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In Arabidopsis (Arabidopsis thaliana), DNA-dependent RNA polymerase IV (Pol IV) is required for the formation of
transposable element (TE)-derived small RNA transcripts. These transcripts are processed by DICER-LIKE3 into 24-
nucleotide small interfering RNAs (siRNAs) that guide RNA-directed DNA methylation. In the pollen grain, Pol IV is also
required for the accumulation of 21/22-nucleotide epigenetically activated siRNAs, which likely silence TEs via post-
transcriptional mechanisms. Despite this proposed role of Pol IV, its loss of function in Arabidopsis does not cause
a discernible pollen defect. Here, we show that the knockout of NRPD1, encoding the largest subunit of Pol IV, in the
Brassicaceae species Capsella (Capsella rubella), caused postmeiotic arrest of pollen development at the microspore stage.
As in Arabidopsis, all TE-derived siRNAs were depleted in Capsella nrpd1 microspores. In the wild-type background, the
same TEs produced 21/22-nucleotide and 24-nucleotide siRNAs; these processes required Pol IV activity. Arrest of Capsella
nrpd1 microspores was accompanied by the deregulation of genes targeted by Pol IV-dependent siRNAs. TEs were much
closer to genes in Capsella compared with Arabidopsis, perhaps explaining the essential role of Pol IV in pollen development
in Capsella. Our discovery that Pol IV is functionally required in Capsella microspores emphasizes the relevance of
investigating different plant models.

INTRODUCTION

In flowering plants, male and female gametes are the products of
a multistep process that starts from a cell undergoing a meiotic
division, resulting in haploid spores that divide mitotically to form
multicellular gamete-containing gametophytes. The pollen grain
corresponds to themale gametophyte and forms after twomitotic
divisions of the haploid microspore. The first mitotic division
generates the large vegetative cell and a small generative cell that
after another mitotic division will give rise to the two sperm cells.
The second mitotic division can occur before pollen germination,
as in Arabidopsis (Arabidopsis thaliana), or during pollen germi-
nation (Berger and Twell, 2011). Unlike in the male lineage, where
all microspores will develop into pollen, in most flowering plants,
only onemegaspore survives andmitotically divides to give rise to
the seven-celled female gametophyte, containing the two female
gametes, the egg cell and the central cell (Tekleyohans et al.,
2017). In contrast to animals, where germcells separate early from
the somatic lineage, plant germ cells originate from differentiated

cells that acquire the competence to undergo meiotic divisions
(Schmidt et al., 2015)
The formation of male and female plant gametes is associated

with the partial resetting of epigeneticmarks, which likely serves to
achieve meiotic competence (Borges and Martienssen, 2013;
Baroux and Autran, 2015; Borg and Berger, 2015). Epigenetic
modifications can be applied directly on the DNA in the form of
DNA methylation or on histones, the proteins that package DNA
into nucleosomes. The specific type of modification and its posi-
tion on the genomic locus define the transcriptional outcome.
DNA methylation is generally (but not always) a repressive mod-
ification and is used to silence transposable elements (TEs)
and genes during specific stages of plant development. In plants,
DNA methylation can occur in the CG, CHG, and CHH
contexts (whereH corresponds toA, T, orC) and is establishedand
maintained by different DNA methyltransferases. Methylation in
the CG context is maintained by METHYLTRANSFERASE1, while
the maintenance of CHG methylation requires CHROMOMETHY-
LASE3 (CMT3) and toa lesserextentCMT2 (Zhangetal., 2018). The
RNA-directed DNA methylation (RdDM) pathway maintains CHH
methylation by recruiting DOMAINS REARRANGED METHYL-
TRANSFERASE2 (DRM2). This pathway requires the plant-
specific DNA-dependent RNA polymerases (Pol) IV and V (Xie
et al., 2004; Herr et al., 2005; Onodera et al., 2005). Pol IV
generates small (;30–40-nucleotide) transcripts that are con-
verted into double-stranded RNA by the action of RNA-DE-
PENDENT RNA POLYMERASE2 (RDR2; Blevins et al., 2015; Li
et al., 2015; Zhai et al., 2015a). These double-stranded RNAs are
processed into 23- and 24-nucleotide small interfering RNAs
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(siRNAs) by DICER-LIKE3 (DCL3; Xie et al., 2004; Singh et al.,
2019). The 24-nucleotide siRNAs preferentially associate with
ARGONAUTE4 and guide DRM2 to its targets by associating
with Pol V transcripts (Cao and Jacobsen, 2002; Zilberman et al.,
2003; Wierzbicki et al., 2009). Recent studies further uncovered
that Pol IV is required for the accumulation of 21/22-nucleotide
epigenetically activated siRNAs (easiRNAs) in pollen. Their
biogenesis is triggered by microRNAs (miRNAs) such as miR-
NA845b and requires DCL2 and DCL4 (Borges et al., 2018). In
addition, Pol IV establishes a hybridization barrier between
plants of different ploidy grades (Borges et al., 2018; Martinez
et al., 2018; Satyaki and Gehring, 2019).

Pollen formation in Arabidopsis is associated with the
reprogramming ofCHHmethylation. There is a strong reduction in
CHH methylation during meiosis, which is followed by a restora-
tion of CHH methylation in the pollen vegetative cell and a locus-
specific restoration in sperm (Calarco et al., 2012; Ibarra et al.,
2012; Walker et al., 2018). Nevertheless, CHH methylation is
not completely erased during meiosis, and locus-specific CHH
methylation was shown to be of functional relevance for meiosis
(Walker et al., 2018). In Arabidopsis, the accumulation of meiosis-
specific small RNAs (sRNAs) depends on Pol IV (Huang et al.,
2019). Meiotic defects have been reported in the RdDM
pathway mutants rdr2, drm2, and ago4, albeit at low frequency in
the Columbia (Col) accession (Oliver et al., 2016; Walker et al.,
2018). In addition, a relaxation of heterochromatin occurs in the
vegetative cell as a consequence of histone H1 depletion, whi-
ch allows the DNA demethylase DEMETER (DME) to access
and demethylate TEs in the vegetative cell (Slotkin et al., 2009; He
et al., 2019). Demethylated TEs in the vegetative cell generate
siRNAs that can move to sperm cells and may serve to enforce
TE silencing in sperm (Ibarra et al., 2012; Martínez et al., 2016;
Kim et al., 2019). Nevertheless, the functional relevance of en-
hanced TE silencing in sperm by mobile siRNAs remains to be
demonstrated, since the loss of DME function in pollen causes
a pollen germination defect but not a seed defect (Schoft et al.,
2011).

Arabidopsis differs from many other species by its low repeat
content of ;24% of the 135-Mb genome (Maumus and Ques-
neville, 2014), whichmay explain its apparent tolerance to the lack
of Pol IV and other RdDM components. Consistent with this no-
tion, species with higher repeat and TE load suffer from re-
productive defects upon the loss or impaired function of Pol IV;
these defects range from sterility in tomato (Solanum lycopersi-
cum; Gouil and Baulcombe, 2016) to maternal seed defects in
Brassica rapa (Grover et al., 2018). Like Arabidopsis, the closely
related Brassicaceae species Capsella (Capsella rubella) can re-
produce by selfing; however, because of its recent transition to
selfing (30,000–100,000years ago), it hasmaintainedhighnumbers
of TEs and almost half of the 219-Mb genome is repetitive, with
many TEs being located in the vicinity of genes (Foxe et al., 2009;
Guo et al., 2009; Slotte et al., 2013; Niu et al., 2019). By contrast,
Arabidopsis could reproduce by selfing ;500,000 years ago and
experienced a strong reduction in TE number (de la Chaux et al.,
2012).
Given the different TE contents in both species, we hypothe-

sized that the loss of function of Pol IV would have a stronger
impact on Capsella compared with Arabidopsis, possibly re-
sembling thedefects inB. rapa (Grover et al., 2018). In this study, to
test this hypothesis, we generated a loss-of-function allele in the
Capsella Pol IV subunit NRPD1. We found that loss of NRPD1
function in Capsella caused impaired male fertility due to the
postmeiotic arrest of pollen at the microspore stage. Wild-type
microspores accumulatedPol IV-dependent siRNAs ranging from
21- to 24-nucleotides in size, suggesting that the formation of
easiRNAs is initiated during or after meiosis. In Capsella and
Arabidopsis microspores, 21/22-nucleotide and 24-nucleotide
siRNAs were generated from the same TE loci, suggesting that
Pol IV produces the precursors for both types of siRNAs. Con-
sistently, the loss of DCL3 in Arabidopsis caused increased for-
mation of 21/22-nucleotide siRNAs, supporting the idea that
different DCLs compete for the same double-stranded RNA
precursor molecule. Microspore arrest in Capsella nrpd1 mutant
plants correlated with a substantially stronger deregulation of
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genes compared with Arabidopsis nrpd1 microspores, including
genes encoding known regulators of pollen development. These
findings indicate that Pol IV inCapsella generates siRNAs ranging
from 21- to 24-nucleotides in size with important functional roles
in pollen development.

RESULTS

Loss of Pol IV Function Causes Microspore Arrest
in Capsella

To explore the functional role of Pol IV in Capsella, we generated
a knockout mutant in the NRPD1 subunit-encoding gene of Pol IV
using CRISPR/Cas9 (hereafter referred to asCr nrpd1; Figure 1A).
The induced deletion caused a frame shift leading to a stop codon
after 385 amino acids, resulting in the production of a truncated
proteinwithout the catalytic site (Onodera et al., 2005) that is likely
a functional null allele. Like theArabidopsis nrpd1mutant (referred
to asAt nrpd1), TE-derived 24- nucleotide siRNAswere abolished
in Cr nrpd1 leaves (Figure 1B; Wierzbicki et al., 2012), which was
associatedwith a strong reduction inCHHmethylation levels over

TEs (Figure 1C). These results reveal that Pol IV has a conserved
function in siRNAbiogenesis and is required for RdDM inCapsella
and Arabidopsis.
Strikingly, homozygous Cr nrpd1 plants had strongly reduced

seed set (Figure 2A): on average,Cr nrpd1 siliques contained only
three seeds, corresponding to ;25% of normal wild-type seed
set. Themale fertility ofCr nrpd1was strongly impaired, withmost
pollen arrested after meiosis at the microspore stage (Figures 3A
to 3K). Only homozygous Cr nrpd1 mutants were impaired in
pollen development, while heterozygous Cr nrpd1 plants were
completely fertile and pollen development was normal (Figures
3C, 3G, and 3K), indicating that the loss of Pol IV function affects
a stageprior tomicrosporedevelopment, or alternatively, tapetum
development. Observation of cross sections of microsporangia
confirmed thatCrnrpd1mainly formedarrestedmicrospores,with
;20% of the pollen grains were able to complete development
(Figure 3L). There were no obvious differences in tapetum de-
velopment and degradation in Cr nrpd1 compared with the wild
type (Figures 3M to 3T).
Consistent with previous work showing a maternal effect of

nrpd1mutants in B. rapa (Grover et al., 2018),;30% of ovules of
homozygous Cr nrpd1 remained unfertilized after pollination with

Figure 1. Disruption of NRPD1 in Capsella Impairs 24-nucleotide siRNA Formation and RdDM.

(A) Deleted genomic region in Capsella NRPD1 at 1634 to 2108 bp (genomic sequence). Target 1 (T1) and target 2 (T2) sequences of CRISPR/Cas9 are
indicated. AA, amino acids; CDS, coding sequence.
(B) Profile of TE-derived siRNAs in Capsella wild-type (wt) and nrpd1 leaves. RPM, reads per million mapped reads.
(C) DNA methylation levels at TEs in Capsella wild-type and nrpd1 leaves.
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wild-type pollen, while there was no statistically significant de-
crease in fertility in heterozygous Cr nrpd1 (Figures 2B to 2E).
Inspection ofCr nrpd1 ovules did not reveal obvious abnormalities:
wild-type and Cr nrpd1 ovules contained both an egg cell and
unfused polar nuclei at 2 d after emasculation (Figures 2F to 2H).
Furthermore, Cr nrpd1 homozygous, but not heterozygous, plants
had strongly reduced seed size after self-fertilization or pollination
withwild-typepollen (Figures2I to2L), revealingamaternaleffecton
ovule and seed development.

Complementation of Cr nrpd1 with the Arabidopsis NRPD1
genomic sequence under the control of the constitutive RPS5A
promoter (Weijers et al., 2001) fully restoredpollen development in
the T1 generation of transgenic plants (Figures 3D, 3H, and 3L),
confirming that the pollen defect is a consequence of impairedPol
IV function and that NRPD1 is functionally conserved in Arabi-
dopsis and Capsella.

Meiotic abnormalities at low frequency were previously
reported for mutants of the RdDM pathway in Arabidopsis (Oliver
et al., 2016; Walker et al., 2018). However, we did not detect

abnormal chromosome segregation during male meiosis in Cr
nrpd1 (Supplemental Figure1), and inspectionofmeioticproducts
revealed the formationof tetrads (SupplementalFigure2), indicating
that the pollen arrest after meiosis is not due to a defect in chro-
mosome segregation.

Pol IV-Dependent Silencing of TEs in Capsella Microspores

The arrest ofCr nrpd1pollen at themicrospore stage promptedus
to compare sRNAs of wild-type and Cr nrpd1 microspores. We
enriched for microspores using a Percoll gradient following pre-
viously established procedures (Dupl’áková et al., 2016). On av-
erage, thepurityof the fractionswas84%(SupplementalFigure3A).
Sequencing of isolated sRNAs revealed that TE-derived siRNAs in
the 21- to 24-nucleotide size range were abolished in Cr nrpd1
microspores (Figure 4A; Supplemental Figure 4A). As previously
described for Arabidopsis meiocytes (Huang et al., 2019), we ob-
served a strong accumulation of 23-nucleotide siRNAs in Capsella
microspores (Figures4Aand5A),whichclearlydiffered from leaves,

Figure 2. Loss of NRPD1 in Capsella Affects Female Fertility and Causes a Reduction in Seed Size.

(A)Total seednumbers per silique inwild-type (wt; 11 siliques) andCrnrpd1mutant (24 siliques) plants. ***, P<0.001 (Student’s t test). Boxes showmedians
and the interquartile range, and error bars show the full range excluding outliers.
(B) to (D) Siliques at 2 d after pollination from wt3wt (B), nrpd1/13wt (C), and nrpd13wt (D) crosses. Asterisks mark unfertilized ovules. Bar5 1 mm.
(E)Fertilization frequency in the indicatedcrosses.Sixteensiliquespercrosscombinationwereanalyzed. **, P<0.01 (Student’s t test). Boxesshowmedians
and the interquartile range, and error bars show the full range excluding outliers. n.s., not significant.
(F) to (H) Ovules at 2 d after emasculation of wt (F), nrpd1/1 (G), and nrpd1 (H) plants. Bar 5 20 mm.
(I) to (K) Seeds harvested from wt 3 wt (I), nrpd1/1 3 wt (J), and nrpd1 3 wt (K) crosses. Bar 5 1 mm.
(L)Seedsizeofmature seedsderived fromwt3wt (n5120),nrpd1/13wt (n5149), andnrpd13wt (n564) crosses. ***, P<0.001 (Student’s t test). Boxes
show medians and the interquartile range, and error bars show the full range excluding outliers.
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where 24-nucleotide TE-derived siRNAs were predominantly de-
tected (Figure 1B). Nearly all TE loci generating 21/22-nucleotide
siRNAs also formed 24-nucleotide siRNAs (Figure 4B). To investigate
the functional role of Pol IV-dependent siRNAs in TE silencing, we
isolated RNA from wild-type and mutant microspores and per-
formed RNA sequencing (RNA-seq) analysis. Those TEs that lost
21/22- and24-nucleotide siRNAshadhigher transcript levels inCr
nrpd1 microspores compared with the wild type (Figure 4C), re-
vealing a role for Pol IV-dependent siRNAs in TE silencing in
microspores. Together, we conclude that Pol IV-dependent TE-
derived siRNAs in the 21- to 24-nucleotide size range are present
in microspores and are required for TE silencing.Which size class
is required for TE silencing, and the pathway(s) involved, remain to

be determined. This finding is consistent with the recent proposal
that pollen easiRNAs are produced during or shortly after meiosis
(Borges et al., 2018).

Pol IV-Dependent siRNAs Also Accumulate in
Arabidopsis Microspores

Pol IV generates small (30 to 40 nucleotides) transcripts that are
converted into 23- or 24-nucleotide siRNAs by the action of DCL3
(Blevins et al., 2015; Zhai et al., 2015a; Yang et al., 2016). To
genetically dissect the Pol IV-dependent pathway leading to the
formation of 21- to 24-nucleotide siRNAs, we tested for the
presence of similar siRNAs in Arabidopsis microspores.

Figure 3. Cr nrpd1 Pollen Arrest at the Microspore Stage.

(A) to (H)Bright-field ([A]–[D]) andcorrespondingDAPI ([E]–[H]) stainingofmanuallydissectedpollen fromanthersat stage12/13.Pollenof thewild type ([A]
and [E]), Cr nrpd1 homozygotes ([B] and [F]), Cr nrpd1 heterozygotes ([C] and [G]), and a complemented line ([D] and [H]) is shown. Bar 5 50 mm.
(I) to (K) Confocal images of DAPI-stained pollen of the wild type (I), Cr nrpd1 homozygotes (J), and Cr nrpd1 heterozygotes (K). Bar 5 5 mm.
(L) Percentage of mature pollen (MP) in anthers dissected at stage 12/13 from the wild type (wt), Cr nrpd1 homozygotes (nrpd1), Cr nrpd1 heterozygotes
(nrpd1/1), and a complemented line (compl.). Pollen was dissected from two individual plants per genotype. Error bars represent SD. Numbers of pollen
grains counted in each genotype are shown above the bars.
(M) to (T)Microsporangia cross sections stainedwith toluidineblue at anther stages 8 ([M]and [O]), 11 ([Q] and [S]), and 12 ([R]and [T]) of thewild type ([M],
[Q], and [R]) andCrnrpd1 ([O], [S], and [T]). Insets in (M)and (O)areshownenlarged in (N)and (P), respectively.Bar for (M), (O), and (Q) to (T)550mm;bar for
(N) and (P) 5 50 mm.
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We sequenced sRNAs from Arabidopsis wild-type and nrpd1
microspores that had been enriched to 90% following the same
procedures as applied for Capsella (Supplemental Figures 3B and
4B). As in Capsella microspores, Arabidopsis microspores ac-
cumulated TE-derived 21- to 24-nucleotide siRNAs, which were
abolished in At nrpd1 microspores (Figure 4D). Thus, 21/22-
nucleotide TE-derived siRNAs are already present inmicrospores
and their formation depends on Pol IV, strongly supporting the
idea that the biogenesis of easiRNAs present in mature pollen
starts at an earlier stage, most likely duringmeiosis. Consistently,
microspores and meiocytes as well as microspores and mature
pollen grains share a large number of loci generating Pol IV-
dependent siRNAs (Figures 5A to 5D).

To investigate the functional requirement for Pol IV-derived
siRNAs in TE silencing, we correlated the levels of TEs
producing Pol IV-dependent 21/22-nucleotide and 24-nucleotide

siRNAs to TE expression changes inAt nrpd1, amutant that lacks
Pol IV function.We founda significant associationbetweenPol IV-
dependent siRNA levels andexpression changeof TEs inAtnrpd1
microspores (Figure 6A). These results, which are similar to the
findings for Capsella (Figure 4C), reveal that TE-derived siRNAs
are involved in the repression of TE expression in microspores.
Pol IV is usually associated with 24-nucleotide siRNAs through

the RdDM pathway, and its strong effect on the production of
21/22-nucleotide siRNAs in pollen is thus unexpected. One
hypothesis is that Pol IV transcripts are direct precursors of 21/
22-nucleotide siRNAs. If true, we would expect that TE-derived
21/22-nucleotideand24-nucleotidesiRNAs inmicrosporesshould
arise from the same genomic loci. Consistently, as in Capsella
microspores (Figure 4B), nearly all TE loci generating 21/22-
nucleotide siRNAs also formed 24-nucleotide siRNAs (Figure 6B).
Visualizing the individual reads in a genome browser showed that

Figure 4. Pol IV Is Required for 21- to 24-nucleotide siRNA Production in Capsella Microspores.

(A) Profile of TE-derived siRNAs in wild-type (wt) and nrpd1 Capsella microspores. RPM, reads per million mapped reads.
(B)Abundanceof TE-derivedCapsellaPol IV-dependent 21/22-nucleotide siRNAsand24-nucleotide siRNAs inCapsellamicrospores. Valuesare indicated
as the log10 of the average RPMof both libraries. Each dot represents one TE for a total of 5455 TEs. A pseudocount of 0.0001was added to all zero values.
The correlation has been tested by a Spearman test (correlation coefficient of 0.6872).
(C) Loss of 21/22-nucleotide and 24-nucleotide siRNAs at TEs is associated with increased transcript levels of TEs in Cr nrpd1 microspores. Increasing
accumulationof siRNAsoverTEs isplotted from low tohigh levelsofaccumulation.Thebars from low tohigh representquartiles.OnlyTEswithmore siRNAs
in the wild type than in Cr nrpd1 are represented. Differences between the first and last categories are significant (P 5 3.4e-13 and 1.4e-9, respectively,
Wilcoxon test). Boxes show medians and the interquartile range, and error bars show the full range excluding outliers.
(D) sRNA profile of TE-derived siRNAs from Arabidopsis wild-type and nrpd1 microspores.
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all read sizes accumulated along the same loci (Supplemental
Figure 5). Taken together, these data indicate that TE-derived
21/22-nucleotide siRNAs and 24-nucleotide siRNAs are pro-
duced from the same loci in a Pol IV-dependent manner and that
at least a subset of these siRNAs are able to repress TEs in both
Capsella and Arabidopsis.

TE-Derived siRNA Production in Microspores Requires
RDR2 Activity

TE-derived siRNAs were produced from both DNA strands
(Figure 6C; Supplemental Figure 5), suggesting that an RNA-
dependent RNA polymerase is involved in the production of the
double-stranded RNAs used as templates for microspore TE-
derived siRNA production.

Among the three RDRs with known functions in Arabidopsis,
RDR2 is tightly associated with Pol IV (Li et al., 2015; Zhai et al.,
2015a), and RDR6 has been shown to affect the production of
some easiRNAs (Creasey et al., 2014; Martinez et al., 2018). To

assess the potential involvement of RDR2 and RDR6 in TE-
derived siRNA production in microspores, we analyzed publicly
available sRNA sequencing data from rdr2 and rdr6 in-
florescences (Zhai et al., 2015a; Panda et al., 2016). The sRNA
pattern of wild-type and At nrpd1 inflorescence tissues
was comparable to that of microspores (Figures 4D and 6D),
indicating that the siRNAs identified in rdr2 and rdr6 in-
florescencesare comparable to those inmicrospores.While rdr6
showed a normal distribution pattern of TE-derived siRNAs, in
rdr2 inflorescences, theaccumulationof TE-derivedsiRNAswas
abolished (Figure 6D), indicating that RDR2 is likely involved in
TE siRNA biogenesis. We also generated siRNA profiles from
rdr2 and rdr6pollen (Figure 5B), which confirm the data obtained
from inflorescences and reveal that RDR2, but not RDR6, is
required for the generation of 21/22-nucleotide siRNAs. These
results reinforce the idea that 21/22-nucleotide and 24-
nucleotide TE-derived siRNAs present in pollen are pro-
cessed from a double-stranded RNA produced by Pol IV
and RDR2.

Figure 5. Meiocytes, Microspores, and Mature Pollen Grain Accumulate Overlapping Sets of siRNAs.

(A) TE-derived siRNA distribution in Arabidopsis meiocytes of the indicated genetic backgrounds (data from Huang et al., 2019). RPM, reads per million
mapped reads; wt, wild type.
(B) TE-derived siRNA distribution in Arabidopsis pollen grains of the indicated genetic backgrounds.
(C)UpSetplot showing theoverlapofTEsaccumulating21/22-nucleotide siRNAsor24-nucleotide siRNAs inArabidopsismicrosporesandmeiocytes (data
from Huang et al., 2019).
(D)UpSet plot showing the overlap of TEs accumulating 21/22-nucleotide siRNAs or 24-nucleotide siRNAs in Arabidopsis microspores andmature pollen
grain (MPG; data from Martinez et al., 2018).
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Figure 6. Pol IV/RDR2 Generate Templates for 21- to 24-nucleotide siRNAs.

(A) Loss of Pol IV-dependent 21/22-nucleotide easiRNAs is associated with increased transcript levels of TEs in Arabidopsis microspores. Increasing
accumulation of siRNAsover TEs is plotted from low to high levels of accumulation. The bars from low to high represent quartiles. In both plots, siRNA levels
at TEs in the wild type (wt) increase from left to right in quantiles. Differences between the first and last categories are significant (P5 2.6e-10 and 1.5 e-14,
respectively, Wilcoxon test). Boxes showmedians and the interquartile range, and error bars show the full range excluding outliers. RPM, reads per million
mapped reads.
(B)AbundanceofAtPol IV-dependent 21/22-nucleotide siRNAsand24-nucleotide siRNAsat TEs inArabidopsismicrospores. Values are indicated as log10

of the average RPM of both libraries. Each dot represents one TE for a total of 1504 TEs. A pseudocount of 0.0001 was added to all zero values. The
correlation has been tested by a Spearman test (correlation coefficient of 0.7686).
(C)Plotsshowing thedistributionof the ratioof thenumberof readsmappedagainst thepositive strand to the total numberofmapped reads. Left plots show
analysis for 21/22-nucleotide reads and right plots for 24-nucleotide reads.
(D) TE-derived siRNA distribution in inflorescences of rdr2 (left panel; data from Zhai et al., 2015a) and rdr6 (right panel; data from Panda et al., 2016).
(E)Average total21/22-nucleotideor24-nucleotide readsmappingagainstTEs inwild-typeordcl3 libraries (data fromLietal., 2015).Readswerenormalized
to show RPM values. Errors bars represent SD of two biological replicates.
(F) Average total 21/22-nucleotide reads mapping against miRNAs in wild-type or dcl3 libraries (data from Li et al., 2015). Reads were normalized to show
RPM values. Errors bars represent SD of two biological replicates.
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DICERs Producing TE-Derived siRNAs Compete for the
Same Double-Stranded RNA Template

Our data suggest that TE-derived siRNAs of different size classes
arederived fromdouble-strandedRNAsproducedbyPol IV/RDR2
(Figure 6B).We hypothesized that different size classes of siRNAs
are produced due to different DICERs competing for the same
double-strandedRNA template, ashasbeenshown tooccur upon
disruption of DCL3 function (Gasciolli et al., 2005; Henderson
et al., 2006; Kasschau et al., 2007; Bond and Baulcombe, 2015).
If true, the impairment of DCL3 should increase the proportion of
Pol IV-dependent 21/22-nucleotide siRNAs accumulating over
defined loci.

To test this idea, we used publicly available sRNA sequencing
data from dcl3 inflorescences (Li et al., 2015). We quantified the
number of normalized 21/22-nucleotide siRNAs and 24-
nucleotide siRNAs mapped against TEs in wild-type and dcl3
inflorescences. In the wild type, 24-nucleotide siRNAs were the
most abundant siRNAs, exceeding the level of 21/22-nucleotide
siRNAs by nearly sevenfold (Figure 6E). In dcl3, the abundance
of 21/22-nucleotide siRNAs was highly increased, while 24-
nucleotide siRNAs were depleted (Figure 6E). To rule out the
possibility that the increased abundance of 21/22-nucleotide
siRNAs is due to a normalization artifact, we performed the sa-
me analysis with miRNAs. As DCL3 is not involved in the 21/22-
nucleotide miRNA pathway, any changes observed in dcl3would
besuggestiveof anormalizationartifact. Theabundanceof 21/22-
nucleotide miRNAs in the wild type and dcl3 was highly similar
(Figure 6F), strongly supporting the notion that the observed in-
crease in 21/22-nucleotide siRNA levels in dcl3 inflorescences is
not due to a normalization problem. These results indicate that
there is indeed a competition between DCL3 and other DCLs for
the same double-stranded RNA precursor, which is in agreement
with previous findings (Gasciolli et al., 2005; Henderson et al.,
2006; Kasschau et al., 2007; Bond and Baulcombe, 2015).

TE-Derived siRNAs Are Highly Enriched at COPIA95 in
Capsella Microspores

To investigatewhetherPol IV-dependent siRNAs target similar loci
inArabidopsis andCapsella,we identifiedsRNAreadsmapping to
both genomes, which were then mapped to 527 previously re-
ported Arabidopsis TE consensus sequences (Repbase; Bao
et al., 2015). A similar number of TE families accumulated Pol IV-
dependent siRNAs (21/22-nucleotide and/or 24-nucleotide siR-
NAs) in Arabidopsis (n 5 316; Figure 7A, red color) and Capsella
(n 5 301; Figure 7A, cyan color) microspores, 225 of which
(Figure 7A, black frame)were common toboth species (Figure 7A).
There were substantially fewer TE families forming 24-nucleotide
siRNAs inCapsellamicrospores (133) comparedwith Arabidopsis
(303), but the majority of those overlapped between both species
(103). Nearly all TE families forming 24-nucleotide siRNAs also
formed 21/22-nucleotide siRNAs (94.1% [285 out of 303 TE
families] in Arabidopsis and 99.2% [132 out of 133 TE families] in
Capsella; Figure 7A), supporting the idea that 21/22-nucleotide
and 24-nucleotide siRNAs are derived from the same TE loci in
microspores.

To investigate the specificity of TE-derived siRNAs in Arabi-
dopsis and Capsella microspores, we calculated the proportion
of siRNAs targeting specific TE families. Strikingly, nearly 20% of
21/22-nucleotide siRNAs and more than 40% of 24-nucleotide
siRNAs were derived from the COPIA95 family (COPIA95 long-
terminal repeats and internal) in Capsellamicrospores, while only
0.3% of both siRNA classes were derived from COPIA95 in
Arabidopsis microspores (Figure 7B).We identified 17 and 70 TEs
accumulating COPIA95-derived Pol IV-dependent siRNAs in
Arabidopsis and Capsella, respectively, indicating that the CO-
PIA95 TE family expanded inCapsella (Supplemental Data Set 1).
The prominent targeting of COPIA95 in Capsella microspores by
Pol IV-dependent siRNAs prompted the question of whether the
loss of Pol IV function may cause increased expression and
transposition of COPIA95. Indeed, COPIA95 was highly upre-
gulated inCrnrpd1microsporesbut remainedsilenced inAtnrpd1
microspores (Figure 7C). To test whether increased expression
caused heritable transposition, we performed whole-genome
sequencing of five homozygous Cr nrpd1 mutants derived from
homozygous Cr nrpd1 parental plants. We mapped genomic
reads to COPIA95 elements and found that one of the five tested
mutants had a twofold increase in the number of COPIA95 ele-
ments (Figure 7D). To verify this result, we used the Transposable
Element Polymorphism IDentification (TEPID) algorithm to identify
de novo insertions (Stuart et al., 2016). Indeed, we detected in-
creased numbers of insertions in the samemutant comparedwith
the wild type (Figure 7D). This result supports the idea that Pol IV
is required to prevent TE remobilization in Capsella and is, in
particular, required to silence COPIA95.

Loss of Pol IV Causes Transcriptional Changes
in Microspores

To explore the cause for postmeiotic arrest of Capsella micro-
spores, we compared the transcriptome changes in At nrpd1 and
Cr nrpd1 microspores. A comparable number of genes were
upregulated (log2 fold change > 1, P < 0.05) in nrpd1microspores
of both species. However, approximately twice as many genes
were downregulated (log2 fold change <21, P < 0.05) inCr nrpd1
microspores compared with At nrpd1 (Supplemental Figures 6A
and 6B; Supplemental Data Set 2). While there was no significant
overlap between downregulated genes in Cr nrpd1 and At nrpd1
microspores (Supplemental Figure 6B), there was a significant
overlap of upregulated genes in Cr nrpd1 and At nrpd1. These
genes were significantly enriched in Gene Ontology (GO) terms
related to stimulus response, cell wall organization, and defense
responses (Supplemental Figure 6C).
We testedwhether deregulated genes inCr nrpd1 andAt nrpd1

microspores were targeted by 21/22-nucleotide or 24-nucleotide
siRNAs. We found a significant overlap between upregulated
genes and downregulated genes, with genes losing 21/22-
nucleotide and 24-nucleotide siRNAs in Cr nrpd1 (Figure 8A;
Supplemental Data Set 3). By contrast, in At nrpd1, only down-
regulated genes significantly overlappedwith genes losing 21/22-
nucleotide and 24-nucleotide siRNAs (Supplemental Figure 6D;
Supplemental Data Set 4). Upregulated genes losing 21/22-
nucleotide or 24-nucleotide siRNAs in Cr nrpd1 had functional
roles in proteolysis and catabolic processes, cell killing, and
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interspecies organismal interactions (Figure 8B). The distance of
TEs to neighboring genes was significantly shorter in Capsella
compared with Arabidopsis, regardless of their direction of de-
regulation (Figure 8C; Wilcoxon test, P < 2e-15). Nevertheless,
upregulated genes in Capsella had an even shorter distance to

neighboring TEs than nonderegulated or downregulated genes,
suggesting that neighboring TEs have an impact on gene ex-
pression in Cr nrpd1 microspores. However, there was no pref-
erence forCOPIA95among theTEs thatwereclose toderegulated
genes (P 5 1, hypergeometric test).

Figure 7. COPIA95-siRNAs Are Highly Enriched in Capsella Microspores.

(A) UpSet plots of TE families accumulating Pol IV-dependent 21/22-nucleotide and 24-nucleotide siRNAs in Arabidopsis (At) and Capsella (Cr).
(B) Proportions of Pol IV-dependent 21/22-nucleotide and 24-nucleotide siRNAs accumulating at specific TE consensus sequences in relation to all
TE-siRNAs. Reads mapping to COPIA95 long-terminal repeats (LTR) and internal (I) sequences are highlighted in red and yellow, respectively.
(C) Log2 expression fold change of mRNAs for COPIA95 elements in nrpd1 mutant microspores of Arabidopsis and Capsella compared with the cor-
respondingwild type (wt). ***,P<0.001 (Wilcoxon test).Boxesshowmediansand the interquartile range,anderrorbarsshowthe full rangeexcludingoutliers.
(D)Relative number ofCOPIA95 insertions (left panel) and total TE insertions (right panel) comparedwith thecorrespondingwild-typecontrol in fiveprogeny
of homozygous Cr nrpd1.
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Figure 8. Deregulated Genes Differ in Arabidopsis and Capsella nrpd1 Mutant Microspores.

(A) Venn diagrams showing the overlap of deregulated genes (log2 fold change > 1, P < 0.05) in nrpd1 microspores of Capsella and genes losing 21/22-
nucleotide and 24-nucleotide siRNAs at 2-kb upstream and downstream regions and gene bodies (log2 fold change < 21, P < 0.05) in Capsella nrpd1
microspores.
(B) Enriched GO terms for biological processes of intersected genes losing siRNAs and deregulated genes in Capsella nrpd1microspores. The top 5 GO
terms (P < 0.01) of each analysis are shown.
(C) Distance of Arabidopsis and Capsella genes to the closest TEs. all, all genes; down, significantly downregulated genes; up, significantly upregulated
genes. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Wilcoxon test). Boxes showmedians and the interquartile range, and error bars show the full range excluding
outliers.
(D) Log2 expression fold change of PRK2, PRK3, PRK4, RopGEF9, VGD1, and ANX2 genes in nrpd1 microspores compared with the wild type (wt) in
Capsella (Cr) and Arabidopsis (At). Boxes show medians and the interquartile range, and error bars show the full range.
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Interestingly, downregulated genes associated with the loss of
21/22-nucleotide and 24-nucleotide siRNAs in Cr nrpd1 were
enriched for genes involved in pollination; among these were
known regulators of pollen tube growth such as VANGUARD1
(VGD1),ANXUR2 (ANX2), andRopGEF9 (Figure8D;Supplemental
Figure7;Jiangetal., 2005;ZhangandMcCormick,2007;Boisson-
Dernier et al., 2009). We also identified homologs of pollen re-
ceptor kinase-encoding genes PRK2-4 among downregulated
genes losing 21/22-nucleotide and 24-nucleotide siRNAs
(Figure 8D; Supplemental Figure 7). While there was also a sig-
nificant overlap of downregulated genes in At nrpd1 with genes
losing siRNAs (Supplemental Figure 6D), these genes were not
enriched for genes involved in pollination (Supplemental
Figure 6E), and the aforementioned genes were not deregulated
in At nrpd1 (Figure 8D). The affected PRKs have partially
redundant functions in pollen tube growth and the perception of
female attractant peptides (Chang et al., 2013; Takeuchi and
Higashiyama, 2016). Importantly, RNAi-mediated knockdown of
PiPRK1, a PRK homolog in Petunia inflata, causes microspore
arrest (Lee et al., 1996), suggesting that the reduced expression of
PRKs may contribute to microspore arrest in Cr nrpd1. All genes
were highly induced during the transition from microspore to
mature pollen formation (Figure 8E), suggesting that their ex-
pression is required to ensure viable pollen formation, a hypoth-
esis that remains to be tested.

DISCUSSION

In this study, we demonstrated that the loss of Pol IV function
causes arrested microspore development and has a maternal
effect on ovule and seed development in Capsella. Therefore,
Cr nrpd1mutants strongly differ from At nrpd1mutants, which
lack obvious reproductive abnormalities (Mosher et al., 2009).
Mutations in NRPD1,NRPE1, and RDR2 have a maternal effect
on seed development in B. rapa, while no defect in pollen de-
velopment was reported for thesemutants (Grover et al., 2018).
The mutation in B. rapa NRPD1 was not a null allele; however,
the mutation in RDR2 completely abolished the production of
24-nucleotide siRNAs (Grover et al., 2018), indicating that this
mutant was a functional null mutant for RDR2. Since the loss of
Cr NRPD1 function had a similar molecular effect to mutations
in Arabidopsis and B. rapa NRPD1 (depletion of 24-nucleotide
siRNAs and CHH methylation; Wierzbicki et al., 2012; Panda
et al., 2016; Grover et al., 2018) and the Cr nrpd1mutant could
be complemented with the Arabidopsis NRPD1 sequence, we
conclude that the molecular function of Pol IV is likely con-
served between the three species but the targets differ. In-
terestingly, the loss of Pol IV function in tomato also causes
sterility, but thecause for this phenotype remains tobeexplored
(Gouil andBaulcombe, 2016). Themicrospore arrest inCr nrpd1
might be a consequence of TEs being in close proximity to

essential regulators of microspore development, such as
PRK genes, or genes that cause microspore arrest upon over-
expression. The distance of TEs to neighboring genes is sub-
stantially larger in Arabidopsis comparedwithCapsella, supporting
this notion.
We observed a heritable remobilization of the COPIA95 ele-

ment in progeny of theCr nrpd1mutant. This finding is consistent
with the notion that this element is preferentially targeted by Pol
IV-generated siRNAs in Capsella and strongly activated in Cr
nrpd1 microspores. Interestingly, in Arabidopsis, the COPIA el-
ement ONSEN also undergoes transgenerational retro-
transposition in nrpd1 after heat treatment, and new ONSEN
insertions differ between siblings derived from a single plant (Ito
et al., 2011). Since the amplification of COPIA95 was only ob-
served in one of five testedCr nrpd1 progeny, it is unlikely that the
consistently observed microspore arrest is connected to TE re-
mobilization.Alternatively, it ispossible that thosemicrosporesonly
survived when TE remobilization did not occur or occurred at low
frequency.
Cr nrpd1microspores were completely depleted of TE-derived

siRNAs, including 21/22-nucleotide siRNAs,which are usually not
associated with Pol IV (Xie et al., 2004; Blevins et al., 2015; Zhai
et al., 2015a). A similar depletion of 21/22-nucleotide siRNAs
(easiRNAs) was previously reported in mature pollen grains of At
nrpd1 mutants (Borges et al., 2018; Martinez et al., 2018). The
biogenesis of easiRNAs is thought to be a consequence of re-
duced heterochromatin formation in the vegetative cell and the
resulting TE activation (Slotkin et al., 2009; Creasey et al., 2014).
Based on genetic data, Borges et al. (2018) proposed that eas-
iRNA biogenesis occurs earlier (i.e., during or soon after meiosis).
Our data reveal that 21/22-nucleotide TE-derived siRNAs are
already present in microspores and, given their similarity to
meiocyte siRNAs (Huang et al., 2019), are likely generated before
or during meiosis.
In rice (Oryza sativa) andmaize (Zeamays), highly abundant 21-

nucleotide phased siRNAs (phasiRNAs) accumulate in premeiotic
anthers, and 24-nucleotide phasiRNAs are enriched in meiotic
stageanthers (Johnsonet al., 2009;Komiya et al., 2014; Zhai et al.,
2015b). The 21-nucleotide phasiRNAs are important for male
fertility in rice, and the disruption of 24-nucleotide phasiRNA
production yields conditional male sterility in maize (Fan et al.,
2016; Teng et al., 2018). The biogenesis of premeiotic andmeiotic
phasiRNAs in maize appears to occur in the tapetum rather than
in meiocytes, where they accumulate (Zhai et al., 2015b). The
production of 24-nucleotide phasiRNAs depends on miR2275,
a pathway that is widely present in the eudicots but missing in the
Brassicaceae (Xia et al., 2019), suggesting evolutionary di-
vergence of the functional role of phasiRNAs during pollen de-
velopment. Cross sections did not reveal obvious tapetal defects
inCrnrpd1, indicating thatmicrospore arrest inCrnrpd1 is not due
to a tapetal defect.

Figure 8. (continued).

(E)mRNA levels of PRK2,PRK3, PRK4,RopGEF9, VGD1, andANX2 in Arabidopsis wild-typemeiocytes, microspores, andmature pollen grain (MPG).11
was added to all values to avoid negative log10 values. Boxes showmedians and the interquartile range, and error bars show the full range. RPKM, reads per
kilobase per million mapped reads.
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The strong dependency of TE-derived siRNA accumulation on
Pol IVsuggests thatPol IV transcriptsare theprecursorsof all sizes
of TE-derived siRNAs in microspores. In the absence of DCL3,
other DCL proteins (DCL1, DCL2, and DCL4) are able to process
Pol IV transcripts into 21- or 22-nucleotide siRNAs (Gasciolli et al.,
2005; Henderson et al., 2006; Kasschau et al., 2007; Bond and
Baulcombe, 2015).We thuspropose thatbeforeorduringmeiosis,
Pol IV transcripts are targeted by other DCLs in addition to DCL3,
explaining why all sizes of Pol IV-dependent siRNAs are derived
from the same TE loci.

In Arabidopsis siliques, a nucleus-localized form of DCL4 tar-
gets Pol IV transcripts and generates 21-nucleotide siRNAs
(Pumplin et al., 2016). The abundance of these 21-nucleotide Pol
IV-derived siRNAs was nevertheless low, contrasting to the high
abundance in microspores. Perhaps the disruption of the nuclear
envelope duringmeiosis allows cytoplasmic DCLs to gain access
to Pol IV/RDR2 transcripts. This notion implies that meiosis is the
trigger of Pol IV-dependent 21- to24-nucleotide siRNAproduction,
which is consistent with our genetic data. Not mutually exclusive
with this scenario is the possibility that 22-nucleotide siRNAs
produced during meiosis trigger secondary 21/22-nucleotide
siRNAproduction inmaturepollengrainsby targetingTEtranscripts
expressed in the vegetative cells of pollen (Slotkin et al., 2009). This
amplification of the signal by the canonical post-transcriptional
gene silencing (PTGS) pathway (Martínez de Alba et al., 2013)
should result inhighlyabundant21/22-nucleotidesiRNAs inmature
pollen,which is inagreementwithpublishedsiRNAprofilesofpollen
(Borges et al., 2018; Martinez et al., 2018).

Wedemonstrated that Pol IV-dependent siRNAsare required to
silence TEs in microspores. This could be achieved by the ca-
nonical and noncanonical RdDM pathway involving 21/22-
nucleotide siRNAs (Cuerda-Gil and Slotkin, 2016) and 24-
nucleotide siRNAs or, alternatively, by the PTGS pathway. CHH
methylation levels are low in meiocytes but are higher in micro-
spores and in the vegetative cells of pollen (Walker et al., 2018).
Nevertheless, CHHmethylation levels inmicrospores are very low
(Calarco et al., 2012), making it more likely that TE silencing in
microspores and subsequently vegetative cells is achieved by
PTGS; this notion is consistent with the high accumulation of 21/
22-nucleotide siRNAs in mature pollen.

Recentwork fromour andother groups revealed that disrupting
NRPD1 suppresses the hybridization barrier between plants of
different ploidy levels (Martinez et al., 2018; Satyaki and Gehring,
2019). However, while Martinez et al. (2018) did not find a sup-
pressive effectwhenusingmutants inRdDMcomponents suchas
RDR2 and NRPE1, Satyaki and Gehring (2019) found that such
mutants suppressed hybrid seed failure. The difference between
thesestudies lies in theuseof tetraploidRdDMmutantsbySatyaki
and Gehring (2019), while RdDM mutants introgressed into
omission of second division1 (osd1) were used by Martinez et al.
(2018). The mutation of OSD1 suppresses the second meiotic
division, leading to unreduced gamete formation (d’Erfurth et al.,
2009). Here, we showed that RDR2 is required for easiRNA bio-
genesis, suggesting that the loss of easiRNAs is not sufficient to
suppress the triploid block induced by the osd1 mutation. An
important difference between osd1 and tetraploid plants is the
ploidy of the genome at the beginning of meiosis, which is diploid
and tetraploid, respectively. This difference can have a strong

impact, since tetraploid plantsundergoDNAmethylation changes
leading to the production of stable epialleles (Mittelsten Scheid
et al., 2003). Biochemical feedback loops link DNAmethylation to
repressive histone 3 Lys-9 dimethylation that (via the homeo-
domain protein SHH1) recruit Pol IV (Law et al., 2013; Zhang et al.,
2013). Since easiRNAs are generated during meiosis, it is thus
possible that the requirement of RdDM activity for easiRNA for-
mation andploidy barriersmaybedifferent depending of the initial
ploidy of theplants. If true, the signal establishing the triploid block
depends on Pol IV but only indirectly on RdDM, suggesting that
both pathways can be separated, as previously proposed for
maize endosperm (Erhard et al., 2013).
In summary, our study in Capsella uncovered a functional re-

quirement for Pol IV inmicrospores, highlighting the notion that
Pol IV-dependent siRNA formation occurs earlier than previously
hypothesized (Slotkin et al., 2009). We showed that Pol IV gen-
erates the precursors for 21- to 24-nucleotide siRNAs, perhaps
becausedifferentDCLsareable toaccessPol IV transcriptsduring
meiosis. Our study highlights the relevance of investigating dif-
ferent plant models to gain novel insights into the molecular
control of developmental processes.

METHODS

Plant Growth and Material

Mutants for Arabidopsis (Arabidopsis thaliana) alleles nrpd1-3
(Salk_128428) and dcl3-1 (Salk_005512) were previously described by
Xie et al. (2004) and Pontier et al. (2005). For all experiments using Ara-
bidopsis, theCol-0 accessionwas used as thewild type,while for Capsella
(Capsella rubella), accession Cr1GR1 was used.

Seeds of Arabidopsis and Capsella were surface-sterilized in 5%
commercial bleach and 0.01% Tween 20 for 10 min and washed three
times insterile distilled, deionizedwater. Seedswere sownonhalf-strength
Murashige and Skoog medium (0.43% [w/v] Murashige and Skoog salts,
0.8% [w/v] bacto agar, 0.19% [w/v] MES hydrate, and 1% [w/v] Suc). After
stratification for 2d at 4°C, theplateswere transferred to agrowth chamber
(16hof light/8hofdark, 110mmols21m22, 21°C,70%humidity). After 10d,
the seedlingswere transferred tosoil andgrown inagrowthchamber under
a 16-h-light/8-h-dark cyclewith light intensity of 150mE from anOsramFQ
24W/840 HQ Constant Lumilux Cool White light source at 21°C and 70%
humidity. Capsella plantswere grown in a growth chamber under the same
light conditions and light/dark cycle but at 18°C and 60% humidity.

Generation of Plasmids and Transgenic Plants

The Web tool CRISPR-P (http://cbi.hzau.edu.cn/cgi-bin/CRISPR) was
used to design the sgRNAs for knocking out Capsella NRPD1 (Car-
ubv10019657m; Lei et al., 2014). Sequence information for the primers
containing the twosgRNAsequences is listed inSupplemental Table1.The
primers were used to amplify the fragment including Target1-sgRNA-
scaffold-U6-terminator-U6-29promoter-Target2 using plasmid DT1T2-
PCR as template (Wang et al., 2015). The amplified fragment was digested
with BsaI and inserted into pHEE401E containing an egg cell-specific
promoter-driven Cas9 cassette as previously described by Wang et al.
(2015).

The pHEE401E-NRPD1-T1T2 construct was transformed into Agro-
bacterium tumefaciens (GV3101), and bacteria containing the plasmid
were used to transform Capsella accession Cr1GR1 by floral dip (Clough
and Bent, 1998). The genomic sequence of Arabidopsis NRPD1 with the
stop codon was amplified from Col-0 genomic DNA and cloned into
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pDONR221 (Invitrogen). After being confirmed by sequencing, the frag-
ment was inserted into pB7WG2 in which theCauliflowermosaic virus 35S
promoter was replaced by the 1.6-kb promoter sequence of RPS5A
(Weijers et al., 2001).

Microscopy

Capsella inflorescenceswereharvestedandfixed in3:1ethanol:aceticacid
solution. Pollen grains were manually dissected from stage 12 and 13
anthersandstainedwith49,6-diamidino-2-phenylindole (DAPI;1mg/mL)as
previously described by Brownfield et al. (2015). The slides were observed
with an Axio Scope.A1 (Zeiss) and a 7800 confocal microscope (Zeiss).

Togeneratesections,Capsella inflorescenceswereharvestedandfixed
in FAA solution (50% [v/v] ethanol, 5% [v/v] acetic acid, and 4% [v/v]
formaldehyde) and embedded using a Historesin Embedding Kit
(702,218,500; Leica). Three-micrometer sections were prepared using an
HM 355 S microtome (Microm) with glass knives. Sections were stained
with 0.1% (w/v) toluidine blue for 1 min, washed five times with distilled
water, air dried, and observed with an Axio Scope (Zeiss).

Microspore Extraction

The different pollen stages were extracted on a Percoll gradient following
previously published procedures (Dupl’áková et al., 2016). The purity of
each fraction was assessed by Alexander and DAPI staining.

RNA-Seq and sRNA-Seq

RNA of Arabidopsis microspores was isolated using TRIzol following the
manufacturer’s protocol (Thermo Fisher Scientific, catalog no. 15596018).
Purified RNA was treated with DNase I (Thermo Fisher Scientific, catalog
no. EN0521) and loaded on a 15% TBE-urea polyacrylamide gel. RNA 15-
to 27-nucleotides in size was retrieved and eluted by crushing the gel in
PAGEelution buffer (1MTris, pH7.5, 2.5MNaOAc, and0.5MEDTA, pH8),
followed by overnight incubation and a new TRIzol extraction.

Capsella leaves were ground with liquid nitrogen, and 100 mg of fine
powder from each sample was used for RNA isolation. Capsella micro-
spores were ground in a precooled mortar with Lysis/Binding Solution
from a mirVana miRNA isolation kit. Both long RNAs (>200 nucleotides)
and short RNAs (<200 nucleotides) were isolated from leaves and mi-
crospores according to the manufacturer’s protocol (mirVana miRNA
Isolation Kit, AM1560). Size selection of sRNAs was performed as
described above.

For RNA-seq analysis, total RNA was treated using a Poly(A) mRNA
Magnetic Isolation Module kit (New England Biolabs [NEB], catalog
no.E7490). Libraries were prepared from the resulting mRNA with
a NEBNext Ultra II kit (NEB, catalog no. E7770S). sRNA-seq libraries were
generated with a NEBNext Multiplex Small RNA kit (NEB, catalog no.
E7300S). RNA-seq libraries and sRNA-seq libraries were sequenced at the
SciLife Laboratory andNovogene on aHiSeqX in 150-bppaired-endmode
or an Illumina HiSeq2000 in 50-bp single-end mode, respectively.

Bisulfite Sequencing

Leaves of 6 to 10 wild-type and nrpd1Capsella plants were pooled as one
replicate. Genomic DNA was extracted using a MagJET Plant Genomic
DNAKit (K2761). Bisulfite conversion and library preparation were done as
previously described (Moreno-Romero et al., 2016). Libraries were se-
quenced at the SciLife Laboratory on an Illumina HiSeq2000 in 125-bp
paired-end mode.

DNA Sequencing

GenomicDNAwas isolated from the leaves of oneCapsellawild-type plant
and five nrpd1 mutants using a MagJET Plant Genomic DNA Kit (K2761).
Libraries were generated using a NEBNext Ultra II DNA Library Prep Kit for
Illumina and sequenced at Novogene on an Illumina HiSeqX in 150-bp
paired-end mode.

Bioinformatic Analysis

For sRNAdata, adapterswere removed from 50-bp-long single-end sRNA
reads ineach library. The resulting18- to30-bp-long readsweremapped to
the respective reference genomes using bowtie (-v 0–best). All reads
mapping to chloroplast and mitochondria and to structural noncoding
RNAs (tRNAs, snRNAs, rRNAs, or snoRNAs)were removed.Mapped reads
from both biological replicates were pooled together, sorted into two
categories (21/22 nucleotides and 24 nucleotides long), and remapped to
the same reference masked genome mentioned above using ShortStack
(–mismatches 0–mmap f; Johnson et al., 2016) in order to improve the
localization of sRNAs mapping to multiple genomic locations. We nor-
malized the alignments by converting coverage values to reads per million
values. TE-siRNAs were defined as siRNAs that overlap with annotated
TEs. TEs accumulating 20 or more reads in the merged wild-type libraries
were considered to be TE-producing siRNA loci. TEs losing siRNAs in
nrpd1 were defined as those having less than 5% of reads left in nrpd1
compared with wild-type samples. To identify genes losing siRNAs in
nrpd1microspores, we determined siRNA coverage over the genomic loci
plus 2-kb upstream and downstream regions and calculated differences
from wild-type microspores using the Bioconductor RankProd Package
(Hong et al., 2006; log2 fold change <21, P < 0.05). For RNA analysis, for
each biological replicate, reads were mapped to the Arabidopsis or
Capsella reference genome using TopHat v2.1.0 (Trapnell et al., 2009) in
single-end mode. Gene and TE expression was normalized to reads per
kilobase per million mapped reads using GFOLD (Feng et al., 2012). For
Capsella, the Capsella v1.0 annotated genome was used as a reference
(Slotte et al., 2013; https://phytozome.jgi.doe.gov/pz/portal.html#!info?
alias5Org_Crubella), which was also used as a reference in all Capsella
analyses described in this article. For Arabidopsis, the TAIR10 annotation
was used. Expression levels for each condition were calculated using the
mean of the expression values in both biological replicates. Differentially
regulatedgenes andTEsacross the two replicatesweredetectedusing the
rank product method, as implemented in the Bioconductor RankProd
Package (Hong et al., 2006). For DNA methylation analysis, reads of each
pair were split in 50-bp-long fragments and mapped in single-end mode
using Bismark (Krueger and Andrews, 2011). Duplicated reads (aligning to
the same genomic position) were eliminated, and methylation levels for
each condition were calculated by averaging the replicates.

To estimate the number and identity of sRNA reads mapping to CO-
PIA95 TEs in Capsella, 21/22-nucleotide and 24-nucleotide sRNA reads
were first mapped to a consensus reference fasta file for Arabidopsis TEs
available atRepbase (https://www.girinst.org/repbase/update/index.html;
Jurka et al., 2005) using bowtie (-v 2 -m 3–best–strata). Reads mapping to
COPIA95 TEs were remapped to the Capsella reference genome with
ShortStack (–mismatches 0 –mmap f; Johnsonet al., 2016) andnormalized
using the coverage values of single-copy genes.

New TE insertions in Capsella were identified using TEPID (Stuart et al.,
2016) in pair-endmode based on the sequenced genomes of fiveCr nrpd1
mutants and the corresponding wild type.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under the following accession numbers: AtNRPD1 (AT1G63020),
CrNRPD1 (LOC17895349), DCL3 (AT3G43920), RDR2 (AT4G11130),
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RDR6 (AT3G49500), VGD1 (AT2G47040), ANX2 (AT5G28680),
RopGEF9 (AT4G13240), PRK2 (AT2G07040), PRK3 (AT3G42880), and
PRK4 (AT3G20190). The sequencing data generated in this study are
available in the Gene Expression Omnibus under accession number
GSE129744. Supplemental Table 2 summarizes all sequencing data
generated in this study.
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Supplemental Figure 2. Tetrad formation is normal in Cr nrpd1.

Supplemental Figure 3. Average purity of Capsella and Arabidopsis
microspore extractions.

Supplemental Figure 4. Profiles of total sRNAs in Capsella and
Arabidopsis microspores.

Supplemental Figure 5. Example of four loci producing Pol IV-
dependent siRNAs in Arabidopsis.

Supplemental Figure 6. Deregulated genes in Arabidopsis nrpd1
mutant microspores.

Supplemental Figure 7. Representative pollen developmental genes
accumulating 21/22-nucleotide and 24-nucleotide siRNAs in
microspores.

Supplemental Table 1. Primer list.

Supplemental Table 2. Quality of sequencing samples.

Supplemental Data Set 1. COPIA95 elements accumulating Pol IV-
dependent siRNAs in Capsella and Arabidopsis.

Supplemental Data Set 2. Up- and downregulated genes in Arabi-
dopsis and Capsella nrpd1 microspores.

Supplemental Data Set 3. Up- and downregulated genes in Capsella
microspores overlapping with regions losing 21/22- or 24-nucleotide
siRNAs in Cr nrpd1 microspores.

Supplemental Data Set 4. Up-and downregulated genes in Arabi-
dopsis microspores overlapping with regions losing 21/22- or 24-
nucleotide siRNAs in At nrpd1 microspores.
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