























2406 The Plant Cell

Figure 5. Lineage-Specific CPuORFs in MYB34 and MYB51 Generate 5'-Truncated RNA Ends Separated in 30 Nucleotides and Negatively Regulate
Downstream ORF Expression.

(A) The positional distribution of 5" ends of truncated RNA generated by PARE and ribosome-protected mRNA fragments generated by Ribo-Seq in the 5’
UTR of MYB34 and MYB51. The PARE data of seedlings were generated by this study and the Ribo-Seq data plotted were retrieved from the data set
published by Liu et al. (2013). Regions of CPUORFs are shown as dark-blue lines under the graphs and the first nucleotide of the stop codon is assigned
position 0. The PARE or Ribo-Seq peaks at positions 16 and 46 upstream of the UORF stop codon are highlighted in red. TP50M, tags per 50 million.
(B) Alignment of peptides encoded by MYB34 and MYB51 uORFs in the Brassicaceae family. Ath, Arabidopsis thaliana; Aly, Arabidopsis lyrata; Bra, Brassica
rapa; Bst, Boechera stricta; Cru, Capsella rubella; Esa, Eutrema salsugineum. The alignment is colored according to residue conservation: red, identical
residues; orange, conserved residues; pink, block of similar residues.

(C) Transient expression assays of MYB34 and MYB51 uORF regulatory function using LUC reporter constructs in protoplasts. The reporter constructs of
the wild type and deleted uUORF (DuORF) are illustrated. The red arrowhead indicates the site mutated. The LUC reporter constructs were cotransfected with
acontrol of aGUS genedriven by a 35S promoter. The LUC activity was first normalized to GUS activity and then to the value of wild-type construct. Each bar
represents the mean of measurements derived from six independent protoplast transfections * serelative to the measurement of the wild type. *P < 0.05; ns,
no significant difference (two-tailed Student’s t test, n = 6).

movement of ribosomes in planta. Therefore, we investigated the 16 and 46 nucleotides upstream of uORF stop codons (Figure 2),
distribution of PARE reads in a 55-nucleotide region upstream of no position-specific enrichment was found in this region except at
putative miRNA-guided cleavage sites in Arabidopsis and rice. the putative miRNA-guided cleavage sites (Figure 7). This result
Unlike the predominant accumulation of PARE reads at positions thus suggests that the major mechanism by which plant miRNAs
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Figure 6. Analysis of PARE Data Reveals CDS Regions Potentially Associated with Stacked Ribosomes.

The positional distribution of 5’ ends of truncated RNA generated by PARE and ribosome-protected mRNA fragments generated by Ribo-Seq in CDS
regions potentially associated with stacked ribosomes. PARE data of Arabidopsis inflorescences plotted were generated by this study while the Ribo-Seq
data plotted were retrieved from the data set published by Liu et al. (2013). The 30-nucleotide phased PARE peaks and the corresponding Ribo-Seq peaks
are highlighted in red with coordinates indicated above. TP50M, tags per 50 million.

repress target translation may not be by acting as physical barriers
to hinder the movement of ribosomes.

Discovery of Potential Footprints of Ribosomes Hindered by
AGO7 in Arabidopsis TAS3

Surprisingly, three Arabidopsis TAS3 genes shared a highly similar
but unusual pattern of truncated 5° RNA ends upstream of the

noncleavable target site of miR390 (Figure 8A). A PARE peak was
located immediately or four nucleotides upstream of the first base
of noncleavable target sites of miR390. In the proximal region
upstream of this peak, there were three additional PARE peaks
arranged at regular intervals of 28 to 30 nucleotides. This regular
degradation pattern in TAS3 highly resembled that detected in
bZIP CPuORFs (Figure 2). Therefore, we assumed that the peak
adjacent to the noncleavable miRNA site might be the footprint of
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Figure 7. No Site-Specific Enrichment of 5’-Truncated RNA Ends Is Detected in the Proximal Region Upstream of miRNA-Guided Cleavage Sites.

Clustered heat maps of 5'-truncated RNA ends mapped to a 55-nucleotide region upstream of miRNA-guided cleavage sites in seedlings and in-
florescences of Arabidopsis and rice. The Arabidopsis PARE data plotted were generated by this study, while the rice PARE data plotted were retrieved from
the data sets published by Li et al. (2010) and Zhou et al. (2010). The presumed miRNA-guided cleavage site is assigned position 0 and the color represents
the value of Peak_Index, which is calculated by dividing the reads starting at the position indicated by the total reads in a 31-nucleotide flanking region. The
numbers of known miRNA target sites (indicated in parentheses) and target sites possessing PARE reads and included in heat maps are shown above heat

maps.

AGOQO7, which loads miR390, whereas the upstream peaks likely
also represented ribosome footprints. Intriguingly, TAS3 was
annotated to be noncoding RNA because of lack of along ORF and
the production of conserved trans-acting siRNAs (tasiRNAs) when
targeted by miR390 (Allen et al., 2005).

To determine whether TAS3 might serve as a template for
translation, we first predicted ORFs in three Arabidopsis TAS3
genes. All three TAS3 genes have an ORF that terminates 7 to
11 nucleotides upstream of the noncleavable site of miR390
(Figure 8A). The coding nature of the predicted ORFs in three TAS3
genes was evaluated with Ribo-Seq data published previously (Liu
etal.,2013; Juntawong et al., 2014). The predicted ORFsin TAS3a
and TAS3b have relatively dense ribosome-protected fragments
compared with other regions, supporting the coding ability (Figure
8A; Supplemental Figure 11). Moreover, the major peaks revealed
by Ribo-Seq were close to the predominant PARE peaks in TAS3a
and TAS3b. This result suggested that translated ORFs were
present upstream of the noncleavable target site of miR390 and
5’-truncated RNA ends mapped to this region were likely ribo-
some footprints. If these PARE peaks represent the footprints of
ribosomes hindered by miR390-AGO7 complex but not the
cleavage remnants directed by tasiRNAs, they should disappear
in the ago7 but be sustained in the mutant of RNA-DEPENDENT
RNA POLYMERASES (RDR6), which acts downstream of AGO7 in
the tasiRNA biogenesis pathway (Mallory and Vaucheret, 2010).
As predicted, the result of modified RLM 5’ RACE clearly showed

that degradation fragments with 5’ ends mapped to these posi-
tions were barely detected in ago7 (Figure 8B). On the other hand,
the amounts of these degradation fragments were comparable
between wild-type and rdr6 plants, although both ago7 and rdr6
showed increased amounts of TAS3a transcripts compared with
the wild type and no tasiRNA production (Figures 8B to 8D). The
PARE data of wild-type, rdr6, and ago7 inflorescences showed the
sameresult asthe modified RLM 5’ RACE assay. All PARE peaksin
the ORFs of three TAS3 genes vanished in ago7 except the one at
position —58 in TAS3b (Supplemental Figure 12). The result of
mutant analysis therefore indicates that the formation of these
5’-truncated RNA ends upstream of the noncleavable target site of
miR390 depends on AGO?7 but is independent of tasiRNA. Taken
together, these results imply that noncleavable targeting of AGO7
may arrest ribosomes as a road block in planta. Because the last
major PARE peaks in the ORFs in TAS3a, TAS3b, and TAS3c are
located 19, 14, and 16 nucleotides upstream of the first nucleotide
of the stop codons respectively, the miR390-AGO7 complex
appears to arrest a ribosome in the step of elongation on TAS3a
but in the step of termination on TAS3b and TAS3c.

DISCUSSION

The RNA degradome is composed of degradation products of
endoribonucleases and XRNs acting through diverse pathways.
Here, we not only demonstrate that ribosome-protected mRNA
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Figure 8. Arabidopsis TAS3 Genes Accumulate AGO7-Dependent but RDR6-Independent Phased 5’-Truncated RNA Ends Upstream of Noncleavable
miR390 Target Sites.

(A) The distribution of 5’ ends of truncated RNA generated by PARE and ribosome-protected mRNA fragments generated by Ribo-Seq in three Arabidopsis
TAS3 genes. The PARE data of seedlings plotted were generated by this study and the Ribo-Seq data of light-treated seedlings plotted were retrieved from
the data set published by Liu et al. (2013). The predominant PARE and Ribo-Seq peaks are highlighted in red and marked with their distances to the first
nucleotides of noncleavable miR390 target sites. TP50M, tags per 50 million.
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ends are pervasive in the RNA degradome, but also demonstrate
exciting new applications of RNA degradome data in the study of
posttranscriptional gene regulation. Predominant accumulation of
5’-truncated mRNA ends in a 30-nucleotide interval likely rep-
resents an array of stacked ribosomes in the uORF, CDS, or the
upstream region of noncleavable binding sites of AGO7 (Figure 9).
Genome-wide analysis of 5'-truncated mRNA ends mapped to
UuORFs suggests that many CPuORFs may repress downstream
ORF expression by stalling ribosomes at CPUuORF stop codons,
whereas the majority of predicted uORFs lack this ability (Figure 3).
In addition, the analysis of 5’-truncated mRNA ends occurring
upstream of miRNA target sites uncovered the signature of ri-
bosome stacking in the noncleavable target site of miR390 but not
other cleavable target sites (Figures 7 and 8). Novel regulatory
UORFs and CDS regions with potential to cause ribosome stalling
were identified through the analysis of the RNA degradome
(Figures 4 to 6, Table 1).

Comparison of Ribosome Footprints in RNA Degradome
Data and Ribo-Seq Data

Accumulation of degradation intermediates starting at the 5’ edge
or the A site of stalled ribosomes has been reported in bacteria,
yeast, and Arabidopsis (Hayes and Sauer, 2003; Sunohara et al.,
2004; Doma and Parker, 2006; Haraguchi et al., 2008), and it has
been proposed that endoribonucleases are involved in the pro-
duction of these degradation fragments. However, a recent ge-
nome-wide survey of monophosphorylated 5" RNA ends in yeast
showed that XRN1 is also involved in the accumulation of 5'-
truncated RNA ends protected by ribosomes during RNA decay
(Pelechano et al., 2015). Using the plant degradome data, we
identified an array of 5'-truncated RNA ends separated at
30-nucleotide intervals in uORFs and CDSs, implying an array of
stacked ribosomes (Figures 2 and 4 to 6). However, the
30-nucleotide phasing pattern was not observed in Ribo-Seq data
for the regions we identified from RNA degradome analysis. The
discrepancy between Ribo-Seq data and RNA degradome data is
likely due to the different procedures of library preparation, although
both methods could capture ribosome-protected mRNA frag-
ments. A typical Ribo-Seq protocol includes a step to select
fragments protected by a single ribosome but not stacked disomes
or trisomes (Ingolia, 2010). Therefore, a region associated with
stacked ribosomes may rather show a low density of protected
fragments in Ribo-Seq data. On the other hand, degradome se-
quencing, PARE, genome-wide mapping of uncapped transcripts,

or 5Pseq profiles truncated RNA termini without monosome se-
lection and can thus capture fragments protected by stacked ri-
bosomes. In addition, in the absence of monosome selection and
translation inhibitor treatment to block ribosomes on mRNA, these
methods may also allow the identification of fragments protected by
ribosomes on distinct translation states.

A previous global study of yeast ribosome footprints demon-
strated that ribosome-protected fragments fall into two major
groups (28 to 30 nucleotideslong and 20 to 22 nucleotides long) that
are stabilized by different translation inhibitors (Lareau et al., 2014).
The size of the protected fragments reflects the configuration and
translation state of the ribosomes. In the three Arabidopsis TAS3
genes, we detected PARE peaks arranged at 24- to 30-nucleotide
intervals immediately upstream of the first base of noncleavable
miR390 target sites (Figure 8A). The shorter intervals between two
PARE peaks may imply a ribosome pausing at the translocation
stage instead of the decoding stage, which should lead to
a 30-nucleotide protected fragment in Arabidopsis. In addition to
technical differences, the interplay between ribosome stalling and
RNA decay likely enhances the signal of stalled ribosomes in RNA
degradome data. By contrast, the signal of stalled ribosomes might
be embedded in the footprints of active ribosomes in Ribo-Seq
data. Insummary, the use of degradome data for the identification of
regions associated with stacked ribosomes may outperformthe use
of Ribo-Seq data in some cases.

Investigation of Regulatory uORFs Using the
RNA Degradome

Comprehensive identification of regulatory uORFs has been
challenging as predicted uORFs may not be translated or regulate
downstream ORF expression through distinct mechanisms
(Barbosa et al., 2013). Prior to the development of Ribo-Seq,
translated uORFs with regulatory functions were often identified
by mutant screening or evolutionary conservation (Hilland Morris,
1993; Delbecq et al., 1994; Wiese et al., 2004; Imai et al., 2006;
Hayden and Jorgensen, 2007). Although Ribo-Seq data have been
used in the identification of translated uORFs (Fritsch et al., 2012;
Liu et al., 2013; Ingolia et al., 2014), the application of Ribo-Seq
data to the identification of ribosome stalling uORFs has not been
reported. In this study, we show that some CPuORFs over-
accumulate 5’-truncated RNA ends with a signature of stacked
ribosomes (Figure 2A). We further demonstrate that the accu-
mulation of 5’-truncated RNA ends in bZIP CPuORFs is enhanced
in response to a high concentration of sucrose (Figure 2B). The

Figure 8. (continued).

(B) Comparison of 5’-truncated RNA ends generated in the region upstream of the noncleavable miR390 target site of TAS3a in wild type, rdr6, and ago7 by
the modified RLM 5’ RACE assay. The bracket indicates the PCR products excised and cloned for Sanger sequencing (left panel). In total, 12 and 13 clones
were sequenced for the wild type and rdr6, respectively. The positional distribution of 5'-truncated RNA ends revealed by the modified RLM 5’ RACE assay is
plotted relative to the non-cleavable miR390 target site (right panel). The cleavage target of miR159, MYB65, is used as a positive control for the modified
RLM 5’ RACE assay. In (A) and (B), the first nucleotide of the noncleavable miR390 target site is assigned position 0.

(C) Comparison of TAS3a transcript levels in the wild type, rdr6, and ago7 by gRT-PCR. The mRNA level of UBQ5 was used for the normalization of TAS3a
mRNA levels. Each bar represents the mean of measurements derived from four biological replicates * sk relative to the measurement of the wild type. *P <

0.05; *P < 0.01 (two-tailed Student’s t test, n = 4).

(D) Comparison of TAS3a tasiRNA produced in the wild type, rdr6, and ago7 by RNA gel blot with U6 as the loading control. Numbers to the left of the blot
show sizes in nucleotides. Antisense DNA oligonucleotides were used as probes for U6 and a TAS3 tasiRNA.
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Figure 9. Schematic Representation of RNA Degradation Fragments Protected by Stacked Ribosomes in Distinct Regions.

(A) Degradation signatures caused by stacked ribosomes upstream of UORF stop codons. Position 0 is the first nucleotide of the uORF stop codon.
(B) Degradation signatures caused by stacked ribosomes in the CDS. Position 0 is the 3’ edge of the most 3’ stalled ribosome.
(C) Degradation signatures caused by stacked ribosomes upstream of a noncleavable miRNA target site bound by AGO?7. Position 0 is the first nucleotide

of the miRNA target site.

Predominant peaks of 5’-truncated RNA ends are indicated with vertical lines and their distances to the putative sites causing ribosome stalling (highlighted
in red) or to the 3’ edge of the most 3’ stalled ribosome (highlighted in blue) are marked below. The height of vertical lines represents the abundance of 5'-
truncated RNA ends. 60S, 60S subunit of ribosome; 40S, 40S subunit of ribosome.

data thus support the previous hypothesis that the conserved
peptides encoded by these bZIP CPuORFs can stall ribosomes at
stop codons in response to sucrose concentration (Wiese et al.,
2004) and suggest the application of degradome data in the study
of regulatory uORFs. Through the global analysis of 5’-truncated
RNA ends occurring in predicted uORFs, we identified novel ri-
bosome stalling uORFs in Arabidopsis. Notably, uORFs in MYB34
and MYB51 are conserved and specific in the Brassicaceae family
(Figure 5B). Since RNA degradome data of diverse plant species
are available in the public domain, these data sets might be very
useful for the identification of lineage or species specific ribosome
stalling uORFs as evolutionary conservation is not required for this
type of analysis.

Analysis of the RNA Degradome Allows Dissection of
Ribosome Pausing

Besides UORFs, CDS regions also possess 30-nucleotide phased
5’-truncated mRNA ends (Figure 6). Some regions likely encode
nascent peptides which can stall ribosomes during translation
elongation as the MTO1 region in CGS17 or are upstream of
structured regions that can block the movement of ribosomes
(Onouchi et al., 2005). The one with the last peak of 5’-truncated
RNA ends located 16 nucleotides upstream of main ORF stop
codons as in the degradation pattern observed in CPUORFs may
cause ribosome pausing during translation termination. A pre-
vious study showed that the binding of EUKARYOTIC RELEASE
FACTOR 1 (eRF1) to three types of stop codons causes a con-
formational change in the ribosome and a 2-nucleotide shift to-
ward the 3’ end of mMRNA (Kryuchkova et al., 2013). Because the
position 17 nucleotides upstream of the main ORF stop codonisin
frame with the 3-nucleotide periodicity observed in the CDSs
(Figure 1A), the specific accumulation of 5’-truncated mRNA ends
at this position suggests the pausing of a ribosome with the A site
atthe stop codon. Onthe other hand, the 5’-truncated mRNA ends
peak 16 nucleotides upstream of the stop codon may imply the
stalling of ribosomes after the conformational change of ribosomes

induced by the binding of eRF1. The integration of the RNA de-
gradome data, protein sequences, and RNA structures will bring
new insights into the regulation of ribosome pausing.

Exploration of Plant miRNA-Mediated Translational
Repression with RNA Degradome

Unlike animal miRNAs, which mainly target the 3’ UTR, the ma-
jority of plant miRNAs bind to their target CDSs through nearly
perfect base pairing. Although cleavage sites in the middle of
plant miRNA target sites have been extensively validated by
degradome data in many species, translational repression me-
diated by plant miRNAs has also been demonstrated through
multiple approaches. Previous analysis of Arabidopsis Ribo-Seq
data showed that miRNA targets have lower translational effi-
ciency compared with non-miRNA targets (Liu et al., 2013).
However, no preferential accumulation of ribosome footprints
was observed in the region upstream of miRNA target sites in
Arabidopsis Ribo-Seq data (Liu et al., 2013). Because Ribo-Seq
has some drawbacks in detecting stacked ribosomes or ribo-
somes pausing at the translocation stage as we have discussed,
we used RNA degradome data to reexamine whether plant miRNAs
can directly stall ribosomes. Consistent with the previous observa-
tion in Ribo-Seq data (Liu et al., 2013), no site-specific enrichment
of 5'-truncated RNA ends was found in the region upstream
of Arabidopsis and rice miRNA target sites (Figure 7). This
strengthens the notion that directly blocking ribosome movement
through the binding of RNA-induced silencing complex contrib-
utes little to plant miRNA-mediated translational repression in
planta. Nevertheless, the binding of AGO7 to a well characterized
noncleavable target site of miR390 seems to hinder the movement
of ribosomes and cause ribosome stacking as the upstream re-
gions show signatures of stacked ribosomes in the same way as
bZIP CPuORFs (Figures 2 and 8). The same degradation pattern
corresponding to ribosome stacking among the three Arabidopsis
TAS3 genes suggests that this unique configuration of ORFs and
noncleavable miR390 target sites might be crucial for tasiRNA



2412 The Plant Cell

production. Although the function of ORFs upstream of the
miR390 noncleavable site has not been tested, positioning
atarget site of miR173, another well-known tasiRNA trigger bound
to AGO1 (Cuperus et al., 2010), within 10 nucleotides of a stop
codon of an upstream ORF was shown to enhance the production
of artificial tasiRNA (Zhang et al., 2012). Moreover, a recently
published article also demonstrated that an ORF surrounding the
miR173 target site on TAS2 is translated and plays a crucial role in
tasiRNA production (Yoshikawa et al., 2016). That signatures of
stacked ribosomes exist close to the miR390 noncleavable target
site revealed in this study strongly suggests that translation
contributes to tasiRNA biogenesis through a conserved mecha-
nism regardless of miRNA triggers or AGO involved.

A bottleneck in the development of RNA degradome data
applications is the complex composition of mMRNA degradation
intermediates, complicating interpretation. The discovery of ri-
bosome footprints in RNA degradome data opens up the pos-
sibility of new applications of such datain posttranscriptional gene
regulations beyond the validation of miRNA-guided cleavage. It
should be possible to apply the RNA degradome data analyses
demonstrated in this study to many other plant species that have
RNA degradome data available, enabling deeper insights into
ribosome stalling and mechanisms of RNA decay.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana (ecotype Col-0) used in this study was grown in soil or
on 0.8% Bacto-agar plates containing half-strength Murashige and Skoog
medium (pH 5.7) and 1% sucrose under a 16/8-h light/dark cycle with an
irradiance of 50 to 90 pmol photons m—2 s~ at 22°C. For the generation of
PARE data, 11-d-old seedlings and inflorescences of wild-type Arabi-
dopsis were used for total RNA isolation. For the analysis of 5’-truncated
RNA ends generated from bZIP2 and bZIP11 by the modified RLM 5’ RACE
assay, 10-d-old wild-type seedlings were transferred into liquid half-
strength Murashige and Skoog medium with or without 6% sucrose. After
incubation in growth chambers with rotary shaking at 40 rpm under
constant light for 24 h, the seedlings were collected for RNA extraction. The
inflorescences of Arabidopsis wild type, ago7 (GK-824A08-025510), and
rdr6 (CS24285) were harvested for the analysis of 5’-truncated RNA ends
generated from TAS3a with a modified RLM 5’ RACE assay and for PARE
library construction.

PARE Library Construction and Sequencing

Total RNA isolated by PureLink Plant RNA Reagent (Thermo Fisher) and
MaxTract high-density gel tubes (Qiagen) was used for PARE library
construction following the protocol published previously (Zhai et al., 2014).
PARE libraries were constructed with ~80 g total RNA and then se-
quenced on the lllumina HiSeq 2500 platform.

Modified RLM 5’ RACE Assay

Modified RLM 5’ RACE assay was performed to detect 5'-truncated RNA
ends using GeneRacer Kit (Thermo Fisher). First, 2 to 3 g of total RNA
isolated by PureLink Plant RNA Reagent and MaxTract high-density gel
tubes was ligated with the 5 RNA adapter and then reversely transcribed
with the oligo(dT) primer. Next, cDNA was used as the template for PCR
analysis with a GeneRacer 5’ primer and a gene-specific primer. Nested PCR
was performed with a GeneRacer 5’ nested primer and a gene-specific nested

primer if no PCR products were detected in the primary PCR. Amplified
products of expected size were gel purified, cloned into pJET1.2/blunt cloning
vector or pCR4-TOPO TA vector (Thermo Fisher), and sequenced. A target of
miR159, MYB65, was included as the positive control for the modified RLM 5’
RACE assay. The primers are listed in Supplemental Table 1.

Analysis of 5'-Truncated RNA End Distribution

In addition to the in-house PARE data of Arabidopsis, previously published
PARE data of Arabidopsis, rice (Oryza sativa), and soybean (Glycine max)
downloaded from the Gene Expression Omnibus (GEO) (http://www.ncbi.
nim.nih.gov/geo/) were also analyzed in this study. Accession numbers are
given at the end of Methods. Trimmed reads were mapped to the corre-
sponding genomes or gene sequences downloaded from TAIR (https://
www.arabidopsis.org/; TAIR 10), the MSU Rice Genome Annotation
Project (http://rice.plantbiology.msu.edu/; release 6.1), and Phytozome
(https://phytozome.jgi.doe.gov/; Phytozome v11.0: Gmax_275_Wm82.
a2.v1) with Bowtie (http://bowtie-bio.sourceforge.net/; v1.0.0). Only per-
fectly matched 20-nucleotide sequences were used in the following
metagene analyses and sequences of low complexity (repeats = 15 nu-
cleotides) or with =10 hits in the genome were excluded. The abundance of
PARE sequences was assigned to the position corresponding to the first
nucleotide of the sequence. Known Arabidopsis and rice CPUORF and
miRNA target sites were retrieved from previous reports (Hayden and
Jorgensen, 2007; Zheng et al., 2012).

For metagene analysis of PARE reads in the regions flanking the start
codon and the stop codon of annotated CDSs, the abundance of PARE
reads at each position in the defined regions on a transcript was first
normalized by dividing the value by the sum of PARE reads starting in the
defined region. Then, the relative abundance at each position across the
defined region was calculated as the sum of normalized abundance of
PARE reads starting at the same position for all genes. For heat maps of
PARE read distribution in regions upstream of uORF stop codons or miRNA
guided cleavage sites, we normalized the abundance of PARE reads at
each position by dividing the value by the sum of PARE reads starting in
a 31-nucleotide window flanking the indicated position. The distribution of
normalized PARE abundance was then clustered using Ward’s method
with R package (https://www.r-project.org/; version 2.15.2) and displayed
as heat maps.

Ribo-Seq Data Analysis

Previously published Ribo-Seq data sets of Arabidopsis were downloaded
from the GEO database. Accession numbers are given at the end of
Methods. Trimmed reads of length =20 nucleotides were mapped to gene
sequences downloaded from TAIR with Bowtie. Two-nucleotide mis-
matches were allowed for mapping Ribo-Seq reads of normoxia seedlings,
whereas perfect matches were used in the mapping of Ribo-Seq reads of
light-treated seedlings. The abundance of Ribo-Seq sequences was assigned
to the position corresponding to the first nucleotide of the sequence.

Identification of uUORFs with Footprints of Stacked Ribosomes

RNA ends protected by monosome and disome pausing at uORF stop
codons should result in PARE peaks at positions 16 and 46 nucleotides
upstream of the stop codon. A custom Perl script was used to identify
UORFs possessing this degradation signature with in-house Arabidopsis
PARE data (Supplemental Script 1). First, the sequences of Arabidopsis 5’
UTRs based on TAIR10 annotation were used to predict uORFs by looking
for an ATG codon paired with the nearest in-frame stop codon. Next, PARE
reads were mapped to the predicted uUORFs by this Perl script. Candidates
of UORFs with a signature of ribosome stacking at the stop codon were
selected based on the following criteria. To capture the signature of ri-
bosome stacking, the distribution of PARE reads was evaluated in two
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31-nucleotide regions upstream of the stop codon. The first region spans
positions —1 to —31 and the second region spans positions —32 to —62,
with the first nucleotide of the uORF stop codonis set to 0. In the first region,
the most abundant peak (the first major peak) was required to be at position
—16 or —17 and with the number of raw reads =3. In the second region, the
most abundant peak (the second major peak) was required to be located at
position —45, —46, or —47. Moreover, the abundance of the major peaks
was required to be at least 2-fold higher than that of the second most
abundant peak in the same region but outside the possible positions for
major peaks.

Identification of Degradation Signatures Representing Stacked
Ribosomes in the CDSs

To identify degradation signatures representing stacked ribosomes in the
CDSs, we first mapped trimmed PARE sequences to Arabidopsis CDSs
based on TAIR10 annotation with Bowtie. Because the protected degra-
dation termini caused by three stacked ribosomes are three predominant
PARE peaks separated by ~30 nucleotides, we calculated two values,
Peak_Abundance and Peak_Index, to evaluate the predominance of PARE
reads accumulated at each position. Peak_Abundance was defined as the
sum of PARE reads starting at the indicated position together with the
positions one nucleotide upstream and downstream. Peak_Index was
calculated by dividing the Peak_Abundance by the total PARE reads
starting in a 31-nucleotide window flanking the indicated position. Posi-
tions with Peak_Index = 0.3 were selected as the first major peak and were
reset to 0 in further analysis. The second and third major peaks were re-
quired to be at the regions between —29 and —31, and —59 and —61 with
Peak_Index = 0.3. In addition, the abundance of three major peaks had to
be the highest in the region for the calculation of Peak_Index and with raw
reads = 3. Theabundance of the three major peaks also needed to be 2-fold
higher than that of the second most abundant peak falling in the
31-nucleotide window but outside the possible positions for major peaks.
To ensure that the degradation signature caused by stacked ribosomes
was prominent among all degradation events within a gene, a region was
selected only if all three major peaks were ranked in the top 1% of all
positions with regard to PARE abundance. To eliminate the phased regions
occurring by chance, the candidates uncovered from only a single sample
were removed. The in-house Perl script for PARE peak analysis in CDSs is
provided as Supplemental Script 2. The same criteria were applied for the
phasing analysis of PARE peaks for intervals from 20 to 40 nucleotides.

Generation of Transgenic Lines

A 1.2-kb DNA fragment of Arabidopsis C/IPK6 promoter region plus 5’ UTR
was cloned into gateway vector pHGWFS7 upstream a GUS reporter gene
through Gateway LR Clonase Il Enzyme mix (Thermo Fisher). Site-directed
mutagenesis was applied to change the start codon of C/IPK6 CPUORF to
a stop codon. The two constructs with wild-type uORF and AuORF were
transformed into wild-type Arabidopsis through the floral dip method
(Zhang et al., 2006). Primers used to clone the 1.2kb CIPK6 promoter
fragment are listed in Supplemental Table 1.

GUS Activity Assay and GUS Staining

The extract of ground tissues extracted by GUS extraction buffer (50 mM
NaHPO,, pH 7.0, 10 mM 2-mercaptoethanol, 10 mM Na,EDTA, 0.1%
sodium lauryl sarcosine, and 0.1% Triton X-100) was mixed with MUG
buffer (4-methylumbellifery B-p-glucuronide) at 37°C for 20 min, and then
the reaction was terminated by adding stop buffer (0.2 M sodium car-
bonate). The fluorescence intensity of 4-methylumbelliferone was mea-
sured by fluorometer at 450 nm when excited at 365 nm. The amount of
4-methylumbelliferone was calculated with the standard curve and then
normalized to the amount of total protein which was measured using the
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Bradford dye binding method with the Bio-Rad Labs protein assay kit. The
GUS transgenic plants were stained in GUS staining solution[0.1 MNaPO,,
pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 1 mM K;Fe(CN)g, and 2 mM
X-Gluc] at 37°C overnight. After staining, samples were washed with 50%
ethanol until chlorophyll was removed, which took either overnight or
several days depending on the tissue. Then, the stained samples were
observed under a stereomicroscope (SteREO Lumar.V12; Zeiss) and
photographed with a digital camera (AxioCam MRc; Zeiss).

Quantitative RT-PCR

Two micrograms of total RNA was used as a template for reverse tran-
scription with ToolsQuant Il Fast RT kit (Biotools). The resulting cDNA was
diluted 20-fold and 5 pL was used for gqRT-PCR in a 20 pL reaction with
SYBR Green PCR Master Mix (Applied Biosystems) on a 7500 Fast Real-
Time PCR System (Applied Biosystems) using the following program: 20 s
at 95°C, followed by 40 cycles of 3 s at 95°C, and 30 s at 60°C, with an
additional melt curve stage consisting of 15 s at 95°C, 1 min at 60°C, and
15sat95°C. TAS3a and GUS expression levels were normalized to the level
of UBQ5 expression and were averaged from at least three independent
biological samples, followed by normalizing to the corresponding value of
the wild type. The primers used are listed in Supplemental Table 1.

Protoplast Transient Assay

For construction of reporter plasmids, MYB34 and MYB51 5’ UTRs were
amplified from Arabidopsis genomic DNA and cloned into pJD301 between
the cauliflower mosaic virus 35S promoter and the firefly luciferase (LUC)
coding region using the Ncol restriction site. To abolish MYB34 and MYB51
uORFs, the start codon of UORFs was converted into a stop codon by site-
directed mutagenesis. Primers used in the cloning of MYB34 and MYB51 5’
UTR sequences are listed in Supplemental Table 1. Arabidopsis mesophyll
protoplasts were isolated from 3- to 4-week-old rosette leaves following
the method described previously (Wu et al., 2009). Equal amounts (20 pg) of
reporter plasmids and internal control plasmids containing the 35S pro-
moter driving a GUS gene were cotransfected into 10° protoplastsina PEG
solution (40% polyethylene glycol 4000, 0.2 M mannitol, and 0.1 M CaCl,)
at room temperature for 5 to 10 min. The transfected protoplasts were
incubated at 22°C in the dark for 16 h and then lysed with Cell Culture Lysis
Reagent (Promega). LUC activity was measured with a Luciferase Assay
System (Promega) according to the manufacturer’s instructions and
normalized to GUS activity, which was measured as described above.

RNA Gel Blot of Small RNA

Small RNA gel blot analysis was performed as described previously (Lee
et al., 2015). The probes used in the detection of small RNAs derived from
TAS3 and U6 are listed in Supplemental Table 1.

Alignment of Peptides Encoded by MYB34 and MYB51 uORFs

The sequences of MYB34 and MYB51 genes in different plant species were
identified by a BLASTP search and downloaded from the Phytozome
database (https://phytozome.jgi.doe.gov). The 5’ UTR sequences of or-
thologous genes retrieved for uUORF analysis with Serial Cloner (http://
serialbasics.free.fr/; version 2.6) are listed in Supplemental Data Set 1.
Peptides encoded by MYB34 and MYB51 uORF were then aligned with the
use of Vector NTI software (Thermo Fisher).

Accession Numbers

The PARE data generated in this study as well as public PARE data are
available in the GEO database under series GSE77549 (Arabidopsis in-house
PARE data) and accession numbers GSM280226 (public Arabidopsis
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inflorescence PARE data), GSM647200 (public soybean seed PARE data),
GSM434596 (public rice seedling PARE data), and GSM476257 (public rice
young inflorescence PARE data). The Arabidopsis Ribo-Seq data sets used
in this study are available in the GEO database under the accession
numbers GSM1226369 (light-treated seedlings) and GSM1224475 (nor-
moxia seedlings). Sequences of individual genes used in PARE data
analysis or functional assays and mutants used can be found in the TAIR or
Phytozome databases under the following accession numbers: AT3G02470
for Ath-SAMDC, AT2G18160 for Ath-bZIP2, AT4G34590 for Ath-bZIP11,
AT3G62420 for Ath-bZIP53, AT4AG30960 for Ath-CIPK6, Glyma09g14090
for Gly-CIPK6, AT5G60890 for Ath-MYB34, AT1G18570 for Ath-MYB51,
AT3G01120 for Ath-CGS1, AT3G17185 for Ath-TAS3a, AT5G49615 for
Ath-TAS3b, AT5G57735 for Ath-TAS3c, AT1G69440 for Ath-ago7, and
AT3G49500 for Ath-radr6.

Supplemental Data

Supplemental Figure 1. 5'-Truncated RNA Ends Show a 3-Nucleotide
Periodicity and Significant Frame Bias in the CDS.

Supplemental Figure 2. Overaccumulation of 5’-Truncated RNA Ends
at the 3’ End of Arabidopsis SAMDC uORF.

Supplemental Figure 3. The Comparison of PARE and Ribo-Seq
Read Distribution in Arabidopsis bZIP uORFs.

Supplemental Figure 4. Site-Specific Enrichment of 5’-Truncated
RNA Ends in Arabidopsis CPUORFs.

Supplemental Figure 5. PARE Read Distribution in Arabidopsis
uORFs with RNA Degradation Signatures Representing Ribosome
Stacking at Stop Codons.

Supplemental Figure 6. The Comparison of PARE and Ribo-Seq
Read Distribution in Arabidopsis CIPK6, MYB34, and MYB51 uORFs.

Supplemental Figure 7. Negative Regulation of C/IPK6 uORF in
Reporter Gene Expression in Various Tissues.

Supplemental Figure 8. The Comparison of PARE Read Distribution
with the 5" Ends of the Degradation Intermediates Previously Identified
around the MTO1 Region of CGST.

Supplemental Figure 9. Phasing Analysis of PARE Peaks in the CDS.

Supplemental Figure 10. The Comparison of PARE and Ribo-Seq Read
Distribution in CDS Regions with 30-Nucleotide Phased PARE Peaks.

Supplemental Figure 11. The Comparison of PARE and Ribo-Seq
Read Distribution in Arabidopsis TAS3 Genes.

Supplemental Figure 12. Three Arabidopsis TAS3 Genes Accumulate
AGO7-Dependent but RDR6-Independent Phased 5’-Truncated RNA
Ends Upstream of Noncleavable miR390 Target Sites.

Supplemental Table 1. Sequences of Primers for Cloning, Modified
RLM 5" RACE, qRT-PCR, and Probes for RNA Gel Blot Analysis.

Supplemental Data Set 1. Sequences for the Analysis of Conserved
uORFs in MYB34 and MYB51.

Supplemental Script 1. In-House Perl Script for PARE Peak Analysis
in UORF.

Supplemental Script 2. In-House Perl Script for PARE Peak Analysis
in CDSs.
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