV transcription, �-32P-ATP incorpo-
ration can be used to body-label second-strand transcripts
synthesized by RDR2 (Figure 1D, lanes 5–6). Because the
DNA template strand lacks T’s, A’s cannot be incorporated
into first strand transcripts. Instead, U’s present in the first
strands template A incorporation into second strands (8).
The RDR2 transcripts migrate more slowly than Pol IV
transcripts due to sequence-dependent differences in the
complementary strands and due to RDR2′s terminal trans-
ferase activity, which adds one (and sometimes 2) extra non-
templated nucleotide to the 3′ ends of RDR2 transcripts
(3,8). Collectively, the results of Figure 1D (see also Supple-
mentary Figure S1A) show that Pol IV assembled using full-
length NRPD1 or NRPD1�CTD has indistinguishable Pol
IV elongation, Pol IV termination and RDR2 coupling ac-
tivities, indicating that the CTD is not required for the cat-
alytic steps that generate the double-stranded RNA precur-
sors of 24 nt siRNAs (8).

CTD deletion impacts siRNA and DNA methylation levels in
vivo

To assess the importance of the CTD on Pol IV functions
in vivo, we conducted bisulfite sequencing to map positions
of cytosine methylation genome-wide in parallel with small
RNA deep sequencing, comparing WT A. thaliana (acces-
sion Col-0), nrpd1-3, nrpd1-3 expressing full-length NRPD1
or nrpd1-3 expressing NRPD1�CTD (see Supplementary
Table S1 for sequencing statistics). Two independent biolog-
ical replicates were tested for each genotype. Analysis of the
bisulfite sequencing data focused on cytosine methylation in
the CHH context, which is a hallmark of RdDM. We first
identified differentially methylated regions (DMRs) of WT
versus nrpd1-3 mutants. We then filtered loci for their cor-
respondence to siRNA generating loci, identifying DMRs
where 24 nt siRNA levels are reduced at least 4-fold (log2
= −2) in nrpd1-3 mutants relative to WT. Using these pa-
rameters, 3237 loci are sites of siRNA synthesis that become
significantly hypo-methylated in nrpd1-3 mutants relative to
WT (Figure 2A and C; Supplementary Tables S2 and 3).

Expression of full length NRPD1 in the nrpd1-3 mu-
tant background restored methylation above cutoff levels
at >94% of the 3237 DMRs, but with 189 remaining hypo-
methylated (Figure 2A). Because Pol IV recruitment signals
are epigenetically inherited, and involve cytosine methyla-
tion (30), the 6% of DMRs that remain hypomethylated
upon rescue with full length NRPD1 might include loci
whose loss of methylation in the nrpd1-3 mutant back-
ground impaired subsequent Pol IV recruitment. Expres-
sion of NRPD1�CTD restored methylation at 71% of the
DMRs, but 943 DMRs remained hypo-methylated (Figure
2A). Collectively, these results show that CTD-dependence
of DMR methylation is locus-specific.

CHH-context cytosines present in the 3,237 DMRs show
∼22–24% methylation levels in WT Col-0 plants but only
2–3% methylation in the nrpd1-3 mutant (Figure 2B). Ex-
pression of full-length NRPD1 in the nrpd1-3 mutant back-
ground restores overall % CHH methylation to levels in-
distinguishable from WT in both replicates (Figure 2B).
In plants expressing NRPD1�CTD in the nrpd1-3 mutant
background, CHH methylation is restored to 16–17%, indi-

Figure 2. Genome-wide assessment of the abilities of full length NRPD1
and NRPD1�CTD to restore DNA methylation and siRNA expression
in the nrpd1-3 null mutant background. (A) Venn diagram comparing the
number of DMRs (hypo-methylated with respect to WT, Col-0) identified
by whole genome bisulfite sequencing of two biologic replicates for each
genotype tested (See ‘Materials and Methods’ section). Genomic coordi-
nates of hypo-methylated regions are provided in Supplementary Table S2.
(B) Box plots summarizing the % methylation for cytosines in the CHH
context within the 3237 Pol IV-dependent DMRs. Values for each bio-
logic replicate of each genotype are shown (see Supplementary Table S2
for % methylation values for each DMR for each replicate). (C) Venn dia-
grams comparing the number of Pol IV-dependent DMRs at which siRNA
levels 4-fold or more compared to WT levels based on RNA-seq data for
two biologic replicates for each genotype. See Supplementary Table S3 for
sRNA read counts and calculations. (D) Box plots summarizing the log2
fold change in siRNA expression relative to WT Col-0 across all 3237 Pol
IV-dependent regions for each replicate of each genotype tested. See Sup-
plementary Table S3 for sRNA read counts and calculations.

cating substantial rescue of methylation but not full rescue
(Figure 2B). Collectively, the results of Figures 2A and B
indicate that in the absence of the CTD, Pol IV function in
RdDM is compromised but not abolished.

Pol IV’s role in RdDM is to generate precursors of 24 nt
siRNAs, thus small RNA-seq data were analyzed to exam-
ine CTD effects on siRNA levels. Examining siRNA read
counts at the 3237 DMRs revealed that expression of full
length NRPD1 in the nrpd1-3 mutant background restored
siRNA levels above the cutoff level (log2 = −2) at ∼93%
of the loci, but with 236 loci having siRNA levels still be-
low the cutoff (Figure 2C and Supplementary Table S3). In
contrast, expression of NRPD1�CTD restored siRNA lev-
els at only ∼38% of loci (1241/3237), with 1996 loci having
siRNA levels at least 4-fold lower than WT (Figure 2C and
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Supplementary Table S3). Similar proportional effects on
siRNA levels were found when examining 24 nt siRNA clus-
ters genome-wide, irrespective of coverage with bisulfite se-
quencing (Supplementary Figure S2). This suggests that our
decision to focus on regions for which there is both strong
bisulfite sequencing and strong sRNA sequencing coverage
does not yield results that differ from general trends.

Quantitative assessment of small RNA-seq read numbers
shows that in nrpd1-3 mutants, siRNA levels fall to ∼1%
of WT levels (WT/mutant log2 median values of −6.9 and
−5.8 for the two nrpd1-3 replicates) (Figure 2D and Sup-
plementary Table S3). Expressing full length NRPD1 in
the nrpd1-3 mutant background restores siRNA levels to
∼62% of WT (transgenic line log2 = −0.7 for both repli-
cates) (Figure 2D and Supplementary Table S3). In con-
trast, expressing NRPD1�CTD in the nrpd1-3 background
restored siRNA levels to only ∼20% of WT (log2 = −2.3
and −2.2 for the replicates) (Figure 2D and Supplementary
Table S3). Collectively, the results of Figures 2C and D show
that the CTD is not essential for siRNA biosynthesis but
has quantitative effects on siRNA levels.

Relationships between siRNA and CHH methylation levels
are locus-specific.

Our finding that deletion of the Pol IV CTD has a large im-
pact on siRNA levels but a more modest impact on DNA
methylation levels genome-wide prompted us to examine
the relationship between siRNA levels and DNA methyla-
tion at specific loci. We identified 500 loci at which methyla-
tion is severely depleted in nrpd1-3 mutants yet is completely
rescued by either full-length NRPD1 or NRPD1�CTD
(Figure 3A). Interestingly, siRNA levels at these 500 loci are
not fully restored by NRPD1�CTD despite the full restora-
tion of methylation; instead, siRNA levels average ∼35% of
WT levels (−1.5 log2 change) (Figure 3A and Supplemen-
tary Table S4). Thus, at these loci, at least two-thirds of the
siRNAs normally produced in WT cells appear to be dis-
pensable for what appears to be full methylation based on
quantitative measures.

We next examined the 500 loci where methylation
lost in the nrpd1-3 mutant is least rescued by express-
ing NRPD1�CTD. At these loci, siRNAs levels in the
NRPD1�CTD plants are only ∼6% of WT (−4 log2 fold
change) (Figure 3B and Supplementary Table S5). Thus,
very low siRNA levels are predictive of low cytosine methy-
lation levels, in keeping with our current understanding of
the RdDM process. The data of Figure 3A and B suggest
that siRNA levels that are ∼35% of WT may be sufficient
whereas siRNA levels that are only ∼6% of WT are appar-
ently below the threshold level needed for full RdDM.

We considered the possibility that the NRPD1�CTD
subunit may enable Pol IV function via an alternative
RdDM pathway. As a test of this hypothesis, we crossed
nrpd1 NRPD1�CTD plants with a nrpe1-11 mutant defec-
tive for Pol V and identified nrpe1 nrpd1 NRPD1�CTD
plants among the F2 progeny. The expression level of the
NRPD1�CTD protein was unaffected by the nrpe1 mu-
tation (Figure 3C). We next assessed DNA methylation at
well-studied transposable element loci, AtSN1 and soloLTR
using methylation-sensitive restriction endonuclease diges-

tion followed by PCR (Chop-PCR; Figure 3D). DNA
methylation is lost at the test sites of both loci in nrpd1-3
and nrpe1-11 mutants (compare lanes 1–3) but is restored
in nrpd1 mutants that express full length or �CTD ver-
sions of NRPD1 (lanes 4 and 5). However, methylation
is not restored if nrpe1 is also mutant (lane 6), indicating
that NRPD1�CTD-dependent restoration of methylation
is still Pol V-dependent, consistent with the known RdDM
pathway.

The CTD is not required for siRNA precursor processing

Reduced siRNA levels in nrpd1 plants expressing
NRPD�CTD might potentially reflect impaired pro-
cessing of Pol IV/RDR2-dependent precursors (P4R2
RNAs) into siRNAs. P4R2 RNAs are mostly ∼30–50 nt
in length (3,6) and are present at low levels in WT plants
due to their efficient processing by Dicer endonuclease
activity (3). However, if siRNA processing is impaired, as
in Dicer mutants, P4R2 RNAs accumulate (3,6,42). To
test whether P4R2 RNAs accumulate in plants expressing
NRPD1�CTD, we compared the size distribution of
sRNAs in the DMRs of WT, nrpd1-3, nrpd1-3 plants
expressing either full-length NRPD1 or NRPD1�CTD,
and Dicer dcl2/dcl3/dcl4 triple mutants (3). In WT plants,
the siRNA size distribution, displayed as a heat map, shows
a strong signal at 24 nt and very low signals for RNAs
longer than 25 nt (Figure 3E and Supplementary Table
S6). These 24 nt siRNAs are virtually eliminated in nrpd1-3
mutants but are restored upon expression of full-length
NRPD1 or NRPD1�CTD (Figure 3E and Supplementary
Table S6). No evidence for longer un-diced precursors was
detected, as observed for dcl2/dcl3/dcl4 triple mutants in
which P4R2 RNAs of ∼24–37 nt accumulate (Figure 3E
and Supplementary Table S6) (3). Collectively, these results
indicate that siRNA processing is not dependent on the
CTD of NRPD1, suggesting that the low levels of siRNAs
in NRPD1�CTD plants reflects reduced precursor RNA
synthesis. Consistent with this hypothesis, examination of
putative P4R2 precursor RNAs in the 26–60 nt size range,
which are detectable at low levels at some loci in WT plants
(3), revealed that precursor levels are reduced to the same
extent as siRNA levels at these loci in NRPD1�CTD
plants (Figure 3F and Supplementary Table S7).

CTD effects on transcriptional silencing are locus-specific

To investigate the importance of the NRPD1 CTD in tran-
scriptional silencing, we examined previously characterized
loci whose silencing is known to be dependent on Pol IV
(30). Data for 15 such loci, showing their expression sta-
tus, CHH methylation levels and siRNA levels are shown in
Figures 4 and 5. For all 15 loci, transcripts are not detected
(or detected at low levels) in WT plants but are derepressed
in nrpd1-3 mutants and are re-silenced upon expression of
full-length NRPD1. Loci grouped in Figure 4 are those for
which expression of NRPD1�CTD partially, but incom-
pletely, restores silencing. By contrast, the loci grouped in
Figure 5 are those for which expression of NRPD1�CTD
fully restores silencing. For both sets of loci (Figures 4 and
5), a generalization is that expression of NRPD1�CTD
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Figure 3. Evidence that Pol IV-dependent siRNAs typically exceed levels needed for full RdDM. Loci that undergo Pol IV-dependent DNA methylation
were ranked based on the degree to which NRPD1 �CTD and WT Col-0 differ. The top 500 loci at which methylation levels are restored to the highest
extent were analyzed in (A) and the 500 loci at which methylation levels were least restored are shown in (B). In A and B, the left panel shows box plots
summarizing % methylation and the right panel shows summaries of log2 fold changes in siRNA levels at the 500 loci for the two replicates for each genotype.
See Supplementary Tables S4 and 5 for sRNA fold change values for individual loci included in the analyses. (C). Immunoblot affinity captured NRPD1
proteins in different genetic backgrounds. Equal input levels are demonstrated by Ponseau S staining of proteins blotted to nitrocellulose membranes. (D)
Chop-PCR analysis of cytosine methylation at AluI or HaeIII restriction endonuclease cut sites that undergo RdDM in WT (Col-0) plants. (+) indicates
that PCR was conducted on genomic DNA that was digested by both enzymes and (−) indicates PCR conducted on uncut DNA. Failure to detect a PCR
product in the (+) digest fraction is indicative of loss of methylation. (E) Heatmap depicting the distribution of sRNA size classes within 3237 loci dependent
on Pol IV for methylation and siRNA expression. Values depicted are the log2 of reads per million mapped for each size class. See Supplementary Table S6
for RPM values of each size class. (F) Box plot showing the change in levels (log2 scale) of RNAs sized 26–60 nt in regions where Pol IV-dependent siRNA
expression and RdDM occurs. Regions that had a minimum coverage of 10 reads for 26–60 nt RNAs in each Col-0 replicate were included in the analysis.
See Supplementary Table S7 for regions and fold change values.

does not fully restore siRNA nor cytosine methylation to
WT levels. However, transcriptional silencing was restored,
despite inefficient restoration of methylation, at some loci,
such as ERT7 and ERT9 (Figure 5A and B). In other cases,
cytosine methylation levels were restored to near WT levels
by NRPD1�CTD expression, yet silencing was not com-
pletely restored (Figure 4A, C, D and G).

We considered the possibility that single-nucleotide,
position-specific changes in small RNA or DNA methyla-
tion frequency might go unnoticed in sliding-window analy-
ses that only count RNAs or methylcytosines within a given
interval. However, displaying sRNAs and methylcytosine
data aligned to DNA sequences using JBrowse (43) revealed

no evidence that this is the case (see Supplementary Figure
S3 for JBrowse images corresponding to the loci examined
in Figure 4 and see Supplementary Figure S4 for loci exam-
ined in Figure 5).

CTD-dependent loci overlap with loci dependent on
CLSY1/2 and SHH1

Pol IV recruitment to target loci is thought to be medi-
ated by SAWADEE HOMEODOMAIN HOMOLOG 1
(SHH1) (26) and CLASSY family proteins 1 through 4,
with CLSY1 and CLSY2 acting at loci distinct from those
requiring CLSY3 and CLSY4 (27). To determine if the ab-
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Figure 4. DNA methylation and sRNA expression profiles of genes where Pol IV-dependent transcriptional silencing is not restored by expressing
NRPD1�CTD. RNA expression at loci that require Pol IV for transcriptional silencing were analyzed by RT-PCR, in parallel with analysis of their CHH
methylation and siRNA levels. (A) AtSN1 (AT3TE63860); (B) SDC (AT2G17690); (C) AT3TE63155; (D) AT5TE47755; (E) AT3TE47840; (F) ERT14
(AT2G01422); (G) soloLTR (AT5TE35950); (H) TUB8. For each locus, the top panel shows RT-PCR products visualized on agarose gels, the middle
panel shows % CHH methylation and the bottom panel shows the log2 fold change in siRNA expression relative to the average expression of both Col-0
WT replicates. TUB8 (tubulin) is a Pol II transcribed gene that is not subject to RdDM and serves as an RNA input control for RT-PCR assays. There
was not adequate bisulfite sequencing coverage in the NRPD1 FL replicate #1 to assess % methylation for this line at the soloLTR locus (indicated by *).
Note also that the scale for the % methylation histogram of soloLTR is different than for other loci to account for higher levels of methylation at this site.

sence of the Pol IV CTD might phenocopy loss of CLSY or
SHH1 activity, we performed hierarchical clustering analy-
ses, comparing the changes, relative to WT, in siRNA lev-
els at Pol IV-dependent loci (Figure 6A). Plants express-
ing Pol IV lacking the CTD cluster to some extent with
shh1 and clsy1clsy2 double mutants, but not with clsy3 clsy4
double mutants (Figure 6A and Supplementary Table S3).
However, the heat map profile for nrpd1ΔCTD is distinct
from the profiles of shh1 or clsy1clsy2. Similarly, clustering
analyses for CHH methylation (Figure 6B and Supplemen-

tary Table S2) shows that clsy1clsy2 and shh1 mutants have
stronger loss of methylation phenotypes than plants lacking
the Pol IV CTD at most affected loci.

CLSY1/2 and SHH1-dependent Pol IV target regions
have been shown to be enriched within the mostly euchro-
matic arms of A. thaliana chromosomes whereas CLSY3/4-
dependent regions are enriched in pericentromeric regions
of dense heterochromatin (27). Pol IV target loci depen-
dent on the CTD show a euchromatin/heterochromatin dis-
tribution that is similar to that of CLSY1/2 and SHH1-
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Figure 5. DNA methylation and sRNA expression profiles of genes where Pol IV-dependent transcriptional silencing is restored by expressing
NRPD1�CTD. (A) ERT7 (AT3G28899); (B) ERT9 (AT5G24240); (C) AT3G30844; (D) AT1TE75910; (E) AT2TE07550; (F) AT2TE82000; (G)
AT3TE37570; (H) AT4TE27915. For each locus, the top panel shows RT-PCR products visualized on agarose gels, the middle panel shows % methy-
lation, and the bottom panel shows the log2 fold change in siRNA expression relative to the average expression of both Col-0 WT replicates. The input
control for the RT-PCR reactions is shown in Figure 4H.

dependent loci and unlike the distribution observed for
CLSY3/4-dependent loci, when either siRNA or CHH ef-
fects are considered (Figures 6C and D). Collectively, the
data of Figure 6 indicate that the deletion of the Pol IV CTD
does not phenocopy the loss of CLSY1 and 2 or SHH1 yet
affects Pol IV recruitment or activity in a similar chromatin
context.

DISCUSSION

Unlike the DeCL domain of the Pol V CTD, whose dele-
tion essentially eliminates Pol V transcripts and RdDM, the
DeCL domain of the Pol IV CTD is not essential for Pol IV

function, in vitro or in vivo. Pol IV missing the CTD can
still generate precursor RNAs that are processed into siR-
NAs in vivo, and RdDM ensues, indicating that Pol IV is
being recruited to its target sites. However, siRNA accumu-
lation and cytosine methylation attributable to RdDM are
reduced at target sites in the absence of the CTD, indicat-
ing that the CTD is important in some way. The enzyme’s
core catalytic activity, or ability to associate with RDR2 to
achieve coupled Pol IV-RDR2 synthesis of dsRNA, does
not appear to be affected by the CTD based on in vitro tran-
scription assays (see Figure 1 and Supplementary Figure
S1). However, the possibility that the CTD plays a role in
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Figure 6. Comparison of Pol IV CTD-dependent loci with RdDM loci dependent on CLSY1-4 and SHH1/DTF1. (A) Hierarchical clustering and heatmap
display showing log2 fold changes in siRNA levels in various mutant genotypes relative to WT Col-0 at the 3237 Pol IV-dependent regions defined in this
study. See Supplementary Table S3 for sRNA read counts and calculations. (B) Heatmap and hierarchical clustering analysis for % CHH methylation across
all 3237 Pol IV-dependent regions. See Supplementary Table S2 for % CHH methylation values. (C) Pie charts denoting the distribution between dense
heterochromatic regions (red) and more euchromatic chromosome arms (white) for loci found to have a minimum log2 change of at least −2 relative to WT
in the indicated genotypes. (D) Pie charts denoting the distribution of loci found to have a significant decrease in %CHH methylation levels relative to Col-0
WT in the indicated genotype between dense heterochromatic regions (red) and chromosome arms (white). See Methods for chromosomal coordinates
defining dense heterochromatin.

Pol IV transcription of chromosomal DNA cannot be ruled
out. Less efficient recruitment to target loci, slower elonga-
tion, or impaired termination and coupling with RDR2 in
the context of chromatin are potential steps of the Pol IV
transcription cycle that might involve the CTD. Unfortu-
nately, assays for these individual steps of the Pol IV tran-
scription cycle in vivo do not yet exist, such that a mecha-
nistic understanding of the deficiencies apparent when the
CTD is deleted is not yet feasible.

The most dramatic consequence of deleting the Pol IV
CTD is the 80% reduction in siRNA levels, genome-wide,
relative to WT. By contrast, CHH methylation frequency at-
tributable to RdDM is not impacted as severely as siRNA
levels yet falls from a frequency of ∼23% CHH methyla-
tion in WT to ∼17% in the absence of the CTD (see Figure
2). Many loci show no decrease in methylation relative to
WT in plants expressing NRPD1 missing the CTD, despite
lower siRNA levels (see Figure 3A). Collectively, the results
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demonstrate that the relationship between siRNA levels and
DNA methylation is not linear, consistent with observations
made for specific loci in early studies of RdDM (44). In-
stead, the data support the hypothesis that there is a thresh-
old level of siRNAs needed for full methylation of a given
locus, which could potentially vary depending on the chro-
matin context. In general, siRNA levels in WT plants ap-
pear to exceed these thresholds.

An interesting group of loci identified in our study had
CHH methylation restored to WT levels by NRPD1�CTD
yet transcriptional silencing was not completely restored
(e.g. see Figure 4A, C, D, E and G). One simple explana-
tion might be that quantitative measures of CHH methyla-
tion restoration do not capture qualitative effects of methy-
lating specific cytosines critical for silencing. However, the
possibility that siRNAs may have functions separate from,
or in addition to, guiding DNA methylation cannot be ruled
out, in analogy to the siRNA guidance of repressive his-
tone modifications in eukaryotes that do not methylate their
DNA (45,46).

A difference between Pol IV-regulated loci dependent
on CLSY1 or CLSY2 versus CLSY3 and CLSY4 is that
CLSY1/2-dependent loci are more prevalent in chromo-
some arms whereas CLSY3 and CLSY4 are more impor-
tant in pericentromeric regions composed of dense hete-
rochromatin (27). SHH1-dependent loci are highly corre-
lated with CLSY1/2-dependent loci (27), and this is read-
ily apparent in their highly similar heatmap profiles in Fig-
ure 6. Loci dependent on the Pol IV CTD have a chromo-
some arm versus pericentromeric localization profile sim-
ilar to SHH1 and CLSY1/2 (Figure 6C and D). However,
the heatmap profiles for the CTD deletion replicates are dis-
tinct from those of CLSY1/2 and SHH1, suggesting that
the CTD affects processes distinct from steps catalyzed by
CLSY-SHH1. Developing an understanding of the Pol IV
transcription cycle at a biochemical level will likely be key to
understanding these steps in the context of different chro-
matin states.

DATA AND REAGENT AVAILABILITY

Plant strains are available upon request. Deep sequencing
data generated in this study have been deposited in NCBI’s
Gene Expression Omnibus (47) and are accessible through
GEO Series accession number GSE95825. Whole genome
sRNA and bisulfite sequencing statistics and data acces-
sions numbers are provided in Supplementary Table S1. Ge-
nomic coordinates and numerical values for % CHH methy-
lation of Pol IV-dependent DMRs is provided in Supple-
mentary Table S2. Numerical values for sRNA read counts
and all calculations for sRNA analyses at Pol IV-dependent
loci are provided in Supplementary Table S3. Genomic co-
ordinates and % CHH methylation and small RNA values
for 500 loci whose methylation is most or least affected by
deletion of the CTD are provided in Supplentary Tables S4
and 5. sRNA read counts for each nt size class (18–60 nt)
across all Pol IV dependent loci are in Supplementary Table
S6. Read count values and calculations for siRNA precur-
sor RNAs are in Supplementary Table S7. Oligonucleotides
used in the study are provided in Supplementary Table S8.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank James Ford of the Indiana University
Center for Genomics and Bioinformatics for help with li-
brary preparation and sequencing, Yinwen Zhang for pro-
viding coordinates for dense heterochromatin regions, and
Julie Law and Feng Wang for helpful discussions. J.M.W.
and J.R.H. designed and performed experiments, analyzed
data and wrote initial drafts of the manuscript. J.S. per-
formed in vitro assays. O.P. performed nuclear localization.
S.M. conducted Chop-PCR assays for the NRPD1�CTD
nrpe1-11 double mutant. C.S.P. was involved in designing
experiments, analyzing data and writing the manuscript.

FUNDING

National Institutes of Health [GM077590 to C.S.P.]; Na-
tional Institutes of Health Training Grant [T32GM007757
to J.M.W.]; National Institutes of Health Pre-doctoral Fel-
lowship [F31GM116346 to J.M.W.]; Howard Hughes Med-
ical Institute (HHMI) [Investigator funding to C.S.P.].
Funding for open access charge: HHMI.
Conflict of interest statement. None declared.

This paper is linked to: https://doi.org/10.1093/nar/gkz618.

REFERENCES
1. Matzke,M.A. and Mosher,R.A. (2014) RNA-directed DNA

methylation: an epigenetic pathway of increasing complexity. Nat.
Rev. Genet., 15, 394–408.

2. Wendte,J.M. and Pikaard,C.S. (2017) The RNAs of RNA-directed
DNA methylation. Biochim. Biophys. Acta, 1860, 140–148.

3. Blevins,T., Podicheti,R., Mishra,V., Marasco,M., Tang,H. and
Pikaard,C.S. (2015) Identification of Pol IV and RDR2-dependent
precursors of 24 nt siRNAs guiding de novo DNA methylation in
Arabidopsis. Elife, 4, e09591.

4. Haag,J.R., Ream,T.S., Marasco,M., Nicora,C.D., Norbeck,A.D.,
Pasa-Tolic,L. and Pikaard,C.S. (2012) In vitro transcription activities
of Pol IV, Pol V, and RDR2 reveal coupling of Pol IV and RDR2 for
dsRNA synthesis in plant RNA silencing. Mol. Cell, 48, 811–818.

5. Law,J.A., Vashisht,A.A., Wohlschlegel,J.A. and Jacobsen,S.E. (2011)
SHH1, a homeodomain protein required for DNA methylation, as
well as RDR2, RDM4, and chromatin remodeling factors, associate
with RNA polymerase IV. PLos Genet., 7, e1002195.

6. Zhai,J., Bischof,S., Wang,H., Feng,S., Lee,T.F., Teng,C., Chen,X.,
Park,S.Y., Liu,L., Gallego-Bartolome,J. et al. (2015) A one precursor
one siRNA model for Pol IV-dependent siRNA biogenesis. Cell, 163,
445–455.

7. Xie,Z., Johansen,L.K., Gustafson,A.M., Kasschau,K.D., Lellis,A.D.,
Zilberman,D., Jacobsen,S.E. and Carrington,J.C. (2004) Genetic and
functional diversification of small RNA pathways in plants. PLoS
Biol., 2, E104.

8. Singh,J., Mishra,V., Wang,F., Huang,H.-Y. and Pikaard,C. (2019)
Reaction mechanisms of Pol IV, RDR2 and DCL3 drive RNA
channeling in the siRNA-directed DNA methylation pathway. Mol.
Cell, 75, doi:10.1016/j.molcel.2019.07.008.

9. Zheng,X., Zhu,J., Kapoor,A. and Zhu,J.K. (2007) Role of
Arabidopsis AGO6 in siRNA accumulation, DNA methylation and
transcriptional gene silencing. EMBO J., 26, 1691–1701.

10. Zilberman,D., Cao,X. and Jacobsen,S.E. (2003) ARGONAUTE4
control of locus-specific siRNA accumulation and DNA and histone
methylation. Science, 299, 716–719.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz615#supplementary-data
https://doi.org/10.1093/nar/gkz618


9036 Nucleic Acids Research, 2019, Vol. 47, No. 17

11. Wierzbicki,A.T., Haag,J.R. and Pikaard,C.S. (2008) Noncoding
transcription by RNA polymerase Pol IVb/Pol V mediates
transcriptional silencing of overlapping and adjacent genes. Cell, 135,
635–648.

12. Wierzbicki,A.T., Ream,T.S., Haag,J.R. and Pikaard,C.S. (2009) RNA
polymerase V transcription guides ARGONAUTE4 to chromatin.
Nat. Genet., 41, 630–634.

13. Lahmy,S., Pontier,D., Bies-Etheve,N., Laudie,M., Feng,S., Jobet,E.,
Hale,C.J., Cooke,R., Hakimi,M.A., Angelov,D. et al. (2016)
Evidence for ARGONAUTE4-DNA interactions in RNA-directed
DNA methylation in plants. Genes Dev., 30, 2565–2570.

14. Bohmdorfer,G., Rowley,M.J., Kucinski,J., Zhu,Y., Amies,I. and
Wierzbicki,A.T. (2014) RNA-directed DNA methylation requires
stepwise binding of silencing factors to long non-coding RNA. Plant
J., 79, 181–191.

15. Zhong,X., Du,J., Hale,C.J., Gallego-Bartolome,J., Feng,S.,
Vashisht,A.A., Chory,J., Wohlschlegel,J.A., Patel,D.J. and
Jacobsen,S.E. (2014) Molecular mechanism of action of plant DRM
de novo DNA methyltransferases. Cell, 157, 1050–1060.

16. Pikaard,C.S. and Mittelsten Scheid,O. (2014) Epigenetic regulation in
plants. Cold Spring Harb. Perspect. Biol., 6, a019315.

17. Ream,T.S., Haag,J.R., Wierzbicki,A.T., Nicora,C.D., Norbeck,A.D.,
Zhu,J.K., Hagen,G., Guilfoyle,T.J., Pasa-Tolic,L. and Pikaard,C.S.
(2009) Subunit compositions of the RNA-silencing enzymes Pol IV
and Pol V reveal their origins as specialized forms of RNA
polymerase II. Mol. Cell, 33, 192–203.

18. Tucker,S.L., Reece,J., Ream,T.S. and Pikaard,C.S. (2010)
Evolutionary history of plant multisubunit RNA polymerases IV and
V: subunit origins via genome-wide and segmental gene duplications,
retrotransposition, and lineage-specific subfunctionalization. Cold
Spring Harb. Symp. Quant. Biol., 75, 285–297.

19. Luo,J. and Hall,B.D. (2007) A multistep process gave rise to RNA
polymerase IV of land plants. J. Mol. Evol., 64, 101–112.

20. Hsin,J.P. and Manley,J.L. (2012) The RNA polymerase II CTD
coordinates transcription and RNA processing. Genes Dev., 26,
2119–2137.

21. Haag,J.R. and Pikaard,C.S. (2011) Multisubunit RNA polymerases
IV and V: purveyors of non-coding RNA for plant gene silencing.
Nat. Rev. Mol. Cell Biol., 12, 483–492.

22. Pontier,D., Yahubyan,G., Vega,D., Bulski,A., Saez-Vasquez,J.,
Hakimi,M.A., Lerbs-Mache,S., Colot,V. and Lagrange,T. (2005)
Reinforcement of silencing at transposons and highly repeated
sequences requires the concerted action of two distinct RNA
polymerases IV in Arabidopsis. Genes Dev., 19, 2030–2040.

23. Keddie,J.S., Carroll,B., Jones,J.D. and Gruissem,W. (1996) The DCL
gene of tomato is required for chloroplast development and palisade
cell morphogenesis in leaves. EMBO J., 15, 4208–4217.

24. Bellaoui,M., Keddie,J.S. and Gruissem,W. (2003) DCL is a
plant-specific protein required for plastid ribosomal RNA processing
and embryo development. Plant Mol. Biol., 53, 531–543.

25. Wendte,J.M., Haag,J.R., Singh,J., McKinlay,A., Pontes,O.M. and
Pikaard,C.S. (2017) Functional dissection of the Pol V largest subunit
CTD in RNA-directed DNA methylation. Cell Rep., 19, 2796–2808.

26. Law,J.A., Du,J., Hale,C.J., Feng,S., Krajewski,K., Palanca,A.M.,
Strahl,B.D., Patel,D.J. and Jacobsen,S.E. (2013) Polymerase IV
occupancy at RNA-directed DNA methylation sites requires SHH1.
Nature, 498, 385–389.

27. Zhou,M., Palanca,A.M.S. and Law,J.A. (2018) Locus-specific control
of the de novo DNA methylation pathway in Arabidopsis by the
CLASSY family. Nat. Genet., 50, 865–873.

28. Zhang,H., Ma,Z.Y., Zeng,L., Tanaka,K., Zhang,C.J., Ma,J., Bai,G.,
Wang,P., Zhang,S.W., Liu,Z.W. et al. (2013) DTF1 is a core
component of RNA-directed DNA methylation and may assist in the
recruitment of Pol IV. Proc. Natl. Acad. Sci. U.S.A., 110, 8290–8295.

29. Smith,L.M., Pontes,O., Searle,I., Yelina,N., Yousafzai,F.K.,
Herr,A.J., Pikaard,C.S. and Baulcombe,D.C. (2007) An SNF2 protein
associated with nuclear RNA silencing and the spread of a silencing
signal between cells in Arabidopsis. Plant Cell, 19, 1507–1521.

30. Blevins,T., Pontvianne,F., Cocklin,R., Podicheti,R.,
Chandrasekhara,C., Yerneni,S., Braun,C., Lee,B., Rusch,D.,
Mockaitis,K. et al. (2014) A two-step process for epigenetic
inheritance in Arabidopsis. Mol. Cell, 54, 30–42.

31. Onodera,Y., Haag,J.R., Ream,T., Costa Nunes,P., Pontes,O. and
Pikaard,C.S. (2005) Plant nuclear RNA polymerase IV mediates
siRNA and DNA methylation-dependent heterochromatin
formation. Cell, 120, 613–622.

32. Onodera,Y., Nakagawa,K., Haag,J.R., Pikaard,D., Mikami,T.,
Ream,T., Ito,Y. and Pikaard,C.S. (2008) Sex-biased lethality or
transmission of defective transcription machinery in Arabidopsis.
Genetics, 180, 207–218.

33. Pontes,O., Li,C.F., Costa Nunes,P., Haag,J., Ream,T., Vitins,A.,
Jacobsen,S.E. and Pikaard,C.S. (2006) The Arabidopsis
chromatin-modifying nuclear siRNA pathway involves a nucleolar
RNA processing center. Cell, 126, 79–92.

34. Earley,K.W., Haag,J.R., Pontes,O., Opper,K., Juehne,T., Song,K.
and Pikaard,C.S. (2006) Gateway-compatible vectors for plant
functional genomics and proteomics. Plant J., 45, 616–629.

35. Bechtold,N. and Pelletier,G. (1998) In planta
Agrobacterium-mediated transformation of adult Arabidopsis
thaliana plants by vacuum infiltration. Methods Mol. Biol., 82,
259–266.

36. Clough,S.J. and Bent,A.F. (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J., 16, 735–743.

37. Haag,J.R., Pontes,O. and Pikaard,C.S. (2009) Metal A and metal B
sites of nuclear RNA polymerases Pol IV and Pol V are required for
siRNA-dependent DNA methylation and gene silencing. PLoS One,
4, e4110.

38. Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet. J., 17, 10–12.

39. Krueger,F. and Andrews,S.R. (2011) Bismark: a flexible aligner and
methylation caller for Bisulfite-Seq applications. Bioinformatics, 27,
1571–1572.

40. Akalin,A., Kormaksson,M., Li,S., Garrett-Bakelman,F.E.,
Figueroa,M.E., Melnick,A. and Mason,C.E. (2012) methylKit: a
comprehensive R package for the analysis of genome-wide DNA
methylation profiles. Genome Biol., 13, R87.

41. Johnson,N.R., Yeoh,J.M., Coruh,C. and Axtell,M.J. (2016) Improved
placement of multi-mapping small RNAs. G3 (Bethesda), 6,
2103–2111.

42. Li,S., Vandivier,L.E., Tu,B., Gao,L., Won,S.Y., Li,S., Zheng,B.,
Gregory,B.D. and Chen,X. (2015) Detection of Pol
IV/RDR2-dependent transcripts at the genomic scale in Arabidopsis
reveals features and regulation of siRNA biogenesis. Genome Res., 25,
235–245.

43. Skinner,M.E., Uzilov,A.V., Stein,L.D., Mungall,C.J. and
Holmes,I.H. (2009) JBrowse: a next-generation genome browser.
Genome Res., 19, 1630–1638.

44. Mosher,R.A., Schwach,F., Studholme,D. and Baulcombe,D.C.
(2008) PolIVb influences RNA-directed DNA methylation
independently of its role in siRNA biogenesis. Proc. Natl. Acad. Sci.
U.S.A., 105, 3145–3150.

45. Holoch,D. and Moazed,D. (2015) RNA-mediated epigenetic
regulation of gene expression. Nat. Rev. Genet., 16, 71–84.

46. Martienssen,R. and Moazed,D. (2015) RNAi and heterochromatin
assembly. Cold Spring Harb. Perspect. Biol., 7, a019323.

47. Edgar,R., Domrachev,M. and Lash,A.E. (2002) Gene Expression
Omnibus: NCBI gene expression and hybridization array data
repository. Nucleic Acids Res., 30, 207–210.


