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Summary

® Plant phasiRNAs contribute to robust male fertility, however, specific functions

remain undefined. In maize (Zea mays), male sterile23 (ms23), necessary for both
24-nt phasiRNA precursor (24-PHAS) loci and Dicer-like5 (Dcl5) expression, and
dcl5-1 mutants unable to slice PHAS transcripts, lack nearly all 24-nt phasiRNAs.

Based on sequence capture bisulfite-sequencing, we find that CHH DNA methylation
of most 24-PHAS loci is increased in meiotic anthers of control plants but not in the

ms23 and dcl5 mutants.

Because dcl5-1 anthers express PHAS precursors, we conclude that the 24-nt
phasiRNAs, rather than just activation of PHAS transcription, are required for

targeting increased CHH methylation at these loci.

Although PHAS precursors are processed into multiple 24-nt phasiRNA products,
there is substantial differential product accumulation. Abundant 24-nt phasiRNA
positions corresponded to high CHH methylation within individual loci, reinforcing

the conclusion that 24-nt phasiRNAs contribute to increased CHH methylation in cis.

Key words: phasiRNA, DNA methylation, Dcl5, Ms23, Zea mays (maize)
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Introduction

In flowering plants, small RNAs (sRNAs) are key regulators during reproduction in both
the sporophyte and gametophyte (Borges & Martienssen, 2015). Reproductive phasiRNAs
were first described in male reproductive organs of maize and rice (Johnson et al., 2009;
Song et al., 2012a; Zhai et al., 2015; Fei et al., 2016) and are now known in diverse
monocots and eudicots (Kakrana et al., 2018; Xia et al., 2019). Reproductive phasiRNAs
exist in two size classes with discrete spatiotemporal regulation in anthers: the “premeiotic”
21-nt phasiRNAs are preferentially expressed during the cell fate specification and
proliferation period, while the “meiotic” 24-nt phasiRNAs begin to be synthesized at the
onset of meiosis and accumulate to high levels during meiosis I (Zhai et al., 2015). The
24-nt reproductive phasiRNAs are broadly present in angiosperms, and they may have
originated with the evolutionary emergence of anthers (Xia ef al., 2015; Shuai et al., 2016;

Kakrana et al., 2018; Liu et al., 2018; Yu et al., 2018; Xia et al., 2019).

The exact functions of phasiRNAs in anthers are unknown, but they play critical roles
in male reproduction. For example, a mutation in long non-coding RNA PMSIT, a PHAS
precursor yielding 21-nt phasiRNAs, is responsible for the agronomically important,
photoperiod-sensitive male sterility used in hybrid rice production (Fan et al., 2016). In
maize, dcl5-1 mutants, which are deficient in 24-nt phasiRNAs, exhibit conditional male
fertility, with the main defect in tapetal cell differentiation during meiosis (Teng et al.,
2020). Quantification of PHAS precursor transcripts and phasiRNA abundance in several
maize male sterile mutants, demonstrated that production of 21-nt phasiRNAs requires
normal epidermal development, while 24-nt phasiRNAs require normally developed
tapetal cells (Zhai et al., 2015). In rice, tapetal cell differentiation during meiosis is also
required for 24-nt phasiRNA biogenesis (Ono ef al., 2018). A fascinating aspect of male
reproductive phasiRNAs is the parallel with mammalian PIWI-associated RNAs (piRNAs).
Like phasiRNAs, there are two size classes, the shorter class accumulating prior to meiosis
and the longer class occurring during meiosis (Girard ef al., 2006; Grivna et al., 2006;
Vagin et al., 2006; Fu & Wang, 2014). Furthermore, like phasiRNAs, piRNAs are
required for spermatogenesis (Fu & Wang, 2014), and are partly generated in a phased
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pattern (Han et al., 2015; Mohn et al., 2015).

The current understanding of phasiRNA biogenesis is that the precursors are long,
non-coding RNAs transcribed by DNA-DEPENDENT RNA POLYMERASE II (Pol II)
from several hundred PHAS loci. The production of 21- and 24-nt phasiRNAs is initiated
by 22-nt miR2118 or miR2275, directing the cleavage of 21- or 24-PHAS primary
transcripts, respectively (Johnson et al., 2009; Arikit et al., 2013; Zhai et al., 2015).
RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) converts the resulting 3’ cleaved
RNA fragments into double-stranded RNA (Song et al., 2012b). This dsRNA is the
substrate for phased cleavage by a Dicer enzyme; DCL4 is proposed for 21-nt phasiRNAs
and DCL5 for the 24-nt class based on expression timing (Song et al., 2012a; Arikit et al.,
2013). Dcl5 is a duplication of Dcl3 found in many monocots (Xia et al., 2019). Proof that
DCLS is required for 24-nt phasiRNA biogenesis, but not generation of other small RNAs,
comes from analysis of multiple dcl5 alleles in maize, which lack nearly all 24-nt
phasiRNAs (Teng et al., 2020). The entire 24-nt phasiRNA biogenesis pathway appears to
be regulated by MS23, a basic helix-loop-helix (bHLH) transcription factor that controls
the initial steps in tapetal differentiation. In maize ms23 mutants with defective tapetum
development, PHAS precursors, the normal suite of miR2275 types, Dcl5, and 24-nt
phasiRNAs are missing (Zhai ef al., 2015; Nan et al., 2017); additionally, several

thousand protein-coding genes are mis-regulated (Nan et al., 2017).

Biogenesis of phasiRNAs in grasses parallels that of trans-acting small interfering
RNAs (tasiRNAs) (Arikit et al., 2013; Deng et al., 2018). The tasiRNAs interact with
mRNAs and result in mRNA degradation or block translation by virtue of
complementarity. Arabidopsis thaliana has four TAS gene families -- TAS1, TAS2, TAS3,
and TAS4 -- and they are present at eight genetic loci (Allen ef al., 2005; Rajagopalan et
al., 2006). In addition to targeting mRNAs, 21-nt tasiRNAs from TAS3c and TASIa were
reported to direct DNA methylation at their cognate 74S-encoding loci (Wu et al., 2012;
Wu, 2013), a type of regulation defined as “in cis” in the plant small RNA community.
Elevated DNA methylation of the 74S3c locus requires DCL1, while multiple DCLs
contribute to DNA methylation of TAS! loci (Wu et al., 2012; Wu, 2013). Although 24-nt
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maize phasiRNAs are proposed to be synthesized in the tapetum (Teng et al., 2020), they
also accumulate in meiocytes (Zhai ef al., 2015). Dukowic-Schulze et al. (2016) proposed
that phasiRNA could be involved in cis DNA methylation at their own loci, because they
detected elevated CHH DNA methylation at PHAS loci in zygotene stage maize meiocytes
and in whole anthers compared to levels in seedlings. In mammalian testes, a small
fraction of piIRNAs maintain genome integrity by epigenetically silencing transposons via
DNA methylation, especially in germline stem cells (Aravin ef al., 2007; Le Thomas et al.,
2013; Luteijn & Ketting, 2013; Fu & Wang, 2014; Zhai et al., 2015); this possible

function has not been explored for 24-nt plant phasiRNAs, however, the plant phasiRNAs

are not complementary to known transposons.

Building on the foundation established by Dukowic-Schulze et al. (2016), we wished to
address two questions. First, do the 24-PHAS loci of anthers acquire elevated CHH DNA
methylation after synthesis of the 24-nt phasiRNAs or do anthers have a constitutively
elevated level? Second, if there is developmental regulation of CHH DNA methylation,
does it occur after transcriptional activation of 24-PHAS loci or does it require successful
generation of the 24-nt phasiRNA products? To answer these questions and explore the
potential role of 24-nt phasiRNAs in maize DNA methylation, we generated sequence
capture bisulfite-sequencing data from two male sterile mutants, dcl5-1 and ms23, where

24-nt phasiRNAs are highly reduced or eliminated, and their control plants.
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MATERIALS AND METHODS
Plant materials

Maize was grown in a greenhouse at Stanford, CA with a 14-h day (28 °C)/ 10-h night

(22 °C) light cycle. Dissected anthers were staged using a micrometer.

For the dcl5 mutant, we utilized the dcl5-1 allele with a one-base pair deletion in the
coding region of the Dcl5 gene (Teng et al., 2020). We started with the T, generation
heterozygous dcl5-1//+ plants in the Hill background. After several generations of
self-crossing or crossing among sibling plants, we obtained T3 and T, generation 1:2:1
populations for dissecting the anthers of the homozygous dcl5-1 (dcl5-1//dcl5-1) mutant
and its wildtype fertile control (+//+). For ms23, a 1:2:1 population of ms23-ref in the
ND101 background introgressed several times into the W23 inbred line was used; anthers
from the homozygous ms23 (ms23//ms23) mutant and its fertile control (ms23//+ or +//+)
were collected. To simplify figure labeling, the fully fertile sibling plants compared to
mutants in the same family are referred to as “control plants”. Table S1 provides detailed

information about the biological samples.
WGBS library preparation and data analysis

Whole genome bisulfite sequencing (WGBS) was performed using 0.5 mm, 2.0 mm, and
4.0 mm W23 anthers. DNA was extracted from each sample using CTAB, and libraries
were prepared for WGBS as previously described (Urich ef al., 2015). Sequencing was
performed on a HiSeq 2000 platform and generated 101-bp paired reads, followed by
quality control using FASTQC and adaptor trimming using Trim Galore. For each sample,
reads were aligned to the maize B73 reference genome B73  AGPv4 (Jiao et al., 2017) by
BSMAP (Xi & Li, 2009). We calculated the methylation level for each cytosine using
methratio.py in BSMAP in the uniquely mapped, duplication-removed and properly paired

reads.

ViewBS was utilized to construct the plots based on WGBS data (Huang et al., 2018).
Briefly, the 2 kb up- and down-stream regions of 21- and 24-PHAS loci, protein-coding
genes, and transposons (TEs), and their body regions were divided into 100, 60, and 100
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bins, separately. Then, the methylation level of each bin was summarized by dividing
detected methylated cytosines (#C) by total cytosines (#C and # delta T) (Schultz et al.,
2012).

Sequence capture bisulfite-sequencing library preparation and data mapping

To gain high-resolution methylation profiles for 24-PHAS loci, we chose ~20,000 specific
regions from the B73 genome, including 176 24-PHAS and 463 21-PHAS loci (Zhai et al.,
2015). We found that 122 of the 176 24-PHAS loci and 416 of 463 21-PHAS loci
identified in the B73 reference genome v4, contained a predicted miR2275 or miR2118
cleavage site (CS), and were used as analyzable PHAS loci in our study. The capture
probes of those regions were designed by Roche (Han et al., 2018). Briefly, we
constructed a standard genome bisulfite library and extracted capture target regions by
hybridization to probes as described previously (Li et al., 2014). Then the capture library
was sequenced on an Illumina MiSeq instrument using 150 cycles from both ends after
PCR amplification. The computational methods described for WGBS data were used to

analyze sequence capture bisulfite-sequencing data.

To plot the methylation profiles at 21- and 24-PHAS loci based on sequence capture
bisulfite-sequencing, the 200 bp upstream region, transcribed regions prior to the CS, the
transcribed region after the CS, and the 200 bp downstream region were divided into 5, 15,
45, and 5 bins, respectively. The same strategy was utilized to calculate the DNA
methylation of each bin as for WGBS data.

Handling replicate samples: 1) The replicates of 2.0 mm anther of dc/5-1 mutant and its
controls were from the T3 and T4 generations; data were analyzed separately for
methylation level change among 21-PHAS and 24-PHAS loci. Subsequently, only the T
generation data were used, because of the relatively low coverage in the T, generation
dataset. 2) Regarding the replicates of 1.0 mm anthers, we used the average for the
analysis of methylation levels at 24-PHAS loci and 21-PHAS loci in the dcl5-1 mutant and
its controls in pre-meiotic (0.5 and 1.0 mm) and meiotic 2.0 mm anthers. Other biological

samples did not have replicates.
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sRNA-seq and RNA-seq library construction and sequencing

sRNA-seq and RNA-seq libraries were prepared as previously described (Mathioni et al.,
2017; Teng et al., 2020). In brief, total RNA was isolated and libraries were constructed
for dcl5-1 and its wild-type control, with two biological replicates, and sequenced using

the Illumina HiSeq2500 platform.

For sSRNA-seq data, adapters were trimmed by Trim Galore (version 0.6.0), and Bowtie
(version 1.2.2) (Langmead et al., 2009) was performed for the alignment with the
parameter “-q-e¢ 1 -131 -n 0 -p 5 -m 20 -a -S --nomaqround --chunkmbs 524" to the maize
B73 reference genome v4. Only uniquely mapped reads were used in this study. The
abundance of SRNA is normalized on the basis of the total count of mapped reads in that
sample. The abundance of 24-nt phasiRNAs in the ms23 mutant and its control was

calculated based on the published sSRNA-seq data from Zhai et al. (2015).

For RNA-seq data, read quality was checked using Fastp (Chen et al., 2018) and then
mapped to the maize B73 reference genome B73  AGPv4 (Jiao ef al., 2017) by Hisat2
(Kim et al., 2015). Only uniquely aligned reads, as input for StringTie (Pertea et al., 2015),

were used to calculate 24-PHAS transcript expression levels.

Updating the list of 24-PHAS loci in maize anthers

sRNA-seq data from 2.0 mm anthers of the control of the dc/5-1 mutant were used for
24-PHAS detection. Only 24-nt intervals were used for genome-wide phasing analysis,
and the phasing scores were calculated as previously described (De Paoli et al., 2009).
With the criterion of a phasing score higher than 25 plus a manual check, we had an

updated list of 151 24-PHAS loci, 23 of which were newly identified.
Identification of 24-PHAS in the 2.0 mm dcl5-1 mutant anthers

Considering the relatively low abundance of 24-nt small RNAs mapped to 24-PHAS in
dcl5-1 2.0 mm anthers, we required the largest phasing score of one 24-nt siRNA per

locus to be greater than or about 20. For some examples with an obviously good phasing
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pattern -- at least 3 continuous and high phasing score elements with a 24-nt spacing

interval by manual checking -- the largest phasing score can be low as 15.
CHH DMR detection

To detect differentially methylated regions, we summarized CHH methylation levels for
each 50-bp non-overlapping sliding window with CHHs and at least 10 reads, dividing
detected methylated cytosines (#C) by total cytosines (#C and # delta T). Then, the
p-value of Fisher’s exact test was calculated for each window, to weigh the significance of
allele bias. The criteria were as follows: 1) Q-values (converted by p-value) < 0.05
between the DNA methylation level of the mutant and its control; 2) absolute methylation
difference between wild-type and mutant> 5%; 3) and the change relative to wild-type
((wild-type - mutant)/wild-type) greater than 40%. Finally, we combined the adjoining
windows detected as DMRs within 200 bp, and then recalculated the percentage using the

same strategy.
Abundant 24-nt siRNA position detection

Because we observed that 24-nt phasiRNAs are unevenly distributed across individual
24-PHAS loci, we defined the 24-nt siRNA with the highest number of normalized reads
as the most abundant 24-nt siRNA position. Further, if other 24-nt siRNA positions
possessed a representation level at least half as high as the most abundant 24-nt siRNA

position, we also considered these 24-nt siRNA positions as abundant positions.
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RESULTS

24-PHAS exhibited increased CHH DNA methylation only at the meiotic stage of

maize anther development

Meiosis is an essential stage in sexual reproduction. To explore if any DNA methylation
changes occur before, during, or after meiosis, we performed low-coverage whole genome
bisulfite sequencing at three stages of W23 inbred anther development: 0.5 mm anther
length (cell proliferation and differentiation), 2.0 mm (prophase I of meiosis), and 4.0 mm
(microspore development) anthers (Kelliher & Walbot, 2011) (Fig. 1a-c¢; Table S1). First,
the average levels of CG, CHG, and CHH methylation were determined for each stage
(Fig. 1d-f). The W23 anthers had DNA methylation levels for the CG (75%), CHG (60%),
and CHH (2%) contexts that are similar to levels in other inbred lines and tissues
examined in previous studies (Li et al., 2014; Zhang et al., 2014). Second, we compared
DNA methylation of protein-coding genes, transposons (TEs), and the PHAS loci among
these three stages. The up- and down-stream regions of protein-coding genes display
elevated CHH context DNA methylation at the 2.0 mm stage: about 2-3 times higher than
either the 0.5 or 4.0 mm stage (Fig. 1i). In contrast, there is no major DNA methylation
change in the CG and CHG contexts in the gene body regions of protein-coding genes or
any contexts for the TEs across the three stages (Fig. 1j, Fig. Slc, d, g, h). Prior work has
shown that the 21-nt phasiRNAs peak in abundance by 0.5 mm while the 24-nt
phasiRNAs peak at 2.0 mm (Zhai et al., 2015), therefore, we determined if the
corresponding PHAS loci are differentially methylated at these stages or show any
differences relative to protein-coding genes (Fig. 1g, h, Fig. S1a, b, e, f). As with
protein-coding genes, no major DNA methylation differences were found in the CG or
CHG context across the three stages for either the 21- or 24-PHAS loci (Fig. Sla, b, e, f).
Strikingly, in the CHH context, both 21- and 24-PHAS transcribed regions exhibit the
highest DNA methylation at 2.0 mm, followed by 0.5 mm; the lowest level occurred at the
4.0 mm stage (Fig. 1g, h).

To quantify the stage-specific effects of CHH DNA methylation at various genomic

features, we separately analyzed their relative DNA methylation changes compared to the
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0.5 mm stage (Fig. 1k). All regions analyzed exhibit increased CHH methylation at the 2.0
mm stage and reduced CHH methylation at 4.0 mm suggesting dynamic levels of CHH
methylation during anther development. Further, we observed that the CHH methylation
levels of the transcribed and the up-stream regions of 24-PHAS loci, as well as the up- and
down-stream regions of protein-coding genes, are more than 50% higher than that of the
0.5 mm stage (Fig. 1k). Taken together, these results suggest that 2.0 mm meiotic anthers
exhibit distinct CHH DNA methylation patterns and establish that there is developmental

regulation of this epigenetic feature.

Elevated CHH DNA methylation of 24-PHAS at the meiotic stage is related to the
presence of 24-nt phasiRNAs

The period of peak DNA methylation at 2.0 mm was investigated further with sequence
capture bisulfite-sequencing to enrich for PHAS loci. Our main question was whether the
elevated CHH DNA methylation on 24-PHAS at the 2.0 mm stage depends on the
activation of transcription of the loci or on 24-nt phasiRNA abundance. Two male-sterile
maize mutants with a profound loss of 24-nt phasiRNAs were utilized. In the ms23 mutant
-- MS23 encodes a master transcriptional regulator of tapetal development -- few 24-PHAS
transcripts exist, there are almost no 24-nt phasiRNAs, and Dcl5 is not expressed (Nan et
al.,2017). In the downstream dcl5-1 mutant, 24-PHAS transcripts are as high or higher
than in the control plants, however, in the absence of DCLS protein, very few 24-nt
phasiRNAs are present (Teng et al., 2020). Analysis of these two mutants can distinguish
whether transcriptional activation of the 24-PHAS loci or the production of 24-nt
phasiRNAs are required for the change in CHH context DNA methylation at 24-PHAS

loci in 2.0 mm anthers.

To pursue the analysis, we generated in-depth, sequence capture bisulfite-sequencing
data, as well as SRNA-seq data for 2.0 mm anthers of fully sterile homozygous dcl5-1
mutants, and the control plants in the T; generation (see the Materials and Methods
section). In the dc/5-1 anthers, CG and CHG DNA methylation levels are
indistinguishable from control plants (Fig. 2a, b). There was obviously reduced DNA
methylation in the CHH context within the transcribed region of 24-PHAS loci,
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particularly 3° of the miRNA cleavage site (CS), in the dcl5-1 sterile individuals,
compared to its control (Fig. 2¢). In contrast, 21-PHAS loci CHH methylation levels are
similar in dcl5-1 and its control anthers at 2.0 mm (Fig. S2), about 10 days after peak
transcript and 21-nt phasiRNA abundances (Zhai ef al., 2015). To confirm these results,
we generated sequence capture bisulfite-sequencing data from 2.0 mm anthers in Ty
generation plants. The substantial CHH methylation difference was present in the
transcribed region of 24-PHAS loci, but not in the 21-PHAS loci in the dcl5-1 mutant (Fig.
S3). Because the sequence capture bisulfite-sequencing data from 2.0 mm anthers in the
T, generation plants were limited, we did further analysis with data from the T; generation

plants.

In analyzing the sequence capture bisulfite-sequencing data for the 2.0 mm anthers of
the ms23 mutant, we found slightly elevated CG and CHG DNA methylation in the
24-PHAS transcribed regions in the mutant compared to its fertile control (Fig. 2d, e).
Paralleling the results with dc/5-1, CHH DNA methylation levels were dramatically
reduced 3’ of the miR2275-mediated CS across the transcribed region compared to its
fertile control (Fig. 2f). In contrast, no major CHH DNA methylation difference was
observed at the 21-PHAS loci, and CG and CHG DNA methylation levels at these loci
were elevated in the mutant as was observed for the 24-PHAS loci (Fig. S4). We
concluded that these elevated CG and CHG DNA methylation levels in the ms23 mutant
do not compensate for reduced CHH methylation here, because it also occurred in
21-PHAS loci (without reduced CHH DNA methylation) as well. We propose that absence
of the MS23 protein (and failure of tapetal cells to specify and differentiate) affected DNA
demethylases required to maintain the CG and CHG methylation in the genome. Because
the tapetal cells are such a large fraction (approximately one-third, Kelliher & Walbot,
2011) of all anther cells at 2.0 mm, significant changes in this one cell type will show up

in whole anther data.

Collectively, these data establish that defects in genes required for 24-nt phasiRNA
biogenesis result in lower CHH DNA methylation in the corresponding transcribed region

of 24-PHAS loci, with the most profound impact in the region immediately distal to the
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286  miR2275 CS. ms23 mutants lack both PHAS precursors and 24-nt phasiRNAs while

287 dcl5-1 mutant anthers contain abundant precursors (Teng et al., 2020), but few phasiRNA
288  products. Therefore, we conclude that the elevated CHH DNA methylation of 24-PHAS
289  loci at the 2.0 mm stage requires 24-nt phasiRNAs.

290  Differentially methylated regions in the CHH context at 24-PHAS loci

291  To explore methylation patterns, we identified the CHH-context differentially methylated
292 regions (DMRs) for the dc/5-1 or ms23 mutant and their control plants (Table S2; see the
293  Materials and Methods section). For the dc/5-1 mutant and its control, among 120

294  analyzable 24-PHAS loci, we identified dc/5-DMRs (DMRs between the dcl5-1 mutant
295  and its control in the CHH context, abbreviated as dc/5-DMRs) from 49 (49/120, 40.8%)
296  24-PHAS loci. There were a total of 70 dc/5-DMRs at these 49 loci; 19 loci had two or
297  three detected DMRs (Fig. S5). Among 70 dcl5-DMRs, 69 of the 70 DMRs display

298  decreased methylation in the dc/5-1 mutant. In contrast, among 407 analyzable 21-PHAS
299  loci, we only identified 34 dc/5-DMRs present in 32 (32/407, 6.9%) 21-PHAS loci and
300  only two loci had two DMRs; 30 of these DMRs display decreased methylation level in
301 the dcl5-1 mutant (Fig. SS). Therefore, DMRs involving lower CHH methylation levels,
302 comparing the dcl5-1 mutant to its controls, are more abundant in the 24-PHAS loci than

303 in the 21-PHAS loci in 2.0 mm anthers.

304 For the ms23 mutant and its control there are 96 DMRs located in 68 (68/118, 57.6%)
305 24-PHAS loci from 118 analyzable loci; again nearly all are hypomethylated (95/96

306 DMRs) (Table S2). Thirty DMRs were detected (30/398, 7.5%) among 398 analyzable

307 21-PHAS loci. There were 22 24-PHAS with two or three detected DMRs, and 46 with one
308 DMR, whereas only one DMR was detected in each 21-PHAS locus (Fig. S5). In summary,
309 DMRs at 24-PHAS loci are more abundant than those found at 21-PHAS loci in both the
310  dcl5-1 and ms23 mutants.

311 Next, we compared the representation of CHH DMRs in the two mutants. We found 28
312  shared DMRs, 41 dcl5 specific DMRs, and 67 ms23 specific DMRs (Fig. 2g, Table S2). If

313  we utilized a lower DMR identification criterion of an absolute methylation change of 2%,
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then >72% of the DMRs are shared by these mutants. As summarized in the heatmap in
Fig. 2g, almost all analyzable DMRs exhibit decreased CHH DNA methylation in both
mutants. Further analysis shows, for the shared 28 DMRs, that both the controls of the
dcl5-1 and ms23 mutant display relatively consistent CHH DNA methylation with the
median value of around 10%. In contrast, DMRs restricted to either dc/5-1 or ms23 have
relatively lower DNA methylation levels with the median value of around 5% in their
corresponding fertile controls (Fig. S6). We conclude that the elevated CHH DNA
methylation in 2.0 mm control anthers is focused on specific sites in 24-PHAS loci and

that the extent of CHH methylation depends on the presence of 24-nt phasiRNAs.
CHH DNA methylation at 24-PHAS loci normally increases at the meiotic stage

Having established that 24-PHAS loci in both dc/5-1 and ms23 mutant anthers exhibit low
levels of CHH DNA methylation after the CS and across the transcribed gene body at the
2.0 mm stage, we sought to distinguish whether this pattern reflected either (1) a failure to
maintain higher DNA methylation established at an earlier stage, or (ii) a failure to
increase DNA methylation at the 2.0 mm stage. The initial whole genome data presented
in Figure 1 established that overall CHH methylation peaked at 2.0 mm. The abundances
of 24-nt phasiRNAs from each loci peak at 2.0 mm, with low to moderate level at 1.0 mm,
and very low at 0.5 mm (Zhai et al., 2015): transitioning from 0.5 and 1.0 mm there is a
slightly increased expression level of 24-nt phasiRNAs, while at the 2.0 mm anther stage
there is copious 24-nt phasiRNAs.

We generated sequence capture bisulfite-sequencing data for 0.5 and 1.0 mm anthers of
the dcl5-1 mutant and its control (see the Materials and Methods section). First, we
compared the methylation patterns for both 21- and 24-PHAS in the three developmental
stages (0.5, 1.0, and 2.0 mm) from the control plants. No major DNA methylation
difference was observed in CG and CHG contexts for either the 21- or 24-PHAS across the
approximately 10 days of development (Fig. 3a, b, Fig. S7a, b). There was, however, an
obvious CHH DNA methylation difference in the transcribed regions of 24-PHAS loci 3’
of the microRNA CS with relatively low levels in pre-meiotic (0.5 and 1.0 mm) and

higher levels in meiotic (2.0 mm) anthers (Fig. 3¢); no such difference was observed for

This article is protected by copyright. All rights reserved



343
344
345
346
347
348
349
350
351

352
353
354
355
356
357
358
359
360

361
362

363
364
365
366
367
368
369
370
371

21-PHAS loci (Fig. S7¢). These data clarify that the CHH methylation observed in
24-PHAS loci in 2.0 mm anthers represents an increase from earlier stages paralleling both
normal development and production of 24-nt phasiRNAs. In the dc/5-1 mutant, CHH
methylation levels in the CS to the transcription termination site (TTS) region of 24-PHAS
loci are nearly constant across the three developmental stages and similar to control
anthers at the 0.5 and 1.0 mm stages (Fig. 3¢, f). The developmental analysis supports the
conclusion that elevated CHH methylation at 24-PHAS loci requires the 24-nt phasiRNAs.
A parallel analysis of 21-PHAS loci identified no obvious DNA methylation differences in
any context (Fig. S7d-f).

We analyzed CHH DNA methylation patterns of the dc/5-DMRs (detected between the
dcl5-1 mutant and its control at the 2.0 mm stage) in the 0.5 and 1.0 mm anthers. Almost
all dcl5-DMRs showed consistent low levels of CHH DNA methylation across these two
stages (Fig. 3g). Collectively, we conclude that the elevated CHH DNA methylation on
24-PHAS (but not 21-PHAS) in the 2.0 mm control anthers is highly related to the burst of
24-nt phasiRNAs. Therefore, we conclude that the elevated CHH DNA methylation of
24-PHAS loci is dependent on the presence of 24-nt phasiRNAs during the period when
both transcription of the loci and production of the small RNA products are normally very

high in the control anthers.

Abundant phasiRNAs are necessary but not specifically predictive of increased CHH
DNA methylation at individual 24-PHAS loci

There is a low to moderate level of 24-nt phasiRNAs present in 1.0 mm control anthers,
with a peak 6 days later at 2.0 mm (Zhai et al., 2015). Despite this, we did not observe an
increased CHH DNA methylation level in the 1.0 mm control anthers (Fig. 3¢), suggesting
that the methylation change requires abundant 24-nt phasiRNAs. We sought to answer the
question of whether increased CHH DNA methylation is correlated to the level of 24-nt
small RNAs derived from that location. First, we evaluated the CHH DNA methylation
level for five 24-PHAS subgroups, ranking loci by the levels of 24-nt phasiRNA
abundance in the controls of the dc/5-1 mutant. As shown in Fig. 4a, the median value of

the average CHH DNA methylation lowest abundance subgroup is around 3%, while the
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subsequent 4 subgroups steadily increase from 5% to 9% (Fig. 4a). Moreover, we found
that 24-PHAS with dcl5-DMRs tend to have a higher level of 24-nt phasiRNAs in control
plants (Fig. S8).

Second, we calculated the CHH DNA methylation levels and small RNA abundance for
each 24-PHAS locus. Obviously, almost all analyzable 24-PHAS loci display relatively
elevated CHH DNA methylation in the control plants, and much lower in both dc/5-7 and
ms23 mutants (Fig. 4b). Importantly, we also observed that 24-PHAS loci with the highest
CHH methylation are not the ones with the most abundant 24-nt phasiRNAs (Table S3).
In other words, the level of CHH methylation at individual 24-PHAS loci is not highly

correlated with the cumulative abundance of the 24-nt phasiRNA products of that locus.

When we investigated the distributions of 24-nt phasiRNA, as well as the dc/5- and
ms23-DMRs, we found that neither the 24-nt phasiRNAs nor the DMRs are evenly
distributed. Both show a higher abundance 3’ of the microRNA CS (Fig. S9). Additionally,
a higher proportion of ms23-DMRs was seen than of dc/5-DMRs across analyzable PHAS
(Fig. S9b), which is consistent with the differential abundance of 24-nt siRNAs on
24-PHAS in the ms23 (lower) and dcl5-1 (higher) mutants (Fig. 4b).

Finally, we examined small RNA and the DNA methylation patterns for individual
24-PHAS loci in the dcl5-1 and ms23 mutants and their controls. Fig. 4c and Fig. S10
display two examples: 24-PHAS NO291 (Fig. 4¢) and 24-PHAS NO132 (Fig. S10). For
24-PHAS NO291, based on the SRNA-seq data, there are two abundant 24-nt phasiRNA
positions after the miRNA CS in the controls of both the dc/5-1 and ms23 mutants; only a
few small RNA reads are detected in the dc/5-1 mutant, and almost no 24-nt phasiRNAs
were present in the ms23 mutant (Fig. 4¢). Based on the sequence capture
bisulfite-sequencing data, it is obvious that the controls possess higher CHH DNA
methylation levels across the whole 24-PHAS transcript compared to the dcl5-1 and ms23
mutants. Three DMRs after the CS were identified in the dcl5-1 mutant and its control,
while another three DMRs were detected in the ms23 mutant and its control. Two
ms23-DMRs partially overlap or are adjacent to the three DMRs detected in the dcl5-1

mutant. And for non-shared ms23-DMR regions, the methylation difference was also
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observed in dc/5-1 and its control plants. Similar patterns were observed in the

24-PHAS NO132 (Fig. S10).

Taken together, the high CHH DNA methylation at 24-PHAS requires the presence of
24-nt phasiRNAs, but the abundance of 24-nt phasiRNAs is not highly predictive of the
CHH methylation level at a PHAS locus, although a general low to moderate correlation

was observed (Fig. 4a and Fig. S11).

Only one or a few abundant 24-nt phasiRNA(s) accumulate from individual

24-PHAS and likely influence increased CHH DNA methylation

Surprisingly, despite being derived from the same precursor, the abundance of individual
24-nt phasiRNAs is highly variable across a locus, similar to the report of
non-stoichiometric yield of 21-nt reproductive phasiRNAs from their precursor transcripts
(Tamim et al., 2018). The reason for this is unclear: equivalent stoichiometry would be
predicted for each 24-nt phasiRNA from the same precursor, but this pattern is not true for
any of the expression abundance classes of 24-PHAS loci. Therefore, we can investigate
within individual loci, whether DMRs are correlated with the abundant 24-nt phasiRNA

positions at that locus.

To explore as many 24-PHAS loci as possible, we re-identified 24-nt phasiRNAs using
our newly generated SRNA-seq data of Hill line fertile anthers at the 2.0 mm stage, using
the same strategy as previously described (Zhai et al., 2015) (see the Materials and
Methods section). As a result, we detected 151 24-PHAS loci, 23 of which were newly
identified, compared with the list of 24-PHAS in the previous study of W23 anthers.
Among 176 published 24-PHAS in RefB73 v2 in Zhai et al. (2015), only 163 of them
were evident in RefB73 v4. Among these, only 128 of them were detectable in our
sRNA-seq data. Altogether, 186 24-PHAS have been detected in different datasets and
maize genome assemblies (Zhai ef al., 2015 in B73 v4) (Table S4).

By looking at the 24-nt small RNA distribution across these 24-PHAS individually, we
found that 24-PHAS NO132 and 24-PHAS NO291 each had only one or a few highly
accumulated 24-nt phasiRNA(s) in the fertile control of the dc/5-1 mutant (Fig. 4¢, Fig.
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S10). These are not exceptional cases as we observed that all PHAS loci tend to possess
one or a few highly accumulated 24-nt small RNA type(s), violating the expected
stoichiometry from a single precursor. Among 151 expressed 24-PHAS loci in our data, 96
(63.6%) have only one abundant 24-nt phasiRNA with a super-high accumulation level
(35.4 to 1.2 million-fold higher than the lowest accumulated 24-nt type). This is visualized
for 24-PHAS NO210 and 24-PHAS NO296 in the fertile control of the dc/5-1 mutant (Fig.
Sa, b). Another 35 (23.2%) 24-PHAS loci have two abundant positions, exemplified by
24-PHAS NO173 (Fig. S12a), and 20 (13.2%) have three to six abundant positions, as
found in 24-PHAS NO203 (Fig. S12b).

To address if the abundant 24-nt phasiRNA position is well correlated with elevated
CHH DNA methylation in 2.0 mm control anthers, we analyzed the methylation
distribution across 24-PHAS loci. As a result, the average value of the CHH DNA
methylation levels of the abundant 24-nt phasiRNA position was 4.6%, while other
regions with the lowest expressed 24-nt siRNAs were about 2.3%, and this two-fold
difference is highly significant (P value < 0.001 in the Wilcoxon signed-rank test) (Fig.
Se). The average abundance of small RNAs from abundant position(s) is around 3,200
reads per million, more than three orders of magnitude higher than the value of 2 in other
regions (Fig. 5f). Overall, these results indicate that within an individual locus and then
collectively in all highly expressed 24-PHAS loci, one or a few 24-nt phasiRNAs with

high abundance products are most likely resulting in the elevated DNA methylation levels.
Some 24-nt phasiRNAs accumulate in the dc/5-1 mutant, but not in ms23 anthers

The dcl5-1 mutants retain accumulation of some 24-nt small RNAs generated from
24-PHAS loci (Fig. S13). We were curious to know whether these small RNAs are actual
phasiRNAs or another class of small RNA. Interestingly, we observed fifty 24-PHAS loci
with 24-nt siRNAs generated in an obvious phasing pattern by manual check (phasing
score greater than 15, and passing our manual check, see the Materials and Methods
section) (Table S5). Compared to fertile anthers, however, the accumulation of these
phasiRNAs was 73-fold lower in dc/5-1 mutants at 2.0 mm. Therefore, other DCLs,
perhaps DCL3 given its propensity to process heterochromatic siRNAs into 24 nt lengths,
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substitute by slicing the abundant precursor transcripts, albeit inefficiently, when DCLS5 is
absent (Teng et al., 2020). In the ms23 mutant, none of the detected 24-nt small RNAs
exhibited a phasing pattern, as expected because there is no detectable expression of

24-PHAS loci.

Two representative examples of the distribution of 24-nt small RNAs in the 2.0 mm
dcl5-1 mutants are displayed in Fig. 5. Notably, only one 24-nt small RNA with highly
abundant accumulation is present in 24-PHAS NO296 and another in 24-PHAS NO210.
In both cases, these map 3’ of the miR2275 CS (Fig. Sa, b). Other 24-nt small RNAs
(minor peaks) from these two 24-PHAS loci have relatively low accumulation levels.
Importantly, the 24-nt siRNAs from 24-PHAS NO296 exhibited a clear phased pattern in
the dcl5-1 mutant (phasing score greater than 25), whereas 24-PHAS NO210 24-nt RNAs
were not in a phased pattern (Fig. 5S¢, d). Consequently, some 24-PHAS loci generate
24-nt siRNAs independently of the usual biogenesis of phasiRNAs.
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Discussion

This study sought to further explore the hypothesis that 24-nt phasiRNAs can impact
DNA methylation at their cognate loci, a type of cis regulation (Dukowic-Schulze ef al.,
2016). We first demonstrated that CHH DNA methylation levels are developmentally
regulated, being highest in 2.0 mm, mid-meiosis anthers compared to earlier or later stages.
In fertile anthers, CHH DNA methylation levels increase significantly at 2.0 mm, the stage
of peak 24-nt phasiRNA abundance. To distinguish whether transcriptional activation of
24-PHAS loci or the 24-nt phasiRNA products contribute to the observed CHH DNA
methylation increase, we analyzed two mutants: ms23, in which transcriptional activation
of the 24-PHAS loci fails to occur, and dcl5-1, in which transcript abundance is nearly
normal (Fig. S14), but far fewer 24-nt phasiRNA products exist. Both ms23 and dcl5-1
mutants failed to exhibit the elevated CHH methylation at the 24-PHAS loci found at 2.0
mm in normal anthers, suggesting that 24-nt phasiRNAs are necessary to direct increased
CHH DNA methylation at this developmental stage. Further support for a role of 24-nt
phasiRNAs in modulating CHH DNA methylation is provided by the observation that
elevated CHH DNA methylation of each 24-PHAS locus requires the abundant 24-nt small
RNA derived from that 24-PHAS. Additionally, within a locus, there is enormous
variation in the abundance of individual 24-nt phasiRNAs despite derivation from a
common precursor; this matches observations from 21-PHAS loci (Tamim et al., 2018).
The CHH DNA methylation level of the abundant 24-nt phasiRNA position is obviously
higher than that at the genomic positions corresponding to low abundance 24-nt siRNAs
across the locus (Fig. Se, f). Collectively, these three lines of evidence support the idea

that 24-nt phasiRNAs can direct increased CHH DNA methylation in cis.

In whole anthers, the detectable changes in DNA methylation will be from the abundant
somatic cells, not the meiocytes. The tapetum synthesizes 24-nt phasiRNAs (Zhai et al.,
2015; Teng et al., 2020) and both the ms23 and dc/5-1 mutants impact tapetal
development. Therefore, we propose that the CHH DNA methylation changes we
quantified reflect events in the tapetum. As CHH DNA methylation flanking genes

exhibits a positive relationship to gene expression (Gent et al., 2013), we speculate that
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the presumably tapetal CHH DNA methylation might regulate expression of these PHAS

loci (up or down) or help with chromatin compaction or binucleation of tapetal cells.

A reasonable question is whether cis-directed enhancement of methylation is the actual
or only function of 24-nt reproductive phasiRNAs. It seems somewhat unlikely, as it
would represent a closed circuit: highly expressed 24-nt phasiRNAs -> high CHH
methylation --> increase of PHAS transcription. At a minimum, our results do
demonstrate that 24-nt phasiRNAs are competent to direct CHH DNA methylation. This
could result from mis-loading, in an abundance-dependent manner into AGO4, the
Argonaute typically loaded with 24-nt heterochromatic siRNAs to direct DNA
methylation (Zilberman et al., 2003). Like the observations described here, 21-nt
reproductive phasiRNAs in rice and maize have been shown and validated to function in
cis to direct slicing of their own precursors (Tamim et al., 2018). But it is unclear also in
that case if this cis activity is the primary function of the phasiRNAs or an unintended
consequence of highly abundant small RNAs misloaded into the ‘wrong’ AGO protein.
Until we know the precise functions of 24-nt reproductive phasiRNAs, the AGO proteins
into which they are loaded, and their predominant targets if any exist, the importance of

the cis-directed DNA methylation reported here may remain unclear.
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Figure legends

Figure 1. 24-PHAS loci display stage-specific DNA methylation patterns during maize anther

development.

(a) to (c¢) Transverse sections of maize anthers at three length stages: 0.5 mm, cell proliferation and
differentiation (a); 2.0 mm, prophase I of meiosis (b); 4.0 mm, binucleate gametophyte (c).
Abbreviations: AR, archesporial cell(s); Mei, meiocytes; Msp, microspore; SPC, secondary parietal
cell(s); T, tapetum; ML, middle layer; EN, endothecium; E, Epidermis. Bars = 30 um. (d) to (f)
Genome-wide DNA methylation levels in the CG (a), CHG (b), and CHH (c¢) contexts at three stages.
Y axis shows the average CG DNA methylation level (d), CHG methylation level (e), and CHH
methylation level (f). (g) to (j) CHH DNA methylation profiles in the transcribed regions and 2 kb
before and 2 kb after the 21-PHAS loci (g), 24-PHAS loci (h), protein-coding genes (i), and
transposons (TEs) (j). Y axis is the CHH methylation level (g-j). From (g) to (j), TSS indicates the
transcription start site, and TTS indicates the transcription termination site. (k) Percentage change in
CHH methylation levels of 2.0 and 4.0 mm anthers compared to the 0.5 mm stage at the 21-PHAS,
24-PHAS, protein-coding genes, and TEs, calculated as level in percent at 2.0 mm - 0.5 mm and 4.0
mm - 0.5 mm. Y axis displays the resulting % change relative to the 0.5 mm stage. From (d) to (k),
fertile anthers were dissected from the W23 inbred, and low-coverage whole genome bisulfite

sequencing data were used.
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Figure 2. DNA methylation levels at 24-PHAS loci in the dcl5-1 and ms23 mutants compared to

their control plants at the 2.0 mm stage of maize anthers.

These deep coverage data were generated using a sequence capture bisulfite-sequencing
strategy. (a) to (c) Plots of the three context methylation profiles at 24-PHAS in the dcl5-1
mutant (blue line) and the control plants (red line). (d) to (f) Alterations in the methylation
profiles at 24-PHAS in the ms23 mutant (purple line) and its control plants (gold line).
From (a) to (f), TSS indicates the transcription start site, CS indicates the microRNA
cleavage site in the precursor RNA transcript, and TTS indicates the transcription
termination site. MS (dcl5) and MS (ms23) indicates the male sterile dc/5-1 or ms23
mutant, while F (dc/5) and F (ms23) represents the controls for dc/5-1 and ms23 mutants.
Under the p-value < 0.001 as threshold, the significant bins were highlighted in grey
background in (¢) and (f). Only PHAS loci (N = 117 ~ 120, different numbers for each plot)
with >5 mapped reads were used for calculation, and the methylation level of each bin was
calculated using the weighted DNA methylation computing method (#C/(#C+#T))
(Schultz et al., 2012). (g) Heatmap plot of CHH DNA methylation levels for the
dcl5-Differentially Methylated Regions (DMRs identified between the dc/5-1 mutant and
its control plants) and ms23-DMRs (DMRs identified between the ms23 mutant and its
control plants). All DMRs identified in 24-PHAS loci were included in this analysis. The
label changing from white to dark blue color indicates increasing CHH methylation (%).

MS refers to male-sterile mutants, and F refers to the control plants.
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Figure 3. DNA methylation levels at 24-PHAS loci in the dcl5-1 mutant and its

control plants in maize pre-meiotic (0.5 and 1.0 mm), and meiotic 2.0 mm anthers.

Deep coverage data were generated using the sequence capture bisulfite-sequencing
strategy. (a) to (¢) Plot of the three context methylation profiles at 24-PHAS loci in the
control plants of the dcl5-1 mutant in 0.5 (orange line), 1.0 (purple line), and 2.0 mm (red
line) stage anthers. (d) to (f) Plot of the three context methylation profiles at 24-PHAS loci
in the dc/5-1 mutant in the 0.5 (light green line), 1.0 (pink line), and 2.0 mm (light blue
line) stage anthers. From (a) to (f), plots were compiled using the same strategy as
described for Fig. 2a-f. TSS, transcription start site; CS, the miR2275 cleavage site in the
precursor RNA transcript; and TTS, transcription termination site. Under the p-value <
0.001 as threshold, the significant bins were highlighted in grey background (between 1.0
and 2.0 mm) and orange background (between 0.5 and 2.0 mm) (g) Heatmap plot of CHH
DNA methylation levels for the dc/5-DMRs identified between the dc/5-7 mutant and its
control plants at the 2.0 mm stage at all three stages. The label changing from white to
dark blue color indicates increasing CHH methylation (%). MS refers to male-sterile, and

F refers to control plants.
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Figure 4. High CHH DNA methylation at 24-PHAS loci requires abundant 24-nt

small RNAs in maize.

(a) CHH DNA methylation levels of 5 subgroups of 24-PHAS with different levels of
small RNA abundance in the control plants of the dc/5-1 mutant. All detected 151
24-PHAS loci were divided into 5 subgroups, with their phasiRNA abundance ranging
from 102 to 103, 103 to 104, 10* to 103, 10° to 10, and 10° to 107 reads. Correspondingly,
the number of analyzable 24-PHAS loci is 8, 24, 51, 48, and 10, while the numbers of
un-analyzable examples are 2, 4, 3, 1, and 0. The CHH DNA methylation level was
calculated by weighted DNA methylation for two adjacent 50 bp windows with the
highest CHH DNA methylation level at the PHAS. MS indicates the dc/5-1 or ms23
mutant, while F (dcl5) and F (ms23) represent the control plants for dc/5-1 and ms23
mutants. Boxplot encloses the 25 - 75th percentiles (interquartile range); bold black line is
the median; the whiskers refer to values greater than interquartile range excluding outliers;
black dots refer to outliers. (b) Heatmap of 24-nt small RNA abundance calculated by
reads per million (RPM, blue scale) and CHH DNA methylation levels (red) for each
analyzable 24-PHAS (N = 120). The expression level of 24-nt phasiRNAs in the ms23
mutant and its control was calculated based on the published sSRNA-seq data from Zhai et
al., 2015. The control for dc/5-1 shows the loci ranked by DNA methylation level, and the
other seven rows correspond to this order. (¢) A view of 24-nt small RNA and CHH DNA
methylation patterns in control plants and two mutants across 24-PHAS NO291 locus and
flanking 200 bp regions. The top four graphs display the 24-nt siRNA abundance with
discontinuous line by reads per million (RPM), while the bottom four graphs show the
CHH DNA methylation percent in analyzable windows at PHAS loci. Each gray box
indicates a dcl5- or ms23-DMR. Dotted lines indicate the microRNA cleavage site.

Vertical gray bars represent 24 nt spacing.
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Figure 5. PhasiRNA abundances, CHH DNA methylation, and phased patterns
across the 24-PHAS NO210 and 24-PHAS NO296 loci in four genotypes at the 2.0

mm stage of maize anthers.

(a-b) phasiRNA abundance across the loci 24-PHAS NO210 (a) and 24-PHAS NO296 (b)
in the dc/5-1 and ms23 mutant, and their controls. (c-d) Phased patterns at

24-PHAS NO210 (¢) and 24-PHAS NO296 (d) in the dcl/5-1 and ms23 mutant, and their
controls. Dotted lines indicate the microRNA cleavage site. Vertical gray bars represent
24 nt spacing. MS indicates the dc/5-1 or ms23 mutant, while F (dc/5) and F (ms23)
represent the control plants for dc/5-1 and ms23 mutants. (e) Comparison of CHH DNA
methylation of the abundant 24-nt phasiRNA positions (this corresponds to the peak
region with super highly expressed 24-nt phasiRNA(s)) and other regions (with no or
lowly expressed 24-nt phasiRNAs) at the 24-PHAS. One hundred and forty 24-PHAS loci
were used here. (f) Comparison of 24-nt small abundance from the abundant 24-nt
phasiRNA positions and other regions on 24-PHAS loci. Boxplot encloses the 25 - 75th
percentiles (interquartile range); bold black line is the median; the whiskers refer to values
greater than interquartile range excluding outliers; black dots refer to outliers. One

hundred and fifty-one 24-PHAS loci were used here.
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Supporting Information

Fig S1. CG and CHG DNA methylation profiles in the transcribed regions and 2 kb before
and 2 kb after the 21-PHAS, 24-PHAS, protein-coding genes, and transposons (TEs).

Fig S2. DNA methylation levels across the 21-PHAS transcribed regions and flanking 200
bp regions in the CG, CHG, and CHG contexts at the 2.0 mm stage of the dc/5-1 mutants
(MS) and its controls (F) in a family segregating 3:1 for sterile individuals.

Fig S3. DNA methylation levels at 24-PHAS and 21-PHAS transcribed regions and
flanking 200 bp regions in 2.0 mm anthers.

Fig S4. DNA methylation levels within the transcribed regions and flanking 200 bp
regions of 381 to 400 21-PHAS loci (analyzed based on presence in a dataset) in the CG,
CHG, and CHG contexts in 2.0 mm anthers.

Fig S5. Differentially methylated region (DMR) counts at 24-PHAS and 21-PHAS loci
with dcl5- or ms23-DMRs at the 2.0 mm stage.

Fig S6. CHH DNA methylation distribution of DMRs specific to dc/5-1 mutant, shared by
dcl5-1 and ms23 samples, and ms23-specific DMRs.

Fig S7. DNA methylation levels at 21-PHAS loci in the dcl5-1 mutant and its control in

pre-meiotic (0.5 and 1.0 mm), and meiotic 2.0 mm anthers.

Fig S8. Comparison of 24-nt phasiRNA abundance for 49 24-PHAS with dcl5-DMR(s)
and 71 24-PHAS without detectable DMR(s).

Fig S9. Distribution of 24-nt small RNAs and 24-PHAS with dcl5- or ms23-DMRs across
24-PHAS loci plus the 200 bp flanking regions in the dcl/5-1 and ms23 mutants and their

fertile controls.

Fig S10. A view of 24-nt small RNA and CHH DNA methylation patterns in two mutants,
dcl5-1 and ms23, and their fertile controls across locus 24-PHAS NO132 and its 200 bp

flanking regions.
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Fig S11. Correlation between the abundance of 24-nt phasiRNAs and CHH methylation
level at 24-PHAS.

Fig S12. 24-nt small RNA distribution plotted across the transcribed regions of the
24-PHAS NO173 and 24-PHAS NO203 loci in the control (F) of the dc/5-1 mutant at the

2.0 mm stage.
Fig S13. Abundance of 24-nt phasiRNAs from 151 24-PHAS loci in the 2.0 mm anthers.

Fig S14. The expression levels of all 24-PHAS loci in the two replicates of the dc/5-1

mutants and its control plants.

Table S1. Summary of whole genome bisulfite sequencing, sequence capture

bisulfite-sequencing, SRNA-seq, and RNA-seq libraries newly generated in this study.

Table S2. CHH DNA methylation levels of each dcl5- and ms23-DMR in the 2.0 mm

dcl5-1 and ms23 mutants and their fertile controls.
Table S3. 24-nt SRNA abundance and CHH methylation level of analyzable 24-PHAS loci.

Table S4. Updated list of 186 24-PHAS in maize (RefB73 v4) with the 24-nt small RNA

abundance calculated by reads per million (RPM) on each locus in the four genotypes.

Table S5. The largest phasing score of certain 24-nt phasiRNA on each 24-PHAS in the

dcl5-1 and ms23 mutants, as well as their controls.
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