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Abstract

Background: Small RNAs (sRNAs) including microRNAs (miRNAs) and small
interfering RNAs (siRNAs) serve as core players in gene silencing at transcriptional
and post-transcriptional levels in plants, but their subcellular localization has not yet
been well studied, thus limiting our mechanistic understanding of sRNA action.

Results: We investigate the cytoplasmic partitioning of sSRNAs and their targets
globally in maize (Zea mays, inbred line “B73") and rice (Oryza sativa, cv.
“Nipponbare”) by high-throughput sequencing of polysome-associated sRNAs and 3’
cleavage fragments, and find that both miRNAs and a subset of 21-nucleotide (nt)/
22-nt siRNAs are enriched on membrane-bound polysomes (MBPs) relative to total
polysomes (TPs) across different tissues. Most of the siRNAs are generated from
transposable elements (TEs), and retrotransposons positively contributed to MBP
overaccumulation of 22-nt TE-derived siRNAs (TE-siRNAs) as opposed to DNA
transposons. Widespread occurrence of miRNA-mediated target cleavage is observed
on MBPs, and a large proportion of these cleavage events are MBP-unique.
Reproductive 21PHAS (21-nt phasiRNA-generating) and 24PHAS (24-nt phasiRNA-
generating) precursors, which were commonly considered as noncoding RNAs, are
bound by polysomes, and high-frequency cleavage of 21PHAS precursors by miR2118
and 24PHAS precursors by miR2275 is further detected on MBPs. Reproductive 21-nt
phasiRNAs are enriched on MBPs as opposed to TPs, whereas 24-nt phasiRNAs are
nearly completely devoid of polysome occupancy.

Conclusions: MBP overaccumulation is a conserved pattern for cytoplasmic
partitioning of sSRNAs, and endoplasmic reticulum (ER)-bound ribosomes function as
an independent regulatory layer for miRNA-induced gene silencing and reproductive
phasiRNA biosynthesis in maize and rice.
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Background

RNA silencing via 21-24-nucleotide (nt) small RNAs (sRNAs) is a fundamental mech-
anism regulating plant gene expression and plays a crucial role in a wide range of plant
developmental processes and in responses to a variety of biotic and abiotic stresses [1,
2]. In general, plant sRNAs can be divided into two main categories, microRNAs (miR-
NAs) and small interfering RNAs (siRNAs). The biosynthesis of plant miRNAs begins
with the transcription of miRNA genes (MIRs) that are usually located in euchromatic
regions of plant chromosomes by RNA polymerase II (Pol II) [1, 2]. The resulting pri-
mary miRNAs are processed to hairpin precursor miRNAs (pre-miRNAs) by an RNase
III family protein DICER-LIKE 1 (DCL1) [1, 2], which further processes pre-miRNAs
into miRNA/miRNA* duplexes [2]. Subsequently, the miRNA/miRNA* duplexes are
2'-O-methylated on the 3’ terminal ribose by the methyltransferase HUA ENHANCER
1 (HEN1) [3]. The miRNA strands are selectively assembled into ARGONAUTEIL
(AGO1) to form miRNA-induced silencing complexes (miRISCs) [4, 5]. The miRISCs
recognize target genes through base pairing and modulate their expression post-
transcriptionally by mRNA cleavage or translation repression in the cytoplasm [1, 2].

In comparison to miRNAs, the origins, biosynthesis, and molecular functions of plant
siRNAs are more diverse. Heterochromatic siRNAs are derived from repetitive se-
quences and transposable elements (TEs). Their biogenesis entails transcription by
RNA polymerase IV (Pol IV), double-stranded RNA (dsRNA) formation by RNA-
directed RNA polymerase 2 (RDR2), processing of dsRNAs into 24-nt siRNA duplexes
by DCL3, methylation of siRNA duplexes by HEN1, and loading of siRNAs into AGO4
[2]. The heterochromatic siRNAs are recruited to target loci by nascent transcripts gen-
erated by RNA polymerase V (Pol V) [6] and guide the deposition of repressive chro-
matin marks such as DNA methylation or histone modifications [7]. Phased secondary
siRNAs (phasiRNAs), including trans-acting siRNAs (tasiRNAs), are a second class of
siRNAs. tasiRNAs have been extensively studied in Arabidopsis and are similar to miR-
NAs in that they are loaded into AGOL and repress target genes in trans at the post-
transcriptional level [2]. The biogenesis of tasiRNAs is triggered by miRNA-guided
cleavage of precursor transcripts, which are usually long noncoding transcripts. The
cleavage fragments are converted by RDR6 to dsRNAs, which are processed into 21-nt
siRNAs by DCL4 [5]. In Arabidopsis, TAS1 (tasiRNA-generating 1), TAS2, TAS3, and
TAS4 loci are targeted for tasiRNA biogenesis by miR173, miR390, and miR828, re-
spectively [8]. In maize and rice, a large number of PHAS (phasiRNA-generating) loci
located in non-repetitive genomic regions generate 21-nt and 24-nt phasiRNAs in an-
thers [9-11]. There are approximately 460 and 2000 21PHAS loci and approximately
170 and 50 24PHAS loci in the genomes of maize and rice, respectively [9-11]. The
transcripts from 21PHAS and 24PHAS loci in maize and rice are cleaved by miR2118-
and miR2275-engaged RISCs, respectively [9-11]. The cleavage fragments are further
processed by RDR6 and DCL4 to generate 21-nt phasiRNAs or by RDR6 and DCL5 to
generate 24-nt phasiRNAs [9-11]. Both 21-nt and 24-nt phasiRNAs act in germline de-
velopment of maize and rice [12—16]. Reproductive phasiRNAs in plants and piwi-
interacting RNAs (piRNAs) in animals share some characteristics, such as presence in
the germline, lack of sequence conservation, and being phased [17, 18].

In Arabidopsis, the TAS transcripts (the precursors to tasiRNAs) contain short open
reading frames (ORFs) and are associated with polysomes [19-21]. In fact, isolation of
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total polysomes (TPs) and membrane-bound polysomes (MBPs) followed by sRNA se-
quencing revealed the overaccumulation of miRNAs, including those that trigger pha-
siRNA biogenesis, in the MBP fraction. Indeed, 5 RACE-PCR detected miRNA-guided
cleavage events in the MBP fraction. Sequencing of ribosome-protected fragments in the
MBP fraction revealed the presence of TAS transcripts on MBPs. These findings suggest
that phasiRNA biogenesis is initiated on the rough endoplasmic reticulum (ER) [19]. In
contrast, Arabidopsis Pol IV-dependent siRNAs, a major component of the 24-nt sSRNA
population, are not associated with polysomes [19]. Strikingly, a recent study reveals the
association of mouse piRNA precursors with ribosomes [22]. The intriguing connection
between sRNAs and ribosomes in Arabidopsis and mouse prompted us to ask whether
such a connection is widespread. We chose to study maize and rice, two model monocots,
because they exhibit many differences in SRNA populations from Arabidopsis. For ex-
ample, besides conserved miRNAs, maize and rice have a large number of miRNAs not
found in Arabidopsis, including miR2118 and miR2275, which serve as triggers for 21-nt
and 24-nt phasiRNA biosynthesis in reproductive tissues of diverse monocots and dicots
but not in Arabidopsis [9-11, 23, 24]. TEs, a source of siRNAs, account for approximately
85% of the maize genome [25] but only approximately 10% of Arabidopsis genome [26],
suggesting different compositions of sSRNAs between the two species. Hundreds or even
thousands of PHAS loci have been identified in maize and rice [9-11], whereas only a very
small number of PHAS loci are present in Arabidopsis [19]. Furthermore, the observation
of the enrichment of miRNAs on MBPs is derived from Arabidopsis seedlings, while the
cytoplasmic partitioning of sSRNAs remains elusive in plant reproductive tissues [19].
These considerations thus promoted us to explore the subcellular compartmentation of
sRNAs in monocots across different tissues.

In the present study, we investigated the cytoplasmic partitioning of sRNAs via se-
quencing of polysome-associated sSRNAs in seedling shoots, immature ears, and imma-
ture tassels of maize (Zea mays, inbred line “B73”), as well as seedling shoots and
immature panicles of rice (Oryza sativa, cv. “Nipponbare”). MBP overaccumulation was
observed for miRNAs and a subset of 21-nt/22-nt siRNAs relative to TP across differ-
ent tissues. A large proportion of MBP-enriched siRNAs was derived from TEs, in par-
ticular retrotransposons as opposed to DNA transposons. We also performed parallel
analysis of RNA ends (PARE) to globally detect miRNA-guided cleavage events in in-
put, TP, and MBP samples. Results showed that miRNA-mediated target cleavage for
RNA degradation or reproductive phasiRNA biosynthesis widely occurred on MBPs.
Distinct cytoplasmic partitioning was observed for reproductive 21-nt and 24-nt pha-
siRNAs, with 21-nt phasiRNAs but not 24-nt phasiRNAs being enriched on MBPs.
PARE analyses detected widespread target cleavage on MBPs mediated by reproductive
21-nt phasiRNAs, thus revealing their functionality in gene regulation. Altogether, our
observations uncovered the profound and widespread involvement of ER-bound ribo-
somes in subcellular accumulation of sSRNAs and sRNA-target interactions in plants.

Results

Preparation of high-quality polysomal fractions from different tissues of maize and rice
To begin to understand the cytoplasmic partitioning of sSRNAs in monocots, we sought
to profile sSRNAs from raw extracts (Total), and TP and MBP fractions from various
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maize and rice tissues (Fig. 1a). Three independent preparations of Total, TP, and MBP
from immature ears and immature tassels of maize, and seedling shoots and immature
panicles of rice, and two independent preparations of Total, TP, and MBP from maize
seedling shoots were generated. The quality of TPs and MBPs was evaluated by both
polysome profile analysis and Western and Northern blotting. The integrity and purity
of polysomes were well documented in TP and MBP preparations from different tissues
of maize and rice (Additional file 1: Fig. S1, S2). These results indicate that high-quality
TPs and MBPs were successfully obtained for subsequent library construction.

Association of small RNAs with MBPs in maize and rice
RNA preparations from Total, TP, and MBP samples were resolved by 15% urea-PAGE
and sRNAs ranging from 15 to 40 nt were recovered for library construction. After re-
moving low-quality reads, more than 6 million and 10 million genome-matched se-
quences for each of the maize and rice libraries, respectively, were obtained, which
accounted for approximately 60% and 90% of the sequenced reads (Additional file 2:
Table S1). Moreover, the biological repeats for each sample were highly reproducible
(Additional file 1: Fig. S3). The relatively large proportion of genome-matched reads
and good reproducibility suggested high-quality sSRNA libraries in this study.
Normalization of sRNA read counts was performed against rRNAs instead of total
reads, because our previous study has shown that rRNA-based normalization is super-
ior when large differences in SRNA composition (miRNA vs. siRNA) are present among
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samples [19]. After normalization, we initially analyzed the sRNA size distribution in
Total, TP, and MBP libraries of maize and rice. The Total sSRNA population was char-
acterized by two peak size classes of 24 nt and 21 nt for immature tassels and immature
panicles, of 24 nt and 22 nt for maize seedling shoots and immature ears, and of 24 nt
and 20 nt for rice seedling shoots (Fig. 1b, d; Additional file 1: Fig. S4A, C, E). These
peak sizes are largely consistent with previous findings; variable peak sizes have been
observed in previous studies and might depend on plant species, tissue types, develop-
mental stages, environmental conditions, etc. [27-29]. The association of sSRNAs with
TPs and MBPs was clearly revealed in all maize and rice tissues (Fig. 1b, d; Add-
itional file 1: Fig. S4A, C, E), an observation consistent with previous findings in Arabi-
dopsis [19], suggesting that polysome association is a conserved pattern for sRNA
cytoplasmic partitioning in plants.

The sRNA populations in TP and MBP samples were dramatically distinct from Total
samples. For TP samples from maize and rice, the abundance of the three functional
size classes (21 nt, 22 nt, and 24 nt) was all decreased in comparison to Total samples
(Fig. 1b, d; Additional file 1: Fig. S4A, C, E). This is similar to the observation from
Arabidopsis showing lower levels of 21-nt and 24-nt sRNAs in TP as compared to
Total [19]. The incorporation of different tissues in this study allowed for comparison
to derive trends and differences. Among all tissues, the reduction in SRNA abundance
was much greater for the 24-nt size class than that for the other two functional size
classes, and as a result, SRNAs in TP displayed an obviously skewed size distribution to-
wards 21 nt and/or 22 nt relative to Total samples (Fig. 1b, d; Additional file 1: Fig.
S4A, E). To quantify this trend, we examined the ratios of 21-nt to 24-nt sSRNAs and
22-nt to 24-nt sRNAs. These ratios were significantly higher in TP vs. Total for most
samples (Fig. 1c, e; Additional file 1: Fig. S4B, F). The only exception was immature
ears (Additional file 1: Fig. S4C, D). Thus, it can be concluded that most 24-nt sRNAs
are not polysome-associated. This is consistent with observations from Arabidopsis [19,
30, 31]. The sRNA profiles of MBP samples were largely similar to those of TP samples,
except that the skewing towards higher abundance of 21-nt and 22-nt sSRNAs was more
pronounced than TP; the 21 nt/24 nt and 22 nt/24 nt ratios were all significantly higher
in MBP samples than Total (Fig. 1c, e; Additional file 1: Fig. S4B, D, F). The skewing
towards higher abundance of 21-nt sSRNAs in the MBP fraction is also observed in Ara-
bidopsis [19].

However, we noted one difference between the MBP sRNA profiles from maize and
rice and those from Arabidopsis. In Arabidopsis, the 21-nt peak is much larger for
MBP sRNAs than both Total and TP sRNAs, reflecting the enrichment of miRNAs in
the MBP fraction [19], but this was not observed in maize and rice. This discrepancy
might be attributed to the different proportions of miRNAs in the sSRNA populations
between Arabidopsis and the two grasses used in this study. We categorized the sRNAs
in each functional class (21 nt, 22 nt, and 24 nt) based on their genomic origins into the
following groups: (I) miRNAs; (II) TE-derived siRNAs (TE-siRNAs), sSRNAs mapped to
annotated TE loci; (IIT) gene-derived siRNAs (G-siRNAs), sSRNAs mapped to annotated
genes; (IV) promoter-derived siRNAs (P-siRNA), sSRNAs mapped to promoter regions,
which were defined as 1-kb regions upstream of translation start codons of annotated
genes in maize and rice genomes; and (V) intergenic region-derived siRNAs (I-siRNAs),
sRNAs mapped to genomic regions except MIR, TE, gene loci and promoter regions. In
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MBP samples of both grasses, we found that the majority of 21-nt SRNAs were siRNAs
including TE-siRNAs, I-siRNAs, G-siRNAs, and P-siRNAs, while miRNAs only occu-
pied a very small proportion (Additional file 1: Fig. S5); on the contrary, miRNAs are
the major component of 21-nt sSRNAs in the MBP fraction of Arabidopsis, while siR-
NAs account for a minor proportion [19]. As shown below, although miRNAs were
enriched in MBP fractions of maize and rice, their small proportion in the 21-nt class
was likely the cause of a less prominent 21-nt peak in the MBP samples.

Retrotransposon and DNA transposon siRNAs are differentially associated with MBPs in
maize

Because of the large contribution of TEs to the maize genome [25] and the sRNA
population (Additional file 1: Fig. SSA—C), we characterized siRNA-generating TE loci
and the cytoplasmic partitioning of TE-siRNAs in maize. In Total samples, TE-siRNAs
consisted of two prominent size classes (22 nt and 24 nt) (Additional file 1: Fig. S6A—
C), which were generated from 43,802 and 107,166 TE loci for maize seedling shoots,
81,127 and 152,987 TE loci for immature ears, and 82,890 and 154,256 TE loci for im-
mature tassels, respectively (Additional file 1: Fig. S6K, L). Similar size distribution of
TE-siRNAs was also observed in rice (Additional file 1: Fig. S6D, E) and Arabidopsis
[32]. In comparison to maize seedling shoots, much more TE loci gave rise to siRNAs
in immature ears and immature tassels (Additional file 1: Fig. S6K, L). This probably
accounted for the differences in sSRNA abundance among different maize tissues
(Additional file 1: Fig. S6A—C). TE-siRNAs were associated with TPs and MBPs in
maize, but abundance of the two predominant size classes (22 nt and 24 nt) was de-
creased relative to Total samples (Additional file 1: Fig. S6A—C), suggesting that most
siRNAs are not polysome-associated. A greater reduction for the 24-nt size class was
observed than that for the 22-nt size class of TE-siRNAs (Additional file 1: Fig. S6A-C).
As a result, a skewing towards the 22-nt size class was observed for polysome-associated
TE-siRNAs, especially MBP-associated TE-siRNAs from immature ears and immature
tassels, in comparison to Total samples (Additional file 1: Fig. S6F—H). Similar skewing of
TE-siRNAs was observed in rice as well (Additional file 1: Fig. S6L, J).

We next sought to deduce the subcellular distribution of TE-siRNAs by comparing
their abundance between TP and Total, and between MBP and TP. We classified TE
loci based on fold change of siRNA abundance > 2 and P value < 0.05 into four groups:
(I) TE loci with siRNAs that were polysome-depleted, (II) TE loci producing siRNAs
that were polysome-associated, (III) TE loci with siRNAs that were likely on free
polysomes (FPs), and (IV) TE loci with siRNAs enriched on MBPs (Fig. 2a, b;
Additional file 1: Fig. S7A, B, S8A, B).

For the 22-nt size class, Group I constituted the largest proportion among the four
groups regardless of the tissue type (8958 TE loci for maize seedling shoots, 41,197 for
immature ears, and 14,857 for immature tassels) (Fig. 2a; Additional file 1: Fig. S7A,
S8A; Additional file 3: Table S2), suggesting that most 22-nt TE-siRNAs are not
polysome-associated. Intriguingly, Group IV occupied the second largest proportion,
with 466 loci for maize seedling shoots, 12,223 loci for immature ears, and 4851 loci
for immature tassels (Fig. 2a; Additional file 1: Fig. S7A, S8A; Additional file 4: Table
S3), suggesting that the 22-nt TE-siRNAs, if polysome-associated, are on MBPs. The
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Fig. 2 Retrotransposons and DNA transposons contribute differentially to polysome association of TE-
derived siRNAs in maize. a Identification of 22-nt TE-siRNAs that were differentially accumulated between TP
and input (Total) (left panel), and between MBP and TP (right panel) in maize immature tassels. b
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associated,” “TE loci with 22-nt or 24-nt siRNAs that were likely on free polysomes (FPs)," and “TE loci with
22-nt or 24-nt siRNAs enriched on MBPs," respectively

MBP overaccumulation of 22-nt TE-siRNAs suggested that ER might be a novel regula-
tory layer for TE-siRNA-mediated PTGS (post-transcriptional gene silencing), which
deserves future investigation.

For the 24-nt size class, Group I also constituted an overwhelming majority among
the four groups (Fig. 2b; Additional file 1: Fig. S7B, S8B; Additional file 5: Table S4),
suggesting that most 24-nt TE-siRNAs are not polysome-associated. This is consistent
with the known functions of 24-nt siRNAs in RADM (RNA-directed DNA methylation)
in the nucleus [33, 34]. In fact, most of the Group I loci for 22-nt siRNAs were identi-
cal to Group I loci for 24-nt siRNAs (Fig. 2¢c; Additional file 1: Fig. S7C, S8C), indicat-
ing that some of the loci generating 24-nt, non-polysome-associated siRNAs also
generated 22-nt siRNAs that were non-polysome-associated. While an overwhelming
preference for MBP was observed for the polysome-associated, 22-nt siRNAs, this was
not found for polysome-associated, 24-nt siRNAs (compare Fig. 2a, b; Additional file 1:
Fig. S8A, B). In fact, most TE loci that produced 22-nt, MBP-associated siRNAs



Yang et al. Genome Biology (2021) 22:15 Page 8 of 31

generated 24-nt, non-polysome-associated siRNAs (Fig. 2¢; Additional file 1: Fig. S7C,
S8C). As 22-nt siRNAs likely function in PTGS, it is possible that the MBP-associated
22-nt siRNAs repress TE RNAs and protein-coding genes through RNA cleavage or
translation repression. Consistent with this, the loci that generated 22-nt, MBP-
associated siRNAs are enriched for retrotransposons and depleted for DNA transpo-
sons (Fig. 2d; Additional file 1: Fig. S7D, S8D). We prepared PARE libraries with the
same RNAs used for sRNA libraries with the initial goal of identifying miRNA-guided
cleavage. Here, we also took advantage of the PARE libraries to identify potential tar-
gets of MBP-associated 22-nt siRNAs in maize. Among the 100 most abundant MBP-
associated, 22-nt siRNAs, 6, 11, and 10 were found to target TEs for cleavage in Total,
TP, and MBP samples, respectively; and among the 500 most abundant MBP-
associated, 22-nt siRNAs, 17, 16, and 22 were found to target protein-coding genes for
cleavage in Total, TP, and MBP samples, respectively (Additional file 6: Table S5;
Additional file 7: Table S6).

Association of miRNAs with MBPs displays tissue-to-tissue variations in maize and rice

In Arabidopsis, miRNAs display a striking MBP enrichment relative to polysomes
in general in an AGO1-dependent manner [19]. We sought to test whether miR-
NAs in maize and rice were also polysome-associated, and if so, whether they were
enriched in the MBP fraction. We determined miRNA abundance in Total, TP,
and MBP sRNA libraries from the five maize and rice tissues. Indeed, miRNAs
were detectable in both TP and MBP fractions, demonstrating the association of
miRNAs with polysomes in both grasses (Fig. 3a, ¢; Additional file 1: Fig. S9A, C,
E). In all five tissues, the relative abundance of miRNAs peaked at 21 nt followed
by 20-nt and 22-nt size classes regardless of their cellular fractions (Fig. 3a, ¢;
Additional file 1: Fig. S9A, C, E). Comparing the overall abundance of miRNAs
among Total, TP, and MBP, we found two commonalities among the five tissues:
(1) the abundance of miRNAs in Total samples was constantly higher than that in
TP factions and (2) the abundance of miRNAs in MBP fractions was generally
higher than that in TP fractions with the only exception being maize shoots
(Fig. 3a, ¢; Additional file 1: Fig. S9A, C, E). Higher overall abundance in the MBP
fraction than the TP fraction was also observed for Arabidopsis miRNAs [19].

We then deduced the subcellular partitioning of miRNAs by comparing miRNA
abundance between TP and Total, and between MBP and TP in the five tissues. Based
on fold change > 2 and P value <0.05 in the comparisons, miRNAs were assigned into
the following four groups: (I) miRNAs that were polysome-depleted, (II) miRNAs
enriched on polysomes, (III) miRNAs that were associated with polysomes but MBP-
depleted, and (IV) miRNAs that were MBP-enriched (Fig. 3b, d; Additional file 1: Fig.
S9B, D, F). We found that Group I (96 miRNAs for maize seedling shoots, 95 for im-
mature ears, 100 for immature tassels, 111 for rice seedling shoots, and 188 for imma-
ture panicles) accounted for the largest proportion among the four groups (Fig. 3b, d;
Additional file 1: Fig. S9B, D, F; Additional file 8: Table S7), suggesting that many miR-
NAs accumulate in the polysome-depleted fraction (perhaps cytosol) in the cell. Group
IV (19 for maize seedling shoots, 23 for immature ears, 45 for immature tassels, 53 for
rice seedling shoots, and 68 for immature panicles) was the second largest among the
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four groups (Fig. 3b, d; Additional file 1: Fig. S9B, D, F; Additional file 9: Table S8), fur-
ther supporting the notion that MBP represents a major subcellular pool for miRNAs

in both grasses.

Northern blotting was then applied to specific miRNAs exhibiting particular patterns
of subcellular partitioning as determined by sRNA-seq: miR390a/b-5p (polysome-de-
pleted), miR528a/b-5p (MBP-enriched), miR529-5p (polysome-depleted and MBP-
enriched), and miR529-3p (polysome-depleted) in immature tassels, and miR390-5p
(polysome-depleted) and miR528-5p (MBP-enriched) in immature panicles (Fig. 3e;
Additional file 8: Table S7; Additional file 9: Table S8). The levels of these selected
miRNAs in Total, TP, and MBP samples as determined by Northern blotting were con-

sistent with results from sRNA-seq (Fig. 3e, f).

Page 9 of 31
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miRNA-mediated target cleavage is widespread on MBPs in maize and rice

Plant miRNAs repress target gene expression through either transcript cleavage or
translation repression. The polysome association of miRNAs or AGO proteins is usu-
ally thought to reflect the translation repression activity of miRNAs. In Arabidopsis,
miRNA-mediated target cleavage on MBPs has been revealed by 5° RACE assay for a
small number of miRNA targets [19], suggesting that miRNAs can guide the cleavage
of target mRNAs that are on polysomes. But it is not clear whether miRNA-guided
cleavage of polysome-associated target mRNAs is a widespread phenomenon. Our ob-
servation that miRNAs were associated with polysomes and enriched on MBPs
prompted us to further explore cleavage events by miRNAs on polysomes, especially
MBPs, in maize and rice at the genome-wide level. In vivo, transcriptome-wide detec-
tion of 3" cleavage fragments has been achieved through PARE and similar analyses in
a plethora of plants such as Arabidopsis (35, 36], maize [9, 11], and rice [11, 37]. In this
study, PARE libraries for the five maize and rice tissues were constructed with RNAs
from Total, TP, and MBP fractions, the same as those for sSRNA library construction
(Additional file 2: Table S1). PARE data were processed by the CleaveLand pipeline
[38], and 3" fragments from miRNA-mediated target cleavage were identified by follow-
ing three criteria: (1) category = 0, which meant that the 3" cleavage fragments with the
maximum read count (> 1) were mapped to only one indicated position on the tran-
script [38]; (2) P value <0.05; and (3) cleavage was detected in at least two biological
repeats. In most cases, more miRNA-guided cleavage events were found in polysomal
fractions, and particularly MBP fractions, relative to Total samples (Fig. 4a, b; Add-
itional file 1: Fig. SI0A—C; Additional file 10: Table S9), demonstrating the widespread
occurrence of miRNA-mediated target cleavage on polysomes in both grasses. We
also noted more cleavage events for MBP relative to TP in immature tassels (169
vs. 70) and immature panicles (205 vs. 144), but more cleavage events for TP rela-
tive to MBP in maize seedling shoots (86 vs. 60) and immature ears (129 vs. 115)
and rice seedling shoots (91 vs. 42) (Fig. 4a, b; Additional file 1: Fig. S1I0A-C;
Additional file 10: Table S9). This shifting between TP and MBP across different
tissues might be attributed to variations in the number of miRNAs enriched in the
MBP fraction (Additional file 9: Table S8).

The PARE analyses revealed highly compartmentalized miRNA-guided cleavage
events at the subcellular level in both grasses. To examine the compartmentalization
and explore the relationship between miRNAs and their target genes in each compart-
ment, we first categorized miRNA target genes into the following groups based on the
sample in which 3’ cleavage fragments were detected: (I) Total-unique miRNA target
genes, for which 3’ cleavage fragments were only detected in the Total sample, suggest-
ing miRNA-guided cleavage in the polysome-depleted fraction; (II) TP-unique miRNA
target genes, whose transcripts probably underwent miRNA-guided cleavage on FPs;
(III) MBP-unique miRNA target genes, whose transcripts were cleaved by miRNAs only
on MBPs; (IV) Total-TP-MBP-common miRNA target genes, whose transcripts were
cleaved by miRNAs in polysome-depleted as well as polysomal fractions; (V) Total-TP-
common miRNA target genes, whose transcripts were cleaved by miRNAs in
membrane-depleted fraction and on FPs; (VI) Total-MBP-common miRNA target
genes, whose transcripts were cleaved by miRNAs in polysome-depleted fraction and
on MBPs; and (VII) TP-MBP-common miRNA target genes, whose transcripts were
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Fig. 4 Widespread occurrence of miRNA-mediated target cleavage on membrane-bound polysomes in
maize and rice. a, b Number (left panels) and overlap of identified miRNA target genes (right panels) in
input (Total), TP, and MBP samples from maize immature tassels (a) and rice immature panicles (b).
Cleavage sites that are classified as category 0 with P value <0.05 in at least two biological repeats were
filtered as miRNA target sites. Category O means that the 3" cleavage fragments with the maximum read
count (> 1) are mapped to only one indicated position on the transcript. In the left panels of (a) and (b),
the number of MIRNA target genes is displayed as mean + standard deviation (SD) of three biological
repeats, and comparisons between Total, TP, and MBP were performed by two-tailed unpaired t-test and P
values are displayed above the corresponding comparisons. ¢ PolyA RNA-seq read (top panel) and PARE 3'
cleavage fragment (bottom panel) coverage for Zm00001d018024, an identified MBP-unique target
transcript cleaved by miR529-5p in Total, TP and MBP samples from maize immature tassels. d PolyA RNA-
seq read (top panel) and PARE 3' cleavage fragment (bottom panel) coverage for LOC_0s06g03920, an
identified MBP-unique target transcript cleaved by miR396¢-5p, in Total, TP, and MBP samples from rice
immature panicles. The gene models are shown below the RNA-seq panels, with the thicker rectangles,
lines, and thinner rectangles representing exons, introns, and UTR regions, respectively. In the PARE panels,
the red dots indicate the cleavage sites on the transcripts targeted by miRNAs. The sequences of the target
sites and the miRNAs are shown below the PARE panels. “PARE” and “RPM" are short for “parallel analysis of
RNA ends” and “reads per million mapped reads,” respectively

cleaved by miRNAs on polysomes (Fig. 4a, b; Additional file 1: Fig. SI0A-C). To gain
functional insights into the subcellular compartmentalization of cleavage events, Gene
Ontology (GO) term analysis was carried out for each group of miRNA target genes
and overrepresented terms (FDR < 0.05) were observed (Additional file 11: Table S10).
For example, MBP-unique target genes in immature tassels were overrepresented in
hormone signaling-related GO terms such as “cellular response to auxin stimulus,”
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“auxin-activated signaling pathway,” and “hormone-mediated signaling pathway,” while
TP-MBP-common target genes in immature panicles were associated with regulation-

” o«

related GO terms such as “regulation of primary metabolic process,” “regulation of
cellular biosynthetic process,” and “regulation of cellular metabolic process” (Add-
itional file 11: Table S10).

We focused on the miRNA target genes on MBPs of immature tassels and immature
panicles because of the striking overaccumulation of MBP-unique cleavage events rela-
tive to other tissues (Fig. 4a, b), and attempted to determine the reasons for MBP-
unique cleavage. One possibility is that the target transcripts are only present in the
MBP fraction. To this end, polyA RNA-seq was performed for Total, TP, and MBP
RNA preparations from immature tassels and immature panicles, the same samples as
those for sRNA and PARE library construction, to monitor the transcript levels of
MBP-unique target genes. Two MBP-unique targets, Zm00001d018024 cleaved by
miR529-5p in immature tassels and LOC_0Os06g03920 cleaved by miR396¢-5p in imma-
ture panicles, were selected as representatives for displaying their polyA RNA-seq read
and PARE 3’ cleavage fragment coverage, respectively (Fig. 4c, d). Comparable tran-
script levels were observed in Total, TP, and MBP samples for Zm000014018024 and
LOC_0s06g03920, while the cleavage signals for both were only detected in MBP
fractions (Fig. 4c, d). Similar results were also obtained for both MBP-unique and TP-
unique targets in maize seedling shoots and immature ears, and rice seedling shoots
(Additional file 1: Fig. S10D-I). Then a global-scale expression analysis was done for
MBP-unique targets in immature tassels and immature panicles, and no apparent ex-
pression bias was observed among Total, TP, and MBP fractions (Additional file 1: Fig.
S11A, B), indicating that the MBP-unique cleavage was not due to MBP-enriched accu-
mulation of target transcripts. In contrast, we found that there was a positive relation-
ship between the number of MBP-enriched miRNAs and the number of MBP-unique
target genes in both grasses (Additional file 1: Fig. S11C), indicating that the occurrence
of MBP-unique cleavage might be at least partially due to the overaccumulation of
miRNAs on MBPs.

Widespread cleavage of reproductive PHAS precursors by miR2118 and miR2275 on
MBPs in maize and rice

In Arabidopsis, miRNA-mediated cleavage of PHAS precursors occurs on MBPs [19].
We wondered whether 21PHAS and 24PHAS precursors, which generated reproductive
21-nt and 24-nt phasiRNAs, respectively, were cleaved on MBPs in immature tassels
and immature panicles, two tissues with the most abundant reproductive phasiRNAs
(Additional file 1: Fig. S12, S13). To address this question, we first explored subcellular
distribution of miR2118 and miR2275, which targeted 21PHAS and 24PHAS precursors
to trigger phasiRNA biosynthesis [9-11]. For immature tassels, seven miR2118 mem-
bers (miR2118a-3p—miR2118g-3p) and three miR2275 members (miR2275a-3p—
miR2275c-3p) were detectable in Total samples, and all seven miR2118 members and
three miR2275 members were observed in TP and MBP fractions; further miR2118 and
miR2275 members displayed MBP enrichment to different extents (Figs. 5a and 6a).
For immature panicles, eighteen miR2118 members (miR2118a-miR2118r) and four
miR2275 members (miR2275a—miR2275d) were present in Total samples; further, the
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Fig. 5 Reproductive 21PHAS precursors are widely cleaved by miR2118 on membrane-bound polysomes in
maize and rice. a, ¢ Abundance of different miR2118 members in input (Total), TP, and MBP samples from
maize immature tassels (@) and rice immature panicles (c). b, d Number (left panels) and overlap of 21PHAS
precursors cleaved by miR2118 (right panels) in Total, TP, and MBP samples from maize immature tassels (b)
and rice immature panicles (d). Cleavage sites with category = 0, which means that the reads with the
maximum count (> 1) are mapped to only one indicated position on the transcript, and P value <0.05 in at
least two biological repeats were filtered as miR2118 target sites. e, f Abundance of reproductive 21-nt
phasiRNAs in Total, TP, and MBP samples from maize immature tassels (e) and rice immature panicles (f).
Abundance of miR2118 and reproductive 21-nt phasiRNAs (a, ¢, €, and f), and number of target 21PHAS
precursors (left panels of b and d) are displayed as mean + standard deviation (SD) of three biological
repeats. "RPMR" is short for “reads per million rRNA fragments” (a, ¢, e, and f). Comparisons between MBP
and TP (a and ¢), and between Total, TP, and MBP (left panels of b and d, e and f) were performed by two-
tailed unpaired t-test. P values are displayed to the right of the corresponding MBP miR2118s (a and ¢) or
above the corresponding comparisons (left panels of b and d, e and f)
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Fig. 6 Reproductive 24PHAS precursors are widely cleaved by miR2275 on membrane-bound polysomes in
maize and rice. a, ¢ Abundance of different miR2275 members in input (Total), TP, and MBP samples from
maize immature tassels (a) and rice immature panicles (c). b, d Number (left panels) and overlap of 24PHAS
precursors cleaved by miR2275 (right panels) in Total, TP, and MBP samples from maize immature tassels (b)
and rice immature panicles (d). Cleavage sites with category = 0, which means that the reads with the
maximum count (> 1) are mapped to only one indicated position on the transcript, and P value <0.05 in at
least two biological repeats were filtered as miR2275 target sites. e, f Abundance of reproductive 24-nt
phasiRNAs in Total, TP, and MBP samples from maize immature tassels (e) and rice immature panicles (f).
Abundance of miR2275 and reproductive 24-nt phasiRNAs (a, ¢, e, and f), and the number of target 24PHAS
precursors (left panels of b and d) are displayed as mean + standard deviation (SD) of three biological
repeats. "RPMR" is short for “reads per million rRNA fragments” (a, ¢, e, and f). Comparisons between MBP
and TP (a and ¢) and between Total, TP, and MBP (left panels of b and d, e and f) were performed by two-
tailed unpaired t-test, and P values are displayed to the right of the corresponding MBP miR2275s (a and ¢)
or above the corresponding comparisons (left panels of b and d, e and f)

association of miR2118 and miR2275 members with TPs and MBPs was observed, and
these miRNAs displayed MBP overaccumulation to different extents relative to TP
(Fig. 5¢, 6¢). Then the expression of 2IPHAS and 24PHAS loci (Additional file 12:

Page 14 of 31



Yang et al. Genome Biology (2021) 22:15 Page 15 of 31

Table S11), reported in previous studies [9-11], was investigated in Total, TP, and
MBP samples from immature tassels and immature panicles. The polyA RNA-seq re-
sults showed that a large proportion of 2IPHAS and 24PHAS precursors detected in
Total samples were also observed in TP and MBP fractions of immature tassels and im-
mature panicles (Additional file 1: Fig. S14). The polysome association of long noncod-
ing RNAs was observed in previous studies [19-21].

We next sought to determine whether the 2IPHAS and 24PHAS precursors were
cleaved by miR2118 and miR2275, respectively, in the Total, TP, and MBP samples. By
analyzing the PARE libraries from immature tassels with the cutoff parameters of cat-
egory =0 and P value <0.05 in at least two biological repeats, we observed 122, 148,
and 136 miR2118-mediated cleavage events from 2IPHAS precursors in Total, TP, and
MBP samples, respectively, and 48, 52, and 48 miR2275-mediated cleavage events from
24PHAS precursors in Total, TP, and MBP samples, respectively (Figs. 5b and 6b; Add-
itional file 13: Table S12). Similarly for immature panicles, 256, 254, and 146 miR2118-
mediated cleavage events were identified for 21PHAS precursors in Total, TP, and
MBP samples, respectively, and 31, 31, and 22 miR2275-mediated cleavage events were
identified for 24PHAS precursors in Total, TP, and MBP samples, respectively (Figs. 5d
and 6d; Additional file 13: Table S12). Two 21PHAS precursors (Zm21PHAS_NO231
cleaved by miR2118a-3p in immature tassels and Os2IPHAS NOS819 cleaved by
miR2118e/r in immature panicles) and two 24PHAS precursors (Zm24PHAS_NO236
cleaved by miR2275a-3p in immature tassels and Os24PHAS NOS5 cleaved by
miR2275d in immature panicles) were selected as representatives to display their 3’
cleavage fragment coverage as determined by PARE in Total, TP, and MBP samples
(Additional file 1: Fig. S15). Strong cleavage signals for the four selected target PHAS
precursors were detected in the three samples (Additional file 1: Fig. S15). These data
demonstrated widespread miRNA-mediated cleavage of target PHAS precursors in
Total, TP, and MBP samples in both grasses.

We noted that the number of detected PARE signals was similar in Total, TP,
and MBP samples, despite the higher levels of miR2118 or miR2275 in the MBP
samples (Figs. 5a—d and 6a—d). This contrasted the much higher number of PARE
signals in the MBP samples for miRNAs that do not trigger phasiRNA biogenesis
from the same tissues (Fig. 4a, b). We compared the PHAS precursor cleavage
events identified in Total, TP, and MBP samples from immature tassels and imma-
ture panicles. A large degree of overlap in PARE signals was observed among the
three samples (Figs. 5b, d and 6b, d), unlike the overwhelming number of MBP-
only PARE signals for other miRNAs (Fig. 4a, b). The difference between regular
miRNA targets and PHAS precursors is that the 3’ cleavage fragments from the
latter undergo phasiRNA biogenesis after cleavage. If the subcellular locations of
cleavage and subsequent phasiRNA biogenesis steps are different, then the 3’
cleavage fragments would reside at a different location as compared to the site of
cleavage. Given that miRNA-mediated cleavage occurs overwhelmingly on MBPs
(Fig. 4a, b), we speculate that this is also the case for miR2118 and miR2275,
which is supported by the detection of PARE signals in the MBP samples (Figs. 5b,
d and 6b, d). We further speculate that the 3’ fragments are released from MBPs
upon cleavage to undergo phasiRNA biogenesis in the cytosol; hence, a large num-
ber of PARE signals were detected in the Total samples (Figs. 5b, d and 6b, d).
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Reproductive 21-nt and 24-nt phasiRNAs are differentially partitioned between cytosol
and polysomes in maize and rice

To gain new insights into the modes of action of reproductive 21-nt and 24-nt phasiR-
NAs, we explored their abundance in Total, TP, and MBP sRNA libraries from imma-
ture tassels and immature panicles. Nearly all reproductive 21-nt phasiRNAs present in
Total samples were detected in TP and MBP samples from both tissues (Add-
itional file 14: Table S13), indicating that reproductive 21-nt phasiRNA were associated
with polysomes. Comparing the overall abundance of reproductive 21-nt phasiRNAs
among Total, TP, and MBP samples, the highest was observed in Total samples, and
meanwhile, the overall abundance of reproductive 21-nt phasiRNAs in MBP fractions
was significantly higher than that in TP fractions (Fig. 5e, f; Additional file 1: Fig. S16A,
B). Such patterns suggested that reproductive 21-nt phasiRNAs were enriched not only
in the polysome-depleted fraction but also on MBPs. In contrast, the overall abundance
of reproductive 24-nt phasiRNAs in Total samples was overwhelmingly higher than
that in TP and MBP fractions (Fig. 6e, f; Additional file 1: Fig. S16A, B), indicating ap-
parent polysome depletion for reproductive 24-nt phasiRNAs.

We then asked which reproductive phasiRNAs displayed polysome depletion or MBP
enrichment in immature tassels and immature panicles. To answer this question, we
first performed two abundance comparisons for reproductive 21-nt phasiRNAs between
TP and Total and between MBP and TP in the two tissues. Reproductive 21-nt phasiR-
NAs with fold change =2 and P value <0.05 were sorted into four groups: (I)
polysome-depleted 21-nt phasiRNAs, (II) 21-nt phasiRNAs that were polysome-
enriched, (III) polysome-associated but MBP-depleted 21-nt phasiRNAs, and (IV)
MBP-enriched 21-nt phasiRNAs (Additional file 1: Fig. S16C, E). We found that Group
I (388 reproductive 21-nt phasiRNAs for immature tassels and 1877 for immature pani-
cles) was the largest group followed by Group IV (172 for immature tassels and 1574
for immature panicles), with Group II (11 for immature panicles) and Group III (1 for
immature panicles) being negligible in numbers (Additional file 1: Fig. S16C, E). Thus,
reproductive 21-nt phasiRNAs from both grasses accumulate in either the polysome-
depleted or MBP fraction. On the other hand, comparison for reproductive 24-nt pha-
siRNAs between TP and Total found that nearly all were enriched in polysome-
depleted fractions from immature tassels and immature panicles (Additional file 1: Fig.
S16D, F). These results demonstrated distinct subcellular partitioning of reproductive
21-nt and 24-nt phasiRNAs in maize and rice.

Given the observation that many reproductive 21-nt phasiRNAs were associated with
polysomes and displayed MBP enrichment, we explored their possible target genes
using the PARE data from immature tassels and immature panicles. Sequences of re-
productive 21-nt phasiRNAs (read count >5) were extracted from Total, TP, and MBP
sRNA libraries (Additional file 15: Table S14), and then used as queries to search for
their target genes (category = 0 and P value <0.05 in at least two biological repeats) in
the corresponding PARE libraries with the aid of CleaveLand [38]. The largest number
of cleavage events guided by 21-nt phasiRNAs was observed in MBP samples (18 for
immature tassels and 64 for immature panicles) followed by Total samples (16 for im-
mature tassels and 51 for immature panicles) and TP samples (9 for immature tassels
and 56 for immature panicles) (Fig. 7a, b; Additional file 16: Table S15). This not only
demonstrated that reproductive 21-nt phasiRNAs guided target cleavage but also
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Fig. 7 Widespread occurrence of reproductive 21-nt phasiRNA-mediated target cleavage on membrane-
bound polysomes in maize and rice. a, b Number (left panels) and overlap of identified target genes of
reproductive 21-nt phasiRNAs (right panels) in input (Total), TP, and MBP samples from maize immature
tassels (@) and rice immature panicles (b). Cleavage sites with category =0, which means that the reads
with the maximum count (> 1) are mapped to only one indicated position on the transcript, and P value <
0.05 in at least two biological repeats were filtered as 21-nt phasiRNA target sites. Number of 21-nt
phasiRNA target genes is displayed as mean + standard deviation (SD) of three biological repeats, and
comparisons between Total, TP, and MBP were performed by two-tailed unpaired t-test and P values are
displayed above the corresponding comparisons (left panels of a and b). ¢ PolyA RNA-seq read (top panel)
and PARE 3’ cleavage fragment (bottom panel) coverage for Zm00001d021201, an identified MBP-unique
target transcript cleaved by the 21PHAS_NO31 21-nt phasiRNA, in Total, TP, and MBP samples from maize
immature tassels. d PolyA RNA-seq read (top panel) and PARE 3’ cleavage fragment (bottom panel)
coverage for LOC_Os01g60440, an identified MBP-unique target transcript cleaved by the 21PHAS_NO1824
21-nt phasiRNA, in Total, TP, and MBP samples from rice immature panicles. The gene models are shown
below the RNA-seq panels, with the thicker rectangles, lines, and thinner rectangles representing exons,
introns, and UTR regions, respectively. In the PARE panels, the red dots indicate the cleavage sites on the
transcripts targeted by reproductive 21-nt phasiRNAs. The sequences of the target sites and the
corresponding phasiRNAs are shown below the PARE panels. “PARE” and “RPM" are short for “parallel
analysis of RNA ends” and “reads per million mapped reads," respectively

showed widespread target cleavage on MBPs. We characterized the expression profile
of these 21-nt phasiRNA target genes by polyA RNA-seq for Total RNA preparations,
which were the same as those for sSRNA and PARE library construction in the present
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study, from different tissues of both grasses. In contrast to the strong tissue-specific ex-
pression of reproductive 21-nt phasiRNAs (Additional file 1: Fig. S12), most of 21-nt
phasiRNA target genes were expressed constitutively across the detected tissues (Add-
itional file 1: Fig. S17).

The relationship of identified 21-nt phasiRNA target genes among Total, TP, and
MBP was further investigated. Similar to miRNA target genes, the cleavage events by
reproductive 21-nt phasiRNAs were subcellularly compartmentalized into six groups
according to the Venn diagrams in Fig. 7a, b, and most target genes were observed in
the MBP-unique group. Zm00001d021201 and LOC_Os01g60440, two MBP-unique
targets cleaved by maize 21PHAS NO31 and rice 21PHAS NO1824 21-nt phasiRNAs
respectively, were selected as representatives to show their polyA RNA-seq read and
PARE 3’ cleavage fragment coverage (Fig. 7¢c, d). Similar to MBP-unique miRNA tar-
gets, we observed comparable transcript levels for Zm000014021201 and LOC_
0Os01g60440 in Total, TP, and MBP samples, while the cleavage signals for both were
only detected in the MBP fractions (Fig. 7c, d). The overrepresentation of MBP-unique
targets was possibly due to the striking overaccumulation of reproductive 21-nt phasiR-
NAs on MBPs (Additional file 1: Fig. S16C, E). We performed GO term analyses for
the six groups of 21-nt phasiRNA target genes to better understand their biological
functions, with no significantly enriched GO terms (FDR<0.05) observed (Add-
itional file 17: Table S16), which was consistent with the previous study by Zhai et al.
[9]. However, some intriguing target genes associated with plant fertility were observed,
possibly providing some new insights into functions of reproductive 21-nt phasiRNAs
(Additional file 16: Table S15). For example, maize Zm000014035787, a homolog of the
meiotic recombination protein DMCI, was cleaved uniquely on MBPs by the 21PHAS _
NO105 21-nt phasiRNA. Disturbance of Arabidopsis DMCI expression can result in
aberrant chromosome behaviors during male and female meiosis, leading to dramatic-
ally decreased plant fertility [39, 40]. SEPALLATA 2 (Zm000014021057) and SKPI
(LOC_0s07g43230), another two examples cleaved by 21-nt phasiRNAs of maize
21PHAS_NO248 and rice 21PHAS_NO1658 respectively, have been reported to be in-
volved in reproductive development in Arabidopsis [41, 42].

Discussion

ER is a large membrane-bound organelle in eukaryotic cells and can be divided into
smooth and rough ER, depending on polysome association [43]. The biological signifi-
cance of ER has been well documented in protein biosynthesis, protein folding and traf-
ficking, post-translational modifications of proteins, cellular ion signaling, as well as
metabolic processes for cellular carbohydrates, lipids, and sterols [44—49]. ER-related
defects can result in severe consequences such as human inflammatory diseases [50]
and plant male sterility [51]. Recently, increasing evidence links the rough ER to sSRNA-
mediated RNA silencing, a conserved regulatory mechanism for gene expression, in eu-
karyotes, expanding our knowledge of ER’s biological functions. For example, Stalder
et al. [52] reported that in human cells siRNAs/miRNAs and their effectors are com-
monly restricted to the rough ER, whereon RISC assembly and AGO2-mediated cleav-
age are completed, and TAR RNA binding protein (TRBP) and protein activator of the
interferon-induced protein kinase (PACT) play critical roles in associating RISCs with
the rough ER. Barman and Bhattacharyya [53] reported that, also in human cells,
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miRNA-mediated translation repression occurs after target mRNAs are occupied by
MBPs, suggesting that translation repression is localized to the rough ER. In Arabidop-
sis, Li et al. [54] reported that miRNA-mediated translation repression of target genes
requires ALTERED MERISTEM PROGRAM 1 (AMP1), an integral membrane protein
located to the rough ER, and increased levels of miRNA target transcripts were ob-
served on MBPs in ampl mutants. Furthermore, a genome-wide analysis of polysome
association of sRNAs was conducted in Arabidopsis by Li et al. [19] and the results
showed that miRNAs are associated with MBPs as opposed to polysomes in general
while 24-nt siRNAs are in general non-polysome-associated. Being consistent with the
MBP enrichment of miRNAs, the cleavage capacity of membrane-associated miRISCs
was confirmed by in vitro slicing assay and 5° RACE on a small number of miRNA tar-
gets [19]. However, the scale of MBP-associated miRNA-guided target cleavage or the
generality of MBP-associated miRNA activities across plant species has been unknown.

In this study, we globally investigated the subcellular partitioning of sRNAs in differ-
ent tissues of maize and rice by profiling sSRNAs in total cell extracts versus TP and
MBP. A clear, general conclusion is that polysomes are enriched for 21-nt/22-nt sSRNAs
(both miRNAs and siRNAs) and depleted of 24-nt siRNAs (Fig. 1b—e; Additional file 1:
Fig. S4), which is also true for Arabidopsis sSRNAs [19]. Furthermore, most 21-nt/22-nt
miRNAs and some 21-nt/22-nt siRNAs are prone to be enriched on MBPs (Fig. 1b—e;
Additional file 1: Fig. S4). siRNAs were the predominant fraction in the sSRNA popula-
tions associated with TPs and MBPs in both grasses (Additional file 1: Fig. S5), while
miRNAs account for the largest proportion of the sSRNA populations on TPs and MBPs
in Arabidopsis [19]. This discrepancy might be mainly due to the different composi-
tions of the sSRNA populations between the two grasses (Additional file 1: Fig. S5) and
Arabidopsis [19], with siRNAs accounting for the majority of 21-nt/22-nt sRNAs in the
two grasses but miRNAs accounting for the majority of 21-nt/22-nt sRNAs in Ara-
bidopsis. For miRNAs, as in Arabidopsis [19], there is a clear trend towards MBP
enrichment despite tissue-to-tissue variations in both grasses (Fig. 3b, d;
Additional file 1: Fig. S9B, D, F; Additional file 9: Table S8). These results, together
with the previous observations in Arabidopsis, suggest that MBP enrichment is a
conserved pattern for miRNAs and some 21-nt/22-nt siRNAs in plants. However, it
is worth noting that the MBP enrichment of miRNAs is relative to other sRNAs
such as 24-nt siRNAs or relative to polysomes in general. Many miRNAs also
accumulate in polysome-depleted fractions, probably the cytosol (Fig. 3b, d;
Additional file 1: Fig. S9B, D, F; Additional file 8: Table S7).

Previous studies that observed the polysome association of miRNAs or
ARGONAUTE proteins usually link the association to the translation repression activ-
ity of miRNAs [54-56]. In this study, we performed PARE to globally detect the 3’
fragments generated by miRNA-guided RNA cleavage in Total, TP, and MBP samples.
To our knowledge, this is the first global examination of miRNA-guided cleavage on
polysomes. This analysis, strikingly, revealed not only widespread occurrence of
miRNA-mediated target cleavage on MBPs but also an overwhelming number of cleav-
age events only observed in the MBP fraction (Fig. 4). We then focused on MBP-
unique target genes and attempted to find out the reasons why these genes were
cleaved uniquely on MBPs. PolyA RNA-seq results showed that transcript levels of
MBP-unique target genes were similar in Total and TP as compared to MBP samples
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(Additional file 1: Fig. S11A, B), indicating that the occurrence of MBP-unique cleavage
events is not attributable to the overaccumulation of target mRNAs on the rough ER.
Instead, a positive relationship was revealed between the number of miRNAs enriched
on MBPs and the number of MBP-unique target genes in both grasses (Additional file 1:
Fig. S11C), suggesting that the occurrence of MBP-unique cleavage events might at
least partially result from the overaccumulation of miRNAs on MBPs.

MBP enrichment of miRNAs, together with the overwhelming number of MBP-
unique target cleavage events, led us to ponder the relationship between the mRNA
cleavage and translation repression activities of plant miRNAs. At present, these two
activities are thought to be independent. In mutants in genes such as KATANIN 1
(KTN1), SUO, and AMPI, miRNA target genes are derepressed at the protein but not
the transcript level [54—56], suggesting that these genes are only required for the trans-
lation repression activity of plant miRNAs. In fact, when examined, miRNA-guided
cleavage was found to be still occurring in these mutants [54—56]. However, when con-
sidering the subcellular locations, these two activities could be independent or con-
nected. For example, miRNA-guided cleavage may occur to transcripts that are not
polysome-associated, in which case the cleavage activity is independent of the transla-
tion repression activity. On the other hand, when cleavage occurs on polysomes, it is
conceivable that the cleavage activity contributes to translation repression, perhaps by
not only eliminating the mRNAs being translated but also preventing the re-initiation
of translation of the same mRNAs after a round of translation. The connection between
RNA cleavage and translation repression activities of plant miRNAs needs to be ex-
plored in the future. Intriguingly, we found that miR156, miR164, miR166, miR172, and
miR398, which have been experimentally validated as both cleavage triggers and
translation repressors [54, 55, 57-63], were all associated with MBPs, and most of
them were enriched on MBPs in the examined tissues of both grasses (Additional
file 9: Table S8).

In addition to cleaving target RNAs for degradation, a small portion of miRNAs can
serve as triggers to initiate phasiRNA biosynthesis, but the subcellular localization of
these events is still largely unknown in plants. Li and co-authors [19] investigated well-
known miRNA and phasiRNA precursor pairs such as miR161.1 and PPR genes,
miR168 and AGOI, miR173 and TASI/TAS2, miR393 and AFB2/AFB3, miR472/
miR825* and NBS-LRR genes, as well as miR828 and TAS4, in Arabidopsis. They ob-
served that the phasiRNA precursors are MBP-associated and that the generation of
phasiRNAs is greatly inhibited in an agol mutant with decreased membrane association
of the trigger miRNAs, suggesting that miRNA-mediated cleavage of phasiRNA precur-
sors occurs on MBPs in Arabidopsis [19]. In this study, we examined the MBP-
phasiRNA connection in maize and rice, which produced numerous phasiRNAs
uniquely in reproductive tissues (Additional file 1: Fig. S12, S13). We observed that
miR2118 and miR2275, two well-known triggers of phasiRNA biosynthesis cleaving
21PHAS and 24PHAS respectively [9-11], were MBP-associated in both immature tas-
sels and immature panicles (Figs. 5a, ¢ and 6a, c). In the two tissues, both miRNAs were
MBP-enriched to different extents (Fig. 5a, ¢ and 6a, c¢). Through PARE, we observed
widespread cleavage of 21PHAS and 24PHAS transcripts on MBPs by miR2118 and
miR2275, respectively (Fig. 5b, d and 6b, d). We also observed a striking difference in
the distribution of 3" cleavage fragments in Total, TP, and MBP fractions from PHAS
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transcripts, as compared to those from other miRNA target transcripts. The latter
showed an overwhelming association with MBPs (Fig. 4a, b), while the 3" cleavage frag-
ments from PHAS transcripts were not (Fig. 5b, d and 6b, d). We propose that this dif-
ference reflects events that happen after miRNA-guided cleavage. For most targets of
miRNAs, presumably, the 3’ cleavage fragments remain polysome-associated until the
ribosomes move to the stop codons to be released, which allows for the detection of
the 3" cleavage fragments in the MBP fraction. For PHAS transcripts, the lack of MBP
enrichment of 3’ cleavage fragments probably reflects their rapid dissociation from
polysomes upon cleavage. In fact, in Arabidopsis, ribo-seq revealed that ribosomes oc-
cupy the portion of TAS transcripts 5° to the miRNA target sites, with the 3" portion
unprotected by ribosomes giving rise to phasiRNAs [19]. Thus, our data are consistent
with the biosynthesis of reproductive 21-nt and 24-nt phasiRNAs being initiated on the
rough ER in both grasses. After being cleaved, the 2IPHAS and 24PHAS fragments
undergo phasiRNA production at another subcellular location, perhaps associated with
membrane vesicles as shown in Arabidopsis [64].

We further explored the cytoplasmic partitioning of reproductive 21-nt and 24-nt
phasiRNAs in immature tassels and immature panicles. The results showed that repro-
ductive 21-nt phasiRNAs were enriched on MBPs as opposed to polysomes in general,
while 24-nt phasiRNAs were restricted to polysome-depleted fractions (Fig. 5e, f and
6e, f; Additional file 1: Fig. S16). The distinct subcellular partitioning hints at different
action mechanisms of reproductive phasiRNAs: 21-nt phasiRNAs may regulate gene ex-
pression via target cleavage and translation repression like miRNAs, while 24-nt pha-
siRNAs resemble RADM 24-nt siRNAs in Arabidopsis in terms of their polysome
depletion [19] and may regulate target genes at the chromatin level. Altogether, we
conclude that ER-bound ribosomes are profoundly involved in subcellular regulation of
reproductive phasiRNA biosynthesis as well as action.

Accumulating evidence indicates roles of reproductive phasiRNAs in male fertility in
plants. For example, mutation of rice MEIOSIS ARRESTED AT LEPTOTENE 1 (MELI),
which encodes an ARGONAUTE family protein capable of binding reproductive 21-nt
phasiRNAs, leads to early meiotic arrest and malfunctional pollen mother cells [12, 13].
PMSIT, a rice locus encoding a 21PHAS transcript, is a modulator of photoperiod-
sensitive male sterility in rice [14]. Mutation of ETERNAL TAPETUM 1 (EAT1), encod-
ing a transcription factor activating 24PHAS and DCL5 expression, causes microspore
abortion in rice [15]. Defects in DCLS5, which produces 24-nt phasiRNAs, lead to ab-
normalities of tapetum and temperature-sensitive male sterility in maize [16]. More re-
cently, deletion of the miR2118 cluster in rice chromosome 4, which contains 14
MIR2118 loci (MIR2118b—MIR2118n), was demonstrated to cause severe defects in the
development and morphology of somatic anther cell walls, and as a result, male and fe-
male sterility was observed for these rice mutants, revealing the biological significance
of miR2118 and 21-nt phasiRNAs in rice reproduction [65]. However, mechanisms
underlying the roles of phasiRNAs in male fertility remain elusive. In this study, we
found that each 21PHAS precursor yielded one predominant 21-nt phasiRNA relative
to others (Additional file 15: Table S14), which is consistent with findings from a previ-
ous study [11]. PARE signatures consistent with mRNA cleavage guided by abundant
21-nt phasiRNAs were observed, particularly in the MBP fractions (Fig. 7a, b), suggest-
ing that some 21-nt phasiRNAs are functionally similar to miRNAs. Intriguing target
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genes associated with reproductive development or plant fertility, such as maize DMC1
(Zm00001d035787) and SEPALLATA 2 (Zm00001d021057) as well as rice SKP1 (LOC_
0s07g43230) (Additional file 16: Table S15), were found [39-42], possibly providing
new insights into functions of reproductive 21-nt phasiRNAs. Intriguingly, moderate
expression of reproductive 21-nt and 24-nt phasiRNAs was observed in immature ears
as well (Additional file 1: Fig. S12A, S13A), suggesting the potential roles of reproduct-
ive phasiRNAs in regulation of female gametogenesis or pistil development. Similar re-
sults have been observed in rice [13] and garden asparagus [23].

Integrating our new observations in the present study with previously described re-
sults, we propose a new model to explain miRNA-mediated target cleavage, leading to
RNA degradation or initiation of reproductive phasiRNA biosynthesis in plants (Fig. 8):
Given the presence of miRNAs as well as 3" cleavage products in non-polysome and
polysomal fractions, miRISCs probably guide target RNA cleavage both in the cytosol
and on polysomes. On polysomes, miRNAs are enriched on MBPs and cause target
RNA cleavage there, but target RNA cleavage on FPs probably also occurs. miR2118 or
miR2275 guides the cleavage of 2IPHAS or 24PHAS transcripts on MBPs, then the
phasiRNA-generating cleavage fragments dissociate from polysomes to be processed
into reproductive 21-nt phasiRNAs by DCL4 or 24-nt phasiRNAs by DCL5. The 21-nt
phasiRNAs are loaded into AGO proteins such as rice MEL1 [13], associate with MBPs,
FPs or reside in the cytosol, and guide target mRNA cleavage. The 24-nt phasiRNAs
are loaded into AGO proteins such as maize AGO18 [9], are not polysome-associated,
and perform as yet unknown functions.

This study also provides new insights into the methodologies for in vivo identification
of miRNA target genes in plants. Up to date, PARE, degradome, and GMUCT (gen-
ome-wide mapping of uncapped and cleaved transcripts) sequencing have been devel-
oped for globally identifying miRNA target genes in vivo [66—68]. Total RNAs isolated
from plant tissues of interest are commonly used as starting materials for identification
of miRNA target genes via the abovementioned methods [66—68]. In this study, we in-
tegrated ultracentrifugation-based isolation of polysomes with PARE to achieve subcel-
lular resolution in monitoring miRNA-mediated cleavage events in different tissues of
maize and rice. Intriguingly, a large number of polysome-unique target genes (TP-
unique, MBP-unique, and TP-MBP-common) were identified in comparison to those
in Total samples of both grasses (Fig. 4a, b; Additional file 1: Fig. SI0A—C). This not
only uncovers previously unknown, global miRNA-guided cleavage of polysome-bound
transcripts, but also provides a new strategy that greatly expands the detection of
miRNA target interactions.

Conclusions

To our knowledge, this is the first report on the subcellular compartmentation of
sRNAs in monocots. MBP enrichment of miRNAs was observed across different tissues
of maize and rice, suggesting that MBP enrichment is a conserved pattern for miRNAs’
cytoplasmic partitioning. Target transcripts are widely cleaved by miRNAs on MBPs in
maize and rice, and particularly a large proportion of cleavage events are MBP-unique,
demonstrating that ER-bound ribosomes function as an independent regulatory layer
for miRNA-induced gene silencing. Widespread cleavage of reproductive 21PHAS tran-
scripts by miR2118 and 24PHAS transcripts by miR2275 were observed on MBPs,
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Fig. 8 A proposed model of miRNA-mediated target cleavage for RNA degradation or reproductive
phasiRNA biosynthesis in plants. miRNA-AGO1 complexes act on target transcripts at different locations in
the cytoplasm with various outcomes: (a) miRNAs guide AGO1 proteins to independently cleave target
transcripts for degradation on MBPs and FPs, and in the cytosol; (b) miRNAs such as miR2118 or miR2275
can guide AGOT1 proteins to cleave reproductive 21PHAS or 24PHAS precursors on MBPs, then the
phasiRNA-generating cleavage fragments dissociate from MBPs and undergo phasiRNA production through
previously identified players such as SGS3, RDR6, HEN1, DCL4, and DCL5. The 21-nt phasiRNAs are loaded
into AGO proteins such as rice MEL1 and can cleave target transcripts on MBPs and FPs, and in the cytosol;
the 24-nt phasiRNAs are shown to be polysome-depleted in this study but their functions remain unknown.
21PHAS: 21-nt phasiRNA-generating locus; 24PHAS: 24-nt phasiRNA-generating locus; AGO: ARGONAUTE; DCL:
DICER-LIKE; FP: free polysome; HENT: HUA ENHANCER 1; MBP: membrane-bound polysome; MEL1: MEIOSIS
ARRESTED AT LEPTOTENE 1; RDR6: RNA-directed RNA polymerase 6; SGS3: Suppressor of Gene Silencing 3

and the yielded 21-nt and 24-nt phasiRNAs are distinctly partitioned between cyto-
sol and polysomes, again indicating the profound involvement of ER-bound ribo-
somes in the biosynthesis and functions of phasiRNAs. These findings provide new
insights into modes of action of sRNAs and deepen our understanding of the func-
tions of the rough ER.

Methods

Plant materials and growth conditions

Maize (Zea mays, inbred line “B73”) and rice (Oryza sativa, cv. “Nipponbare”) were
used in this study. Seeds were surface-sterilized and then sowed in pots containing nu-
tritional soil in a growth chamber that was set as 16h light/8h dark, with air
temperature of 28 °C for the light period and 25 °C for the dark period. After germin-
ation, seedlings were watered every 5 days and shoots were harvested at the three-leaf
stage. The shoots of six seedlings were pooled together as one biological repeat, and to-
tally two and three biological repeats were prepared for maize and rice seedlings,
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respectively. To harvest immature tassels (3.5 + 1.5 cm length) and immature ears (3 +
1 cm length), maize seedlings were grown in the experimental field of Shenzhen Uni-
versity, Guangdong, China, from September to December in 2017. Rice seedlings were
grown in the greenhouse of Shenzhen University from January to March in 2018 to
harvest immature panicles (3.5 £ 1.5 cm length). Twenty immature tassels and ten im-
mature ears from maize plants, and twenty immature panicles from rice plants were
pooled as one biological repeat, respectively, and totally three biological repeats were
prepared for each reproductive tissue.

TP isolation

TP fractions were isolated from different tissues of maize and rice according to a previ-
ous method [19] with minor modifications. Briefly, 2 g of plant materials was pulverized
with mortar and pestle in liquid nitrogen, transferred to 16 mL polysome extraction
buffer (PEB) [0.2 M Tris-HCI (pH 9.0), 0.2 M KCl, 25 mM EGTA, 35 mM MgCl,, 1%
(W/V) Brij-35, 1% (V/V) Triton X-100, 1% (V/V) Igepal CA630, 1% (V/V) Tween 20,
1% (W/V) polyoxyethylene 10 tridecyl ether, 0.2% (W/V) deoxycholic acid, 5 mM DTT,
1 mM PMSF, 50 ug mL~ "' cycloheximide, 50 ug mL™ ' chloramphenicol, and 2.5 U mL ™"
Invitrogen SuperaseIN], and mixed well by inverting the tube vigorously. The slurry
was clarified by centrifugation at 10,000xg for 10 min at 4°C followed by filtering
through two layers of miracloth and another centrifugation at 10,000xg for 10 min at
4°C. In total, 500 pL of the supernatant was aliquoted as a “Total” sample. The remain-
der was then placed on an 8 mL 1.75 M sucrose cushion [0.4 M Tris-HCI (pH 9.0), 0.2
M KCI, 5mM EGTA, 35mM MgCl,, 5mM DTT, 50 ugmL ' cycloheximide, and
50 ugmL~ ' chloramphenicol] to collect TPs by centrifugation at 170,000xg for 3 h at
4°C in a Type70 Ti rotor (Beckman Coulter, USA). The resulting TP pellet was resus-
pended in 400 uL of resuspension buffer [0.2 M Tris-HCI (pH 9.0), 0.2 M KCI, 25 mM
EGTA, 35mM MgCl,, 5mM DTT, 50 pugmL™' cycloheximide, and 50 ugmL ™"
chloramphenicol].

MBP isolation

MBP fractions were isolated from different tissues of maize and rice according to the
method described by Li et al. [19] with minor modifications. Briefly, 4 g of plant mate-
rials were pulverized with mortar and pestle in liquid nitrogen. The powder was then
transferred to 14 mL microsome extraction buffer (MEB) [0.1 M Tris-HCI (pH 7.5), 5
mM EGTA, 15mM MgCl,, 0.3M sucrose, 5mM DTT, 50 ugmL ™" cycloheximide,
50 ugmL~ ' chloramphenicol, 2.5 UmL"™ " Invitrogen SuperaseIN, and 1 x Roche prote-
ase inhibitor cocktail without EDTA] and mixed well by inverting the tube vigorously.
The slurry was clarified by a 10-min centrifugation at 10,000xg at 4 °C followed by fil-
tering through two layers of miracloth and another 10-min centrifugation at 10,000xg
at 4°C. The supernatant was used for subsequent microsome and MBP isolation. To
isolate microsomes, the supernatant was placed on a sucrose gradient that was com-
posed of a 2.5 mL of 20% (W/V) sucrose cushion as the top layer and a 2.5 mL of 60%
(W/V) sucrose cushion as the bottom layer, and then centrifuged at 100,000xg for 1 h
at 4°C in an SW41 rotor (Beckman Coulter, USA). The microsome layer between the
20% and 60% sucrose cushions was transferred to a new tube, diluted with 10 volumes
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of MEB, and pelleted by centrifugation at 100,000xg for 30 min at 4 °C. After 30-min
incubation of the resuspended microsomes in 16 mL of PEB on ice, MBPs were isolated
by loading the resuspension on an 8 mL 1.75 M sucrose cushion followed by centrifuga-
tion at 170,000xg for 3 h at 4 °C. The resulting MBP pellet was resuspended in 400 pL
of resuspension buffer.

Polysome profile analysis and RNA extraction

To perform polysome profile analysis, 1000 A260 units of TP or MBP fraction were
loaded carefully on a 15-60% (W/V) sucrose gradient that was prepared in a polypro-
pylene centrifuge tube (13 mm x 51 mm, Beckman Coulter, USA) by using a peristaltic
pump (BT101S, Lead Fluid, China). The sucrose gradient with TPs or MBPs was then
centrifuged in an SW-55 rotor (Beckmann Coulter, USA) at 300,000xg for 1.5h at 4 °C.
Fractionation, absorbance assay at 254 nm, and data acquisition of the resulting sample
were performed by using a gradient fractionator system (BRANDEL, USA) with a UA-6
absorbance detector (Teledyne ISCO, USA).

RNAs were extracted from Total, TP, and MBP samples of different maize and
rice tissues with TRI Reagent following the manufacturer’s instructions (Molecular
Research Center, USA), and the concentration of each RNA preparation was deter-
mined with a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo
Fisher, USA).

sRNA and PARE library construction

To construct sRNA libraries, approximately 20 ug of RNAs from Total, TP, and MBP
samples were resolved in a 15% (W/V) TBE-urea polyacrylamide gel, and then the gel
slice corresponding to 15-nt—40-nt RNA fragments was collected and smashed. The
smashed gel was immersed in 400 uL 0.4 M NacCl solution, agitated at 40 rpm overnight
at 4°C, and spun through a 0.45-um COSTAR Spin-X filter (Corning, USA) to collect
the filtrate. Then sRNAs were recovered from the filtrate by overnight ethanol precipi-
tation [19]. sSRNA libraries were finally constructed using the NEBNext Multiplex Small
RNA Library Prep Set for Illumina (NEB, USA).

PARE libraries for Total, TP, and MBP samples were constructed according to
the method described by Zhai et al. [68]. Briefly, polyA RNAs were isolated from
approximately 40 ug of RNA preparation with magnetic beads (Dynabeads, Invitro-
gen, USA) followed by ligation of 5° RNA adaptors with the aid of T4 RNA ligase
(NEB, USA). After reverse transcription and PCR amplification, double-stranded
cDNAs were subjected to magnetic bead purification (Agencourt AMPure XP,
Beckman Coulter, USA), Mmel (NEB, USA) digestion, and 3° DNA adaptor
ligation. The resulting DNAs were further purified with a 12% (W/V) non-
denaturing TBE polyacrylamide gel and recovered by overnight ethanol precipita-
tion [19]. Final PARE libraries were obtained after PCR enrichment and 6% (W/V)
non-denaturing TBE polyacrylamide gel purification.

Both sRNA and PARE libraries were sequenced on an Illumina HiSeq2500 plat-
form with the single-end 50-bp sequencing strategy at Berry Genomics Co., Ltd.
(Beijing, China).
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RNA-seq library construction

RNA-seq libraries for Total, TP, and MBP samples were constructed with the NEBNext
Ultra RNA Library Prep Kit for Illumina (NEB, USA) by following the manufacturer’s
instructions. Briefly, polyA RNAs were isolated from approximately 1ug of RNA
preparation with polyT-coated magnetic beads and then treated for divalent cation-
mediated fragmentation. After reverse transcription with random primers and second-
strand cDNA synthesis, the double-stranded ¢cDNAs were subjected to end repair
followed by ligation of hairpin loop adaptors and magnetic bead purification
(Agencourt AMPure XP, Beckman Coulter, USA). The yielded product was further
treated with USER enzyme (NEB, USA) and enriched by PCR amplification with
universal and index primers. Final RNA-seq libraries were recovered with the aid
of Agencourt AMPure XP beads (Beckman Coulter, USA), and sequenced on an
[llumina HiSeqX10 platform with the pair-end 150-bp sequencing strategy at Novo-
gene Co., Ltd. (Beijing, China).

Analysis of sSRNA-seq

For raw reads from Illumina sRNA-seq datasets, the 3’ adaptor sequence was first
trimmed, and then size selection from 18 nt to 42 nt was carried out for adaptor-
trimmed reads by using Cutadapt v1.15 [69]. The retained reads were mapped to the
AGPv4 genome for “B73” maize (https://www.maizegdb.org/) and MSU Release 7 gen-
ome for “Nipponbare” rice (http://rice.plantbiology.msu.edu/index.shtml), respectively,
by using ShortStack v3.8.5 [70]. For both genomes, gene and TE annotations were ob-
tained from Gene_model_set Zm00001d.2 for “B73” maize and Gene_model set Re-
lease 7 for “Nipponbare” rice; promoters were manually defined as 1-kb genomic
regions upstream of translation start codons of annotated maize and rice genes; and
the information about annotated maize and rice miRNAs were adopted from both miR-
Base v21 (http://www.mirbase.org/) and miRNEST 2.0 (http://rhesus.amu.edu.pl/
mirnest/copy/). Adaptor-trimmed reads that were mapped to each gene, TE, promoter,
and miRNA were counted respectively and summarized separately for each size class
ranging from 18 to 26 nt. Normalization was performed by calculating the RPMR (reads
per million rRNA fragments) value for each size class, and comparison was carried out
using the R package DESeq2 [71].

Reproductive phasiRNA analysis

Reproductive phasiRNAs were analyzed according to previously described methods [72,
73]. The number of reproductive 21-nt or 24-nt phasiRNAs was counted by combining
sRNAs that were mapped to positive and negative strands of reproductive 21PHAS or
24PHAS loci in maize and rice genomes, respectively [9-11]. Phasing score was calcu-
lated according to the formula described by Li et al. [19].

Analysis of PARE data

Raw reads from PARE datasets were initially subjected to adaptor removal using an in-
house script. Then the adaptor-trimmed reads were mapped to annotated transcripts of
maize or rice to search for miRNA-mediated cleavage events via the CleaveLand4
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pipeline [38]. Genes harboring cleavage sites with category =0 and P value < 0.05 in at
least two biological repeats were filtered as miRNA targets.

GO term analysis for target genes was performed by using the on-line tool agriGO
(http://bioinfo.cau.edu.cn/agriGO/) with default parameters. GO terms with FDR < 0.05
were retained as ones that were statistically significant.

RNA-seq analysis

Adaptor-trimmed reads from RNA-seq datasets were mapped to the AGPv4 genome
for “B73” maize (https://www.maizegdb.org/) or MSU Release 7 genome for “Nippon-
bare” rice (http://rice.plantbiology.msu.edu/index.shtml) by using Bowtie2 [74], and
reads mapped to multiple positions were discarded. Then the number of reads mapped
to each gene was counted and used for comparison of normalized gene expression with
the R package DESeq2 [71].

Northern blotting

Northern blotting for select miRNAs was performed as previously described [75].
Briefly, approximately 10 ug of total RNAs were denatured at 70 °C for 10 min and then
resolved in a 15% (W/V) TBE-urea polyacrylamide gel by electrophoresis at 150 V for
approximately 1 h. The separated RNAs were transferred from the PAGE gel to a nylon
membrane (Hybond-NX, GE Healthcare, USA) with the semi-dry method and
subjected to 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)-me-
diated crosslinking at 65 °C. For probe preparation, DNA oligonucleotides complemen-
tary to targeted miRNAs were synthesized and labeled with biotin molecules at both 5
and 3’ ends (Additional file 18: Table S17). After hybridization, the probes were de-
tected with the Chemiluminescent Nucleic Acid Detection Module (Thermo Fisher,
USA) following the manufacturer’s instructions. Signals were visualized by CheiScope
3300 Mini (CLINX, China). At least two biological repeats were performed for each
miRNA.

Western blotting

Western blotting was performed to investigate ribosomal protein L13 (RPL13) and
phosphoenolpyruvate carboxylase (PEPC) levels in polysomal fractions according to the
method described by Li et al. [19]. Briefly, approximately 10 pg of total proteins from
Total, TP, and MBP samples were subjected to separation in an 8% (W/V) sodium do-
decyl sulfate polyacrylamide gel (SDS-PAGE) by electrophoresis at 110 V for about 1 h.
After proteins were transferred from the PAGE gel to a nitrocellulose membrane
(Amersham Protran, GE Healthcare, USA), RPL13 and PEPC were detected with rabbit
anti-RPL13 primary antibody (AS13 2650, Agrisera, USA) and rabbit anti-PEPC
primary antibody (AS09 458, Agrisera, USA), respectively. The membranes were then
incubated with goat anti-rabbit HRP-conjugated secondary antibody (AS09 602,
Agrisera, USA). Blotting signals for RPL13 and PEPC were visualized by incubation
with Agrisera ECL SuperBright detection reagent (AS16 ECL-S, Agrisera, USA)
followed by exposure to CheiScope 3300 Mini (CLINX, China). Two biological repeats
were performed for RPL13 and PEPC, respectively.
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