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Abstract
Plant TRANS-ACTING SIRNA3 (TAS3)-derived short interfering RNAs (siRNAs) include tasiR-AUXIN RESPONSE FACTORS

(ARFs), which are functionally conserved in targeting ARF genes, and a set of non-tasiR-ARF siRNAs, which have rarely
been studied. In this study, TAS3 siRNAs were systematically characterized in rice (Oryza sativa). Small RNA sequencing
results showed that an overwhelming majority of TAS3 siRNAs belong to the non-tasiR-ARF group, while tasiR-ARFs oc-
cupy a diminutive fraction. Phylogenetic analysis of TAS3 genes across dicot and monocot plants revealed that the siRNA-
generating regions were highly conserved in grass species, especially in the Oryzoideae. Target genes were identified for not
only tasiR-ARFs but also non-tasiR-ARF siRNAs by analyzing rice Parallel Analysis of RNA Ends datasets, and some of these
siRNA–target interactions were experimentally confirmed using tas3 mutants generated by genome editing. Consistent
with the de-repression of target genes, phenotypic alterations were observed for mutants in three TAS3 loci in comparison
to wild-type rice. The regulatory role of ribosomes in the TAS3 siRNA–target interactions was further revealed by the fact
that TAS3 siRNA-mediated target cleavage, in particular tasiR-ARFs targeting ARF2/3/14/15, occurred extensively in rice
polysome samples. Altogether, our study sheds light into TAS3 genes in plants and expands our knowledge about rice
TAS3 siRNA–target interactions.

Introduction
In plants, small RNAs have emerged as core players in al-
most all biological processes by regulating the expression of
target genes through transcript cleavage and/or translational
repression at the post-transcriptional level, or transcription-
ally via directing DNA methylation (Chen, 2009; Rogers and

Chen, 2013; Baulcombe, 2004; Fang and Qi, 2016; Martinez
and Köhler, 2017; Tang and Chu, 2017; Yu et al., 2017). Two
major types of small RNAs exist in plants, microRNAs
(miRNAs) and short interfering RNAs (siRNAs), which differ
in their biogenesis and modes of action. miRNAs are pro-
duced from their own MIR genes, which are mainly located
in intergenic regions and transcribed into single-stranded
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miRNA precursors with imperfectly self-complementary hair-
pin structures. Many miRNAs are conserved in sequences
and functions across plant species. In contrast, siRNAs could
be derived from transgenes, viruses, transposons, aberrant
RNAs as well as non-coding RNAs (Allen and Howell, 2010;
Fei et al., 2013; Wu et al., 2020). In general, siRNAs are not
characterized by unique sequences or target genes. However,
there is a class of siRNAs that are unique in that they target
a small number of targets in trans and is thus termed trans-
acting siRNAs (ta-siRNAs) (Peragine et al., 2004; Vazquez
et al., 2004; Allen et al., 2005; Axtell et al., 2006).

To date, eight TRANS-ACTING SIRNA (TAS) loci belonging
to four families (TAS1–TAS4) have been shown to generate
ta-siRNAs in Arabidopsis thaliana (Peragine et al., 2004;
Vazquez et al., 2004; Allen et al., 2005; Yoshikawa, 2005;
Axtell et al., 2006; Howell et al., 2007), but only the TRANS-
ACTING SIRNA3 (TAS3) family is present in monocots
(Williams et al., 2005; Heisel et al., 2008). ta-siRNA biogenesis
is initiated by miRNA-triggered cleavage of noncoding TAS
transcripts (Fei et al., 2013; Liu et al., 2020). Then the cleaved
TAS transcripts are bound by the RNA-binding protein
SUPPRESSOR OF GENE SILENCING 3 (SGS3) and converted
into double-stranded RNAs (dsRNAs) through RNA-
dependent RNA polymerase 6 (RDR6), and the dsRNAs are
further processed by DICER-LIKE (DCL) proteins to generate
a cluster of phased siRNAs (phasiRNAs) of 21- or 24 nt in
length (Chen, 2009; Zhang et al., 2019). DCL4 is the major
producer of 21-nt phasiRNAs, among which ta-siRNAs are a
special subgroup that acts in trans (Peragine et al., 2004;
Vazquez et al., 2004; Xie et al., 2005; Yoshikawa et al., 2005).

There are two modes of ta-siRNA biogenesis, known as the
“one-hit” or “two-hit” mechanism (Fei et al., 2013; Zhang et
al., 2019). In the one-hit model, TAS RNA precursors, such as
TAS1, TAS2, and TAS4, only have a single miRNA binding site,
and the cleavage at the site triggers the production of
phasiRNAs from the fragment 30 to (or downstream of) the
target site (Allen et al., 2005; Fei et al., 2013; Liu et al., 2020).
However, TAS3 is different, as its transcript bears two target
sites of miR390, generating ta-siRNAs via the so-called two-hit
mechanism (Axtell et al., 2006; Howell et al., 2007). Briefly, the
miR390–Argonaute7 (AGO7) complex cleaves TAS3 at the 30-
site, but not at the 50-site in Arabidopsis due to the presence
of a central mismatch (Axtell et al., 2006; Howell et al., 2007;
Montgomery et al., 2008; Allen and Howell, 2010). SiRNAs are
produced in a 21-nt register from the 30-miR390 cleavage site
and are defined as “D1, D2, D3. . .,” with the orientation being
indicated by the suffix “ + ” for the positive (the original tran-
script) strand, or “–” for the negative (the RDR-synthesized)
strand (Allen et al., 2005; Allen and Howell, 2010; De Felippes
et al., 2017).

The most well-studied TAS3 siRNAs are tasiR-ARFs, which
are widely conserved across plant species and target several
ARF genes (Allen et al., 2005; Williams et al., 2005). The
miR390/tasiR-ARFs module regulates many developmental
processes, such as lateral root growth, leaf patterning, and
developmental timing in Arabidopsis, rice, maize, and even

moss (Adenot et al., 2006; Fahlgren et al., 2006; Hunter et
al., 2006; Marin et al., 2010; Cho et al., 2012; Dotto et al.,
2014; Hobecker et al., 2017; Ding et al., 2020), indicating a
highly conserved regulatory role of the tasiR-ARFs pathway
(Shen et al., 2009; De Felippes et al., 2017; Xia et al., 2017).
By integrating auxin signaling, the miR390/tasiR-ARFs mod-
ule also regulates plant responses to environmental stresses,
such as lateral root growth under salt stress in poplar (He et
al., 2018), Helianthus tuberosus (Wen et al., 2020), and cot-
ton (Yin et al., 2017), and nodule development in legumes
(Hobecker et al., 2017). However, it still remains unknown
whether tasiR-ARFs have non-ARF targets, or whether non-
tasiR-ARF TAS3 siRNAs have targets or biological functions.
Although tasiR-ARF biogenesis is highly conserved across
angiosperms (Xia et al., 2017), it is striking that loss-of-
function mir390, ago7, rdr6, and dcl4 mutants in rice and
maize show much more severe developmental defects than
those in Arabidopsis, some even fail to initiate the shoot
apical meristem during embryogenesis (Itoh et al., 2000;
Peragine et al., 2004; Xie et al., 2005; Nagasaki et al., 2007;
Cuperus et al., 2010; Bi et al., 2020). The weak leaf patterning
phenotypes of the tasiR-ARF biogenesis pathway mutants in
Arabidopsis are in part due to genetic redundancy
(Husbands et al., 2015). In addition to plant development,
miR390 was found to act in response to multiple stresses,
including cold, oxygen, salt, ultraviolet, and cadmium, etc. in
rice, Arabidopsis, Medicago truncatula, and so on (Liu and
Zhang, 2012; Zhou et al., 2012a, 2012b; Ding et al., 2016;
Dmitriev et al., 2017; Yin et al., 2017; Lu et al., 2018; Hou
et al., 2019). To date, it remains an open question as to
what underlies the unusual importance of TAS3 siRNAs in
monocot meristem development and stress responses.
There could be two scenarios. First, the TAS3-tasiR-ARFs
pathway may play a wider role in monocots than that in
Arabidopsis. Lack of genetic redundancy could be part of
this scenario. Second, the TAS3 loci may produce additional
non-tasiR-ARF siRNAs that would target genes other than
ARFs in monocots. In fact, some additional siRNAs (non-
tasiR-ARFs) from TAS3 loci have been reported in Cassava
and longan (Xia et al., 2014; Lin et al., 2015). Although these
are not monocots, the findings suggest that the second sce-
nario is possible. The functions of the siRNAs are as yet
unknown.

In this study, we systemically investigated the origin, evo-
lution, target genes, and potential biological functions of
TAS3 siRNAs in rice (Oryza sativa, cv Nipponbare). We show
that tasiR-ARFs-mediated target cleavage only occurs on
polysomes in rice by analyzing rice Parallel Analysis of RNA
Ends (PARE) datasets. Besides the conserved targets ARF2/3/
14/15, we identified two additional targets of tasiR-ARFs in-
volved in heavy metal responses. In addition, we found
more TAS3-derived phased siRNAs that may also act in
trans to direct cleavage of dozens of target transcripts, par-
ticularly on polysomes. Some of the identified targets were
confirmed via expression analysis in mutants at three TAS3
loci created via clustered regularly interspaced short
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palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9) ge-
nome editing. Many of these targets are involved in plant
growth and stress responses, implying that TAS3 siRNAs
might be important for plants to adapt to their
environment.

Results

A large pool of phasiRNAs is produced from TAS3
loci in rice
Based on the analyses of base-pairing with miR390 and the
presence of both 50- and 30-target sites, five TAS3 loci have
been identified in rice, OsTAS3a on chromosome 3,
OsTAS3b on chromosome 2, OsTAS3c on chromosome 4,
OsTAS3d on chromosome 1, and OsTAS3e on chromosome
5 (Supplemental Table S1; Lu et al., 2008; Allen and Howell,
2010; Wang et al., 2010b; Song et al., 2012). tasiR-ARFs pro-
duced from these five loci vary. First, the number of tasiR-
ARFs is different: OsTAS3a, OsTAS3e, and OsTAS3d all give
rise to two tasiR-ARFs adjacent to each other, while TAS3b
and TAS3c generate a single tasiR-ARF with identical se-
quence. Second, the positions from which tasiR-ARFs are
generated differ, with the positions being D6 ( + ) and D7
( + ) for OsTAS3a, D6 ( + ) for OsTAS3b, D5 ( + ) for
OsTAS3c, D7 ( + ) and D8 ( + ) for both OsTAS3d and
OsTAS3e (Figure 1, A–C; Supplemental Figure S1, A and S1,
B). Compared with those from Arabidopsis, tasiR-ARFs pro-
duced by OsTAS3a/b/c/d/e showed 1–6 nucleotide mis-
matches, suggesting a high degree of sequence conservation
between rice and Arabidopsis (Supplemental Figure S1C).

To profile TAS3 siRNAs, we sequenced small RNA libraries
from three biological replicates of 1-week-old wild-type
(WT) rice (Supplemental Table S2). Over 2.8 million
genome-matched sequences for each library were obtained
(Supplemental Table S3). Moreover, the biological repeats
were highly reproducible (Supplemental Figure S1D). After
normalization, siRNAs with the length of 18- to 24-nt were
mapped to the TAS3 loci. The largest proportion of the
identified siRNAs was 21-nt in length (35.5%), with 22-nt,
20-nt, and 19-nt classes accounting for 21.9%, 13.2%, and
11.0%, respectively, of the total TAS3 siRNA pool
(Supplemental Table S4). For the identification of TAS3
siRNAs, we set the cutoff to reads per million mapped
(RPM) greater than or equal to 0.1 in at least two samples
out of all samples (including WT and three tas3 mutants,
each with three biological replicates), and a total of 674 21-
nt siRNAs were retained and named according to their locus
of origin and abundance ranking. For example, the siRNA
with the highest abundance was from TAS3b and named
TAS3b_siRNA1, and the fourth abundant siRNA was from
TAS3c and named TAS3c_siRNA4 (Supplemental Table S5).
Most tasiR-ARFs were from TAS3a and TAS3b, comprising
52.4% and 32.5%, respectively, of the total tasiR-ARF pool.
The remaining 15.1% were from other loci, including TAS3d
tasiR-ARF-D7 (10.3%), TAS3d tasiR-ARF-D8 (1.2%), TAS3e
tasiR-ARF-D7 (2.4%), and TAS3e tasiR-ARF-D8 (1.2%)
(Figure 1D). Surprisingly, the abundance of tasiR-ARFs was

extremely low, constituting only about 2% of all 21-nt
siRNAs from TAS3 loci (Figure 1D). In contrast, the abun-
dance of non-tasiR-ARF siRNA species was overwhelmingly
higher than that of the tasiR-ARFs from the same locus
(Figure 1, E–G; Supplemental Figure S1, E–K).

The average abundance (RPM) of tasiR-ARFs is about 1,
therefore, we set RPM = 1 as the cutoff to define high and
low abundance TAS3 siRNAs. TAS3 siRNAs with RPM
greater than or equal to 1 were classified as high abundance
siRNAs and those with RPM below 1 were classified as low
abundance siRNAs; for example, TAS3b_siRNA70 is the top-
ranked low abundance siRNA (Supplemental Table S5).
Importantly, these TAS3 siRNAs were arranged in phase and
possessed the 2-nt 30-overhang in the small RNA duplexes.
TAS3 siRNAs from the positive strand were almost in per-
fect phase to the 30-miR390 site, suggesting that these
phased siRNAs were produced together with tasiR-ARFs
(Figure 1, A–C; Supplemental Figure S1, A and B). But there
are a few exceptions, which may be caused by imprecise
processing or trimming after processing. We analyzed the
source of the 21-nt TAS3 siRNAs and found that 70.5% were
derived from TAS3b, 16.2% from TAS3a, 9.7% from TAS3c,
and 3.6% from TAS3e and TAS3d (Figure 1D). Thus, most
TAS3 siRNAs including tasiR-ARFs and non-tasiARF siRNAs
were from TAS3a and TAS3b. Since siRNAs from TAS3a/b/c
accounted for 495% of the total TAS3 siRNA pool, we fo-
cused on the characterization of these siRNAs hereafter.
Considering their large amount, we were curious about the
evolutionary conservation and molecular functions, particu-
larly of the high abundance TAS3 siRNAs.

TAS3 siRNAs are conserved in grasses
The miR390-TAS3-ARF pathway is a highly conserved and
functionally important regulatory circuit in land plants
(Allen et al., 2005; Xia et al., 2017), although TAS3 genes
only comprise a small gene family in plants such as one
TAS3 member in Marchantia polymorpha, three in
Arabidopsis, and five in rice (Xia et al., 2017). Using plant ge-
nome information deposited in national center for biotech-
nology information (NCBI) and plaBiPD dataBase (plaBiPD),
we analyzed the evolution of TAS3 genes in monocot and
dicot plants.

In total, we identified 289 TAS3 genes, including 26 TAS3
genes from 10 dicots and 263 TAS3 genes from 50 mono-
cots (Supplemental Table S6). Numerous studies have
shown that TAS3 sequences are highly conserved in the
miR390 recognition sites and tasiR-ARF sequences (Allen et
al., 2005; Axtell et al., 2006; Krasnikova et al., 2013; Xia et al.,
2017). We were wondering whether the regions generating
non-tasiR-ARF TAS3 siRNAs, especially the ones of high
abundance, were also conserved. As rice is a monocot, we
first investigated the phylogenetic conservation of TAS3
genes among 14 monocots (Supplemental Figure S2A).
Phylogenetic analysis revealed that these predicted TAS3
genes belonged to one of two clades, one containing rice
TAS3a, TAS3d, and TAS3e and the other containing rice
TAS3b and TAS3c. Then, TAS3 sequences from each clade
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Figure 1 Sequences of TAS3 genes and abundance of TAS3 siRNAs in rice. A–C, Sequences of TAS3a (A), TAS3b (B), and TAS3c (C) transcripts be-
tween the two miR390 recognition sites. The phased siRNAs are indicated by brackets, and the register of the phased siRNAs is determined by
cleavage (arrow) at the 30-miR390 recognition site. The sequences of rice tasiR-ARFs, which are adopted from tasiRNAdb (https://bioinfo.jit.edu.
cn/tasiRNADatabase), are indicated in red. The siRNAs with high abundance are labeled, and their mean abundance in the small RNA libraries is
displayed in parentheses. D, Cumulative abundance of tasiR-ARFs and TAS3 siRNAs from the five TAS3 loci in rice. “RPM” is short for “reads per
million mapped reads.” E–G, Abundance of tasiR-ARFs and top-ranked non-tasiR-ARF TAS3 siRNAs generated from TAS3a (E), TAS3b (F), and
TAS3c (G) transcripts in rice. Each analysis includes three independent replicates. The abundance of siRNAs is displayed as mean ± standard
deviation.
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were selected for sequence alignment. The results showed
that only the sequences of tasiR-ARFs and the recognition
sites of miR390 were highly conserved and this was true for
the group of TAS3a, TAS3d, and TAS3e as well as that of
TAS3b and TAS3c (Supplemental Figure S2B). The sequence
conservation analysis of TAS3 genes of monocots was in ac-
cordance with previous studies (Allen et al., 2005; Axtell et
al., 2006; Finet et al., 2013; Krasnikova et al., 2013; Lin et al.,
2015; Xia et al., 2017).

To investigate whether non-tasiR-ARF TAS3 siRNAs are
conserved in more closely related species, we analyzed TAS3
genes in grasses. Totally, 141 predicted TAS3 genes were
obtained from 21 grass species. Phylogenetic analysis showed
that these TAS3 genes belonged to five separate clades, each
represented by one of the five OsTAS3 genes. Therefore, we
assigned names of the TAS3 genes in the same clade accord-
ing to the corresponding rice TAS3 genes. Like the phylog-
eny in monocots, TAS3a/d/e clades were grouped into a
single large clade, while TAS3b and TAS3c clades were
grouped into another large clade (Figure 2).

Alignments of TAS3 sequences within the same clade
showed that, in addition to the known sites (tasiR-ARFs and
miR390 recognition sites), some siRNAs also showed sequence
conservation, for instance, TAS3a_siRNA5, TAS3a_siRNA7,
and TAS3a_siRNA108 from TAS3a; TAS3b_siRNA2,
TAS3b_siRNA3, and TAS3b_siRNA44 from TAS3b; as well as
TAS3c_siRNA135, TAS3c_siRNA175, and TAS3c_siRNA281
from TAS3c (Supplemental Figure S2C). Besides, two siRNAs,
TAS3d_siRNA194 and TAS3e_siRNA523 from TAS3d and
TAS3e, were also conserved (Supplemental Figure S2C).
Furthermore, we performed phylogenetic analysis and se-
quence alignments for 69 predicted TAS3 sequences from 15
Oryza species. The results indicated that the presumed TAS3
genes were divided into five clades, which we named accord-
ing to the rice genes (Lu et al., 2008; Zhu et al., 2008; Song et
al., 2012; Supplemental Figure S2D). The sequence alignments
showed that TAS3 sequences were highly conserved in
Oryzoideae (Supplemental Figure S2E). Based on the above
results, it can be concluded that some TAS3 siRNAs were
conserved in grasses. The conservation of TAS3 siRNAs in
Gramineae implies functional relevance.

TAS3 siRNAs are associated with polysomes
In plants, miRNAs and siRNAs repress target gene expression
through either transcript cleavage or translational repression
at the post-transcriptional level, or through DNA methyla-
tion at the transcriptional level (Chen, 2009; Rogers and
Chen, 2013; Baulcombe, 2004; Fang and Qi, 2016; Yu et al.,
2017; Jiang et al., 2020). An mRNA undergoing translation
usually associates with multiple ribosomes to form polyribo-
some complexes (polysomes), and the number of ribosomes
per transcript reflects the efficiency of translation
(Kawaguchi et al., 2004; Wang et al., 2019b). Generally, the
polysome association of miRNAs or AGO proteins may re-
flect the translational repression activity of miRNAs. In fact,
miRNAs have been shown to guide the cleavage of target
mRNAs on polysomes in Arabidopsis (Li et al., 2016), rice

and maize (Yang et al., 2021). Therefore, we sought to deter-
mine whether TAS3 siRNAs are associated with polysomes.

We determined whether TAS3-derived siRNAs are associ-
ated with polysomes by analyzing published rice small RNA
sequencing libraries from total extracts (Total), total poly-
somes (TPs), and membrane-bound polysomes (MBP) (Yang
et al., 2021). Interestingly, TAS3 siRNAs were found not
only in total extracts but also in the polysome fractions
(Supplemental Figure S3, A–E). Enrichment in the MBP frac-
tion was noted for siRNAs from TAS3a, TAS3b, and TAS3e
(Supplemental Figure S3, A, B and E). However, the abun-
dance of siRNAs from TAS3c and TAS3d in total extracts was
significantly higher than that in MBP and TP (Supplemental
Figure S3, C and D). We then analyzed the distribution of
high abundance siRNAs and tasiR-ARFs (Figure 3, A–C;
Supplemental Figure S3, F–L and Supplemental Table S7) in
these three fractions. As expected, the subcellular localization
of the siRNAs varied. For example, TAS3a_siRNA5 and
TAS3a_siRNA31 were significantly enriched in TP and MBP
(Figure 3A), whereas TAS3b_siRNA1 and TAS3c_siRNA4 were
greatly enriched in Total (Figure 3, B and C). Similarly, tasiR-
ARFs were found in all three fractions, but the abundance
was significantly lower than that of the highly abundance
siRNAs (Figure 3, A–C; Supplemental Figure S3, F–L and
Supplemental Table S7). These results suggested that some
TAS3 siRNAs were associated with polysomes and may medi-
ate translational repression.

tasiR-ARFs target ARFs and additional protein-
coding genes
The ARFs are in a gene family ranging in numbers from 10
to more than 50 (Ha et al., 2013). Arabidopsis ARFs are di-
vided into three clades, ARF5/6/7/8, ARF1/2/3/4/9, and
ARF10/16/17, which can be traced back to the origin of land
plants (Finet et al., 2013). In rice, ARF2/3/14/15 genes were
identified as targets of tasiR-ARFs (Liu et al., 2007; Zhu et al.,
2008; Wang et al., 2010a) because these four ARFs were of
the highest sequence similarities (480%) to Arabidopsis
ARF3 and they harbor two tasiR-ARF recognition sites
(Wang et al., 2007). Here, by analyzing our PARE libraries of
Total, TP, and MBP fractions from rice seedling shoots and
immature panicles (Yang et al., 2021) and retaining only the
PARE hits present in at least two biological replicates, we
identified a total of six target genes of tasiR-ARFs
(Degradome category = 0; P 40.05; Figure 4, A and B;
Supplemental Figure S4, A and B; Supplemental Table S8).
ARF2/3/14/15 were among the identified targets. Moreover,
the cleavage of target transcripts by tasiR-ARFs occurred
only in TP and MBP, but not in Total (Figure 4, A and B;
Supplemental Table S8). For instance, tasiR-ARF-targeted
cleavage of ARF2 (LOC_Os01g48060) showed a better PARE
signal in TP than those in Total and MBP (Supplemental
Figure S4C).

Analysis of PARE datasets also uncovered non-ARF targets
of tasiR-ARFs. tasiR-ARFs targeted two genes with heavy
metal-related functions, LOC_Os02g30650 and
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LOC_Os02g37290 (Figure 4B; Supplemental Figure S4B and
Supplemental Table S8), in rice immature panicles, indicating
that tasiR-ARFs may play a role in heavy metal responses in
rice panicles. For instance, LOC_Os02g37290, also named
HPP03, belongs to the heavy metal-associated plant proteins
(HPP) and the heavy metal-associated isoprenylated plant

proteins gene family with roles in metal detoxification
(Abreu-Neto et al., 2013; Khan et al., 2019). Note that tasiR-
ARFs from different TAS3 loci showed 1- to 6-nt differences
(Supplemental Figure S1C). The tasiR-ARFs with the highest
degree of complementarity to the targets were assigned as
the regulatory tasiR-ARF in the PARE analysis. It is also
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noteworthy that PARE signals were not uniformly strong in
the Total, TP, and MBP fractions. For example, the targeting
of LOC_Os02g30650 by TAS3a_tasiARF-D6 was only obvious
in the TP and MBP fractions (Supplemental Figure S4D). This
might be why this gene was not previously identified as a
tasiR-ARF target. In addition, for some targets, the PARE sig-
nals showed tissue-specific patterns, for instance, ARF2
(LOC_Os01g48060) was targeted by TAS3b/c tasiR-ARF in
both TP and MBP fractions in rice panicles, but was only tar-
geted in the TP fraction in rice shoots (Figure 4, A and B;
Supplemental Figure S4, A and S4, C; Supplemental Table S8).
These examples highlight the importance of observing small
RNA–target relationships in polysome fractions.

Non-tasiR-ARF TAS3 siRNAs have potential targets
in rice
We sought to determine whether non-tasiR-ARF siRNAs
from TAS3 loci have endogenous targets. As non-tasiR-ARF
siRNAs are numerous, it is possible that some siRNAs match
a 50-monophosphate RNA end in the PARE dataset by
chance. To confidently identify targets of non-tasiR-ARF
siRNAs, we implemented the following criteria. First, we only
considered the best PARE hits (Degradome category = 0; P
40.05, as defined by the cleavage site being the only PARE
signal along the transcript) as putative targets. Next, we
only considered PARE hits that were present in at least two
biological replicates. Finally, we generated five sets of ran-
domized sequences from the input TAS3 non-tasiR-ARF
siRNAs and used these as controls to represent the extent
of fortuitous small RNA–mRNA pairing. The generation of
random siRNA sequences was based on the original sequen-
ces of TAS3 siRNAs. Nucleotides from TAS3 siRNAs at each
position of the 21-nt sequence were mixed and used for the
generation of nucleotides at the corresponding position of
randomized siRNAs (Supplemental Figure S4E). A total of
five sets of randomized sequences were generated and used
as controls in the PARE analysis. All the randomized datasets
and TAS3 siRNAs have the same nucleotide composition
but totally different sequences. The PARE datasets from
Total, TP, and MBP in shoots and panicles were separately
analyzed. In Total and MBP samples from shoots, the num-
bers of predicted targets were similar between the 674 21-nt
TAS3 siRNAs and randomized siRNAs. This suggested that
most of the PARE signals unlikely represented true target
cleavage by an siRNA, although the results cannot exclude
the presence of a small number of authentic siRNA–target
interactions. Interestingly, in panicle Total, TP, and MBP and
shoot TP samples, significantly higher numbers of putative
targets were found for TAS3 siRNAs than randomized
siRNAs (Figure 4, C and D). This indicates that TAS3 siRNAs
do have targets, particularly in TP and MBP fractions, al-
though some of the predicted targets are also likely false
positives.

Given these findings, we focused on putative targets iden-
tified from panicle TP and MBP samples and shoot TP sam-
ples, and the corresponding Total samples were included for
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Figure 3 TAS3 siRNAs are associated with polysomes in rice. A–C,
Abundance of tasiR-ARFs and top-ranking, highly abundant siRNAs
from TAS3a (A), TAS3b (B), TAS3c (C) transcripts in Total, TP, and
MBP samples. In A–C, significant differences as compared to Total are
denoted by *P4 0.05, **P4 0.01, and ***P4 0.001, respectively, with
the P-values being derived from unpaired two-tailed t test. siRNA
abundance is displayed as mean ± standard deviation of three biologi-
cal repeats. “RPMR” is short for “reads per million mapped rRNA
fragments.”
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comparison. Among the 61 genes targeted by 21-nt TAS3
siRNAs in shoots, there were 17 genes in Total, 28 in TP,
and 16 in MBP (Figure 4E; Supplemental Table S9). For the
71 target genes in panicles, 20 genes were in Total, 21 in TP,
and 30 in MBP (Figure 4F; Supplemental Table S9). Each
fraction had its own specific target transcript cleavage
events; moreover, the number of target genes in TP and
MBP was higher than that in Total (Figure 4, E and F). To
detect the relationship between siRNA abundance and the
number of target genes, we classified the siRNAs with pre-
dicted targets based on their abundance and calculated the
proportion of their predicted targets in each of the three
samples. Figure 4G showed that siRNAs with high abun-
dance had more target genes than low abundance siRNAs
on average, especially in panicle MBP samples.

To understand the general role of 21-nt TAS3 siRNAs in
rice, we performed Gene Ontology (GO) analysis on the
71 protein-coding genes targeted by TAS3 siRNAs in
panicles and the 28 in shoot TP (Figure 4H; Supplemental
Table S10). The most enriched GO terms of the target
genes in panicles were associated with chemical stimulus
responses. In comparison, target genes in shoot TP were
most enriched in RNA metabolic processes. These identi-
fied targets of TAS3-derived siRNAs implicate TAS3
siRNAs in the regulation of not only plant development
but also stress responses.

We next determined the subcellular distribution of the
cleavage events guided by non-tasiR-ARF TAS3 siRNAs.
Most cleavage events were found in polysome fractions, al-
though some were also found in Total (Figure 4, E and F).
LOC_Os09g38520, which encodes a DOMON domain pro-
tein, was cleaved by TAS3b_siRNA45 (Supplemental Figure
S4F) in Total and TP of rice shoots, and the transcription
factor II F (TFIIF) gene LOC_Os06g04580 was cleaved by
TAS3b_siRNA34 in MBP of rice panicles (Supplemental
Figure S4G). Together with the finding that tasiR-ARFs guide
the cleavage of target RNAs in polysome fractions (Figure 4,
A and B; Supplemental Table S8), these results indicated
that TAS3-derived siRNAs act mainly on polysomes. This is
consistent with previous findings that miRNA-mediated tar-
get cleavage was widely observed on MBPs, and a large pro-
portion of these cleavage events was MBP-unique (Yang et
al., 2021).

Generation and characterization of null mutants in
TAS3a, TAS3b, and TAS3c
To investigate the function of TAS3 siRNAs and assess their
redundancy and specificity during rice growth and develop-
ment, we mutated the TAS3a-c loci by altering nucleotides
within the 30-miR390 target sites using double sgRNAs in
the CRISPR/Cas9-based editing system. The three loci
(TAS3a, TAS3b, and TAS3c) were selected for gene editing as
they produced the majority of TAS3 siRNAs (Figure 1D).
Details of mutations at each locus were as follows
(Figure 5A): at the TAS3a locus, two mutants with a 60-bp
deletion and a 3-bp deletion plus a 2-bp addition were

designated as tas3a-1 and tas3a-2, respectively; at the TAS3b
locus, two mutants with a 40-bp deletion and two individual
point mutations were designated as tas3b-1 and tas3b-2, re-
spectively; at the TAS3c locus, two mutants containing a 63-
bp deletion and a 65-bp deletion were designated as tas3c-1
and tas3c-2, respectively.

The tas3a-1, tas3b-1, and tas3c-1 mutants all contain trun-
cations of the 30-miR390 recognition site and harbor an in-
tact 50-miR390 binding site. Thus, these mutants offered a
great opportunity to evaluate the importance of the 30-site
in ta-siRNA biogenesis. We performed small RNA sequenc-
ing with tas3a-1, tas3b-1, tas3c-1 mutants, and WT using 1-
week-old shoots (Supplemental Table S2). The three biologi-
cal replicates gave reproducible results (Supplemental Figure
S1D). We first examined the abundance of siRNA species
unique to each of the three loci. As shown in Figure 5B, the
level of TAS3a_siRNA16 was dramatically reduced in tas3a-1
but was not affected in tas3b-1 or tas3c-1 (Figure 5B).
Similarly, specific reduction of TAS3b_siRNA1 and
TAS3c_siRNA19 were found in the corresponding tas3b-1
and tas3c-1 mutants (Figure 5B). Northern blotting was
then performed to verify the accumulation of siRNAs in the
mutants as determined by small RNA sequencing.
TAS3a_siRNA5 was successfully detected in WT, although
the band was very weak, but was not detectable in tas3a-1
and tas3a-2 (Figure 5C; Supplemental Figure S5A). Similarly,
TAS3b_siRNA1 was present in WT but only showed very
faint bands in tas3b-1 or tas3b-2 (Figure 5C; Supplemental
Figure S5B). The abundance of siRNAs from TAS3c was too
low to be detected by northern blotting. In summary, these
results showed that the 30-miR390 recognition site is crucial
in the biogenesis of ta-siRNAs. In addition, the results also
confirmed the production of highly abundant non-tasiR-ARF
siRNAs from various TAS3 loci in a locus-specific manner.

Having shown that these tas3 mutants are likely null
mutants, we went on to determine the contribution of
these loci to the pool of tasiR-ARFs as well as non-tasiR-ARF
siRNAs. The abundance (RPM) of total tasiR-ARFs was sig-
nificantly decreased in tas3a-1 and tas3b-1 but not tas3c-1
(Figure 5D), suggesting that TAS3a and TAS3b are the main
loci that produce tasiR-ARFs in seedlings. The abundance of
total siRNAs was significantly reduced in all three tas3
mutants, with the reduction in tas3b-1 being the most se-
vere (Figure 5D). Thus, TAS3a, TAS3b, and TAS3c all contrib-
ute to the TAS3 siRNA pool, with TAS3b being a major
contributor. These results were also in concordance with
the analyses of siRNA distribution among the five TAS3 loci
(Figure 1D).

Gene regulatory and biological functions of
TAS3 loci
Mutants with one of the three TAS3 loci mutated grew nor-
mally, except that root length in the two alleles of each of
the three loci were shorter than WT, and shoot lengths were
shorter in the two tas3a mutants (Figure 6, A and B). We an-
alyzed the relative expression levels of ARF2/3/14/15 in
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dissected tissues enriched for the shoot apical meristem of
WT and tas3 mutants by reverse transcription quantitative
PCR (RT-qPCR). Compared with WT, the expression of ARF2
and ARF14 showed substantial upregulation in all six mutants,
while that of ARF3 and ARF15 showed upregulation in some
of the mutants (Figure 6C). This suggested that tasiR-ARFs
from all three TAS3 loci contribute to the repression of the
ARFs to some extent and that there is redundancy among
the three TAS3 loci.

Using these mutants, we next attempted to validate the
two putative non-ARF target genes of tasiR-ARFs identified
from PARE analysis. We examined the relative expression
levels of the three genes in WT and the mutants by RT-
qPCR. LOC_Os02g37290 encoding a heavy metal-associated
domain containing protein, predicted to be targeted by
tasiR-ARFs from TAS3a, TAS3b, and TAS3c, was significantly
upregulated in tas3a-1, tas3b-1, and tas3c-2 (Figure 6D).
Similarly, the expression of LOC_Os02g30650, which encodes
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Figure 4 Identification of TAS3 siRNA target genes in rice. A and B, Numbers of tasiR-ARF target genes as determined by PARE analysis for input
(Total), TP, and MBP samples from rice shoots (A) and panicles (B). C and D, Numbers of predicted targets of randomized siRNAs and TAS3
siRNAs in Total, TP, and MBP samples from shoots (C) and panicles (D). E and F, Numbers of TAS3 siRNA target genes as determined by PARE
analysis for Total, TP, and MBP samples from rice shoots (E) and panicles (F). G, Summary for TAS3 siRNA targets in panicle Total, TP, and MBP
and shoot TP samples. The black and gray rectangles represent target transcripts cleaved by TAS3 siRNAs with RPM 51 and TAS3 siRNAs with
RPM 51, respectively. H, Enriched GO terms for TAS3 siRNA target genes in panicle Total, TP, and MBP and shoot TP samples as determined
with the online tool agriGO v2.0 (http://systemsbiology.cau.edu.cn/agriGOv2/). The cutoff parameters for the identification of target genes were
“degradomic category 0” and “P-value 40.05.” In (C and D), significant differences as compared to the randomized group are denoted by
*P4 0.05, **P4 0.01, and ***P4 0.001, respectively, with the P-values being derived from one-sample test (95% confidence interval). Number of
target genes is displayed as mean ± standard deviation of five biological repeats.
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a heavy metal-associated domain protein, was significantly
upregulated in tas3a-1 and tas3a-2 (Figure 6D). These results
suggested that the identified target genes of tasiR-ARFs are
likely true targets in rice.

Finally, we sought to confirm the predicted targets of non-
tasiR-ARF siRNAs using these mutants. We randomly selected
several predicted target genes from the PARE data to examine
the relative expression levels in WT and the corresponding
mutants. For example, LOC_03g58270 was predicted to be a
target of TAS3a_siRNA46, so its expression was examined in
the tas3a mutants. The results showed that this gene was de-
repressed in the tas3a-1 mutant (Figure 6E). Similarly, three
other putative targets (LOC_Os08g40919, LOC_Os02g14760,
and LOC_Os03g55410) were significantly upregulated in at

least one of the mutants compared with WT (Figure 6E).
However, this was not true for all tested putative targets, such
as LOC_Os10g22960, LOC_03g08754, and LOC_08g35090
(Supplemental Figure S6, A–C). We performed a tran-
sient dual-luciferase (LUC) assay to further verify the
effects of non-tasiR-ARF siRNAs on the expression of
their potential targets. For the abovementioned four
putative targets of non-tasiR-ARF siRNAs in Figure 6E,
fragments containing the siRNA recognition sites were
translationally fused with the LUC reporter and trans-
formed into tas3 mutant or WT protoplasts. The results
showed that the relative LUC activity, which represents
the expression level of target genes, increased signifi-
cantly in the tas3 protoplasts compared to WT

Figure 5 Generation of rice tas3a/b/c mutants by CRISPR/Cas9. A, Schematic illustration of the rice tas3a-1, tas3a-2, tas3b-1, tas3b-2, tas3c-1, and
tas3c-2 mutations. The TAS3 transcripts are diagramed as rectangles with the miR390 binding sites indicated in light gray. The brackets indicate
21-nt phased siRNAs. The inserted and deleted sequences are labeled in red and represented by dotted lines, respectively. B, Abundance of three
representatives TAS3 siRNAs in WT, tas3a-1, tas3b-1, and tas3c-1. Note that TAS3a_siRNA16, TAS3b_siRNA1, and TAS3c_siRNA19 are generated
from TAS3a, TAS3b, and TAS3c, respectively. C, Northern blotting to detect TAS3a_siRNA5 in WT, tas3a-1 and tas3a-2, and TAS3b_siRNA1 in
WT, tas3b-1 and tas3b-2. U6 was used as an internal control. D, Cumulative abundance of tasiR-ARFs (left side) and TAS3 siRNAs (right side) in
WT, tas3a-1, tas3b-1, and tas3c-1. In (B) and (D), “RPM” is short for “reads per million mapped reads.” Significant differences as compared to WT
are denoted by *P4 0.05, **P4 0.01, and ***P4 0.001, respectively, with the P-values being derived from unpaired two-tailed t test. siRNA abun-
dance is displayed as mean ± standard deviation of three biological repeats.
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protoplasts (Supplemental Figure S6, D and E). These
results further confirmed the interactions between non-
tasiR-ARF siRNAs and their targets in rice.

Discussion
In the present study, we systemically investigated the ori-
gin, evolution, target genes, and potential biological func-
tions of TAS3-derived siRNAs in rice. Our results revealed
that TAS3 loci in rice produce a large number of siRNAs

with higher abundance than that of tasiR-ARFs and that
the sequences of some of the non-tasiR-ARF siRNAs are
conserved in grasses. In addition, we showed that tasiR-
ARFs have non-ARF targets with potential roles in heavy
metal responses, and that some non-tasiR-ARF siRNAs
have endogenous targets.

Small RNA profiling in shoots showed that TAS3a and
TAS3b are the predominant sources of TAS3-derived siRNAs
in rice (Figure 1D). Phased siRNAs from TAS3 loci were

Figure 6 Morphological and molecular phenotypes of rice tas3 mutants. A, Seven-day-old seedlings of WT and tas3 mutants. Scale bar = 5 cm. B,
Statistical analyses of root length and plant height, the latter being defined as the distance from the shoot base to the top, of WT and different
tas3 mutants. In (C–E), relative expression of various genes in WT and tas3 mutants was determined by RT-qPCR. UBQ5 was used as an internal
control. Significant differences as compared to WT are denoted by *P4 0.05, **P4 0.01, and ***P4 0.001, respectively, with the P-values being
derived from unpaired two-tailed t test. The relative expression of target genes is displayed as mean ± standard deviation of three biological
repeats. C, Relative expression of the tasiR-ARF targets ARF2/3/14/15. D, Relative expression of two tasiR-ARF target genes. E, Relative expression
of four non-tasiR-ARF TAS3 siRNA target genes. In (D and E), the pairing between the siRNAs and the target transcripts is shown below the plots.
The letters in red indicate the cleavage positions as revealed by PARE analysis.
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composed of not only canonical tasiR-ARFs but also a large
set of non-tasiR-ARF species, and the abundance of non-
tasiR-ARF species was overwhelmingly greater than that of
tasiR-ARFs (Figure 1D), though tasiR-ARFs are commonly
considered as the only functional siRNAs in plants (Allen et
al., 2005; Williams et al., 2005). This raised the question of
whether the non-tasiR-ARF siRNAs regulate gene expression
in rice. A first indication of their functionality is their poly-
some association. Our analysis of a set of published small
RNA libraries prepared with rice Total, TP, and MBP samples
showed that TAS3a and TAS3b siRNAs (including tasiR-ARFs
and non-tasiR-ARF species) were present in TP and MBP
fractions and were overrepresented in MBP in comparison
to TP (Supplemental Figure S3, A–E). The MBP association
of TAS3-derived siRNAs has functional implications as
Arabidopsis siRNAs cause translational repression as well as
phasiRNA biogenesis on polysomes, particularly MBP (Hou
et al., 2016; Li et al., 2016; Bazin et al., 2017).

The polysome association of tasiR-ARFs and non-tasiR-
ARF siRNAs from TAS3 prompted us to search for siRNA-
guided target cleavage events in polysome fractions. This
was done with PARE datasets prepared from Total, TP, and
MBP fractions from rice seedling shoots and panicles (Yang
et al., 2021). We observed tasiR-ARF-mediated cleavage
events for ARFs in polysome fractions only (Figure 4, A and
B), which demonstrated the higher sensitivity of detecting
certain small RNA–target interactions in polysome fractions.
In addition to the canonical target ARFs, other tasiR-ARF
target genes were identified from the PARE analysis, includ-
ing two heavy metal-related genes (LOC_Os02g37290 and
LOC_Os02g30650). The four ARF genes and the two addi-
tional target genes were all de-repressed in tas3 mutants
(Figure 6, C and D), which confirmed that they are targeted
by tasiR-ARFs.

Intriguingly, this global search revealed a set of potential
target genes for the non-tasiR-ARF siRNAs (Figure 4, E and
F). PARE analysis determines the ends of RNAs with a 50-
monophosphate (P) and matches the ends with those that
can be theoretically produced by small RNA-guided cleavage.
Given the large number of TAS3-derived siRNAs, we were
concerned that some siRNAs may be fortuitously matched
to PARE signals although the 50-P ends do not represent
small RNA-guided cleavage events. To address this issue, we
used sets of randomized sequences of the TAS3 siRNAs as
controls in the PARE analysis. Indeed, we found that similar
numbers of siRNA–target interactions were predicted in
Total samples between randomized sets and the TAS3
siRNAs, indicating that most of the predicted interactions
are not real. However, significantly higher numbers of
siRNA–target interactions were found for TAS3 siRNAs as
compared to the randomized controls in polysome fractions,
suggesting that some TAS3 siRNAs do have targets and that
they likely regulate targets on polysomes (Figure 4, C and
D). A small number of the additional siRNA–target interac-
tions were further confirmed in rice tas3 mutants, demon-
strating the functionality of these noncanonical siRNAs from

rice TAS3 loci (Figure 6E). The predicted target genes in
panicles were mainly enriched in chemically stimulated regu-
latory pathways, and in shoot TP were mainly enriched in
RNA metabolic process. The repression of target genes by
TAS3 siRNAs could be a regulatory mechanism to enable
plants to respond to environmental stresses.

Although we demonstrate that TAS3 siRNAs direct target
cleavage, the biological roles of these siRNA-guided cleavage
events remain to be studied. Being consistent with altered
expression of target genes by tasiR-ARFs or non-tasiR-ARF
species, we observed significantly shortened roots for tas3a,
tas3b, and tas3c mutants as well as shorter shoots for tas3a
seedlings (Figure 6, A and B). We speculate that the com-
mon phenotypes of the tas3 mutants are attributable to
tasiR-ARFs, as ARF2/3/14/15 genes are generally de-repressed
in the three tas3 mutants (Figure 6C). However, given the
discovery that tasiR-ARFs have non-ARF targets and that
non-tasiR-ARF siRNAs also have their own targets, the bio-
logical functions of the TAS3 loci are expected to be broader
than that conferred by its regulation of ARFs. The tas3
mutants should be further examined to identify additional
functions of these loci in the future.

Conclusion
In summary, we systemically investigated the origin, evolu-
tion, target genes, and potential biological functions of TAS3
siRNAs in rice. Small RNA sequencing results revealed that
TAS3 loci produce a large set of non-tasiR-ARF siRNAs with
much higher abundance than that of tasiR-ARFs. Both tasiR-
ARFs and non-tasiR-ARF siRNAs were found to cleave tar-
gets on polysomes. Furthermore, some of these identified
targets were experimentally confirmed by expression analysis
in rice tas3 mutants created by CRISPR/Cas9 genome edit-
ing, demonstrating the functionality of tasiR-ARFs and non-
tasiR-ARF siRNAs from TAS3 loci. These results expand our
knowledge on rice TAS3 siRNA–target interactions and re-
veal a broader role of TAS3 genes in rice.

Materials and methods

Plant materials and growth conditions
WT rice (O. sativa, cv Nipponbare) or mutant rice created
in the Nipponbare background was used in this study.
Sterilized seeds were grown on 1/2 murashige and skoog
(MS) medium (pH 5.7) with 3% (w/v) sucrose and 0.7% (w/
v) agar in a growth chamber, which was set at 12 h/32�C
for the light period, 12 h/28�C for the dark period, and a rel-
ative humidity of 70%. Shoot samples from 15 1-week-old
seedlings were pooled together as one biological repeat, and
totally three biological repeats were prepared.

CRISPR/Cas9 vector construction and rice
transformation
To mutate rice TAS3a, TAS3b or TAS3c, two sgRNAs were
designed and inserted into pCAMBIA1390-OsNLSCas9 in or-
der to delete a region containing the 30-miR390 binding site
at each locus. After sequence verification of these
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constructs, rice transformation was carried out via an
agrobacterium-mediated method at BioRun Co., Ltd.
(Wuhan, China). At the T0 generation, the transformants
were genotyped by PCR amplification of the TAS3 region
followed by sequencing. Rice tas3 mutants, of which the 30-
miR390 target sites were truncated or altered, were selected
for further analysis. Primers for construct preparation and
plant genotyping are provided in Supplemental Table S11.

Construction of small RNA libraries
To construct small RNA libraries, 30 lg of total RNAs was
extracted from seeding shoots using TRIzolV

R

Reagent
(Invitrogen, Waltham, MA, USA). After RNAs were resolved
in a 15% (w/v) urea polyacrylamide gel electrophoresis
(PAGE), gel slices containing 15–40 nt RNAs were recovered,
smashed, and placed in 500 lL 0.4 M NaCl solution. The
resulting mixture was agitated at 30 rpm at 4�C overnight
followed by supernatant collection and small RNA recovery
as described previously (Li et al., 2016). Small RNA libraries
were constructed using NEB Next Multiplex Small RNA
Library Prep Set for Illumina (New England Biolabs, E7300S)
following the manufacturer’s instructions and sequenced on
an Illumina HiSeq2500 platform with the SE50 sequencing
strategy at Berry Genomics Co., Ltd. (Beijing, China).

Small RNA sequencing analysis
For raw data from small RNA sequencing libraries, removal
of the 30-adapter sequence (50-AGATCGGAAGAGC-30) and
mapping of the remaining sequences against the
“Nipponbare” V7 reference genome (http://rice.plantbiology.
msu.edu/index.shtml) were performed by AUSPP (Gao et al.,
2019) with the mode (-M smallRNA). Next, adaptor-
trimmed reads that were aligned to each gene or miRNA
were counted and normalized against total mapped reads
separately for each size class ranging from 18 to 26 nt. The
gene feature annotation information was obtained from
Rice Genome Annotation Project 7 (http://rice.plantbiology.
msu.edu/index.shtml) or miRBase release 22.1 (http://www.
miRBase.org/). The normalized abundance of small RNAs for
tas3 mutants was displayed as RPM (reads per million
mapped reads), and statistically compared among different
samples using edgeR (Robinson et al., 2010). On the other
hand, the normalization of small RNAs for polysome-related
analyses (Figure 3, A–C; Supplemental Figure 3, A–L) was
performed by calculating the reads per million rRNA frag-
ments value for each size class, and comparison was carried
out using the R package DESeq2 (Love et al., 2014).

Northern blotting
Northern blotting was carried out for selected siRNAs accord-
ing to the method described by Cai et al. (2018). After 10-
min denaturation treatment, 20mg of total RNAs were loaded
into a 15% (w/v) TRIS BORATE-EDTA (TBE)–urea polyacryl-
amide gel and then resolved by electrophoresis at 150 V for
�1 h. The resulting RNA samples were transferred from the
gel to a Hybond NX membrane (Hybond-NX, GE Healthcare,
Chicago, IL, USA) using the semi-dry method. The membrane

was subjected to 90-min EDC [a1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide]-mediated chemical
crosslinking at 65�C, and hybridized with biotin-labeled
probes, which are complementary to the siRNAs or U6
(Supplemental Table S11), at 55�C overnight. After washes,
the membrane was detected with the Chemiluminescent
Nucleic Acid Detection Module (Thermo Fisher, Waltham,
MA, USA) according to the manufacturer’s instructions.
Chemiluminescent signals were recorded with CheiScope
3300 Mini (CLINX, China). Three biological repeats were per-
formed for each siRNA.

RT-qPCR
For RT-qPCR analysis, 25 lg of total RNAs was treated
with DNase I (Invitrogen, Waltham, MA, USA), and then
subjected to purification and overnight precipitation. First-
strand complementary DNAs (cDNAs) were synthesized
according to the manufacturer’s instructions (Invitrogen,
Waltham, MA, USA). Using 5� diluted cDNAs as tem-
plates, RT-qPCR reactions were carried out in a CFX96
Real-time System (Bio-Rad, Hercules, CA, USA) with UBQ5
serving as an internal control. Data were generated with
three biological replications, together with three technical
replications for each biological repeat. Relative expression
levels were determined with the 2–DDCn method (Wang et
al., 2019a). The primers used in RT-qPCR are listed in
Supplemental Table S11.

Homologous gene identification
Plant genomic regions obtained from both NCBI (https://
www.ncbi.nlm.nih.gov/) and plaBiPD databases (https://
www.plabipd.de/) were annotated as candidate TAS3 loci by
the following criteria: (1) region length 4500 bp; (2) two
miR390 binding sites with a 100- to 300-bp interval in be-
tween, and (3) generation of one or two tandem tasiR-ARFs
with a 21-nt phasing register. These TAS3 genes were further
assessed by manual sequence inspection.

Phylogenetic analysis
Phylogenetic analysis for TAS3 genes from various plant spe-
cies was carried out using the neighbor-joining method with
1,000 bootstraps, and results were visualized with MEGA
(Kumar et al., 2004). Information about sequences and ac-
cession numbers of the predicted TAS3 genes used in the
phylogenetic analysis is provided in Supplemental Table S6.

Dual-LUC reporter assays
For dual-LUC reporter assays, approximately 60-bp frag-
ments containing the target sites of putative target genes
were inserted into pGreenII 0800-LUC in front of the firefly
LUC to generate the pGreenII 0800-35S::target-LUC reporter
constructs (Supplemental Figure S6D). The Renilla LUC un-
der the control of the 35S promoter in pGreenII 0800-LUC
was used as the internal control (Hellens et al., 2005). Rice
protoplasts were isolated according to previously described
methods (Bart et al., 2006). The pGreenII 0800-35S::target-
LUC reporter constructs were transformed into tas3 mutant
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or WT protoplasts by using a PEG-mediated method (Zhang
et al., 2011). After incubation in the dark for 12–16 h, LUC
activities were measured by using the Dual-Luciferase
Reporter System (Promega) according to the manufacturer’s
instructions. The relative ratio of firefly LUC to renilla LUC
was calculated to represent the expression level of reporter
genes. Primers used for plasmid construction are provided
in Supplemental Table S11.

Statistical analysis
Each parameter was displayed as mean ± standard deviation
of three independent samples, two-tailed Student’s t test
and one-sample test (Figure 4, C and D) were performed for
evaluating significance among different parameters at the
confidence level *P4 0.05, **P4 0.01, and ***P4 0.001,
respectively.

Data availability
The data reported in this paper have been deposited in
NCBI Sequence Read Archive database (https://submit.ncbi.
nlm.nih.gov/subs/sra/) with the accession no. GSE174453.

Accession numbers
Accession numbers of rice TAS3 genes are provided in
Supplemental Table S1. Accession numbers of genes used
for phylogenetic tree construction are provided in
Supplemental Table S6.
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