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RNA turnover is necessary for controlling proper mRNA levels posttranscriptionally. In general, RNA degradation is via
exoribonucleases that degrade RNA either from the 59 end to the 39 end, such as XRN4, or in the opposite direction by the
multisubunit exosome complex. Here, we use genome-wide mapping of uncapped and cleaved transcripts to reveal the
global landscape of cotranslational mRNA decay in the Arabidopsis thaliana transcriptome. We found that this process leaves
a clear three nucleotide periodicity in open reading frames. This pattern of cotranslational degradation is especially evident
near the ends of open reading frames, where we observe accumulation of cleavage events focused 16 to 17 nucleotides
upstream of the stop codon because of ribosomal pausing during translation termination. Following treatment of Arabidopsis
plants with the translation inhibitor cycloheximide, cleavage events accumulate 13 to 14 nucleotides upstream of the start
codon where initiating ribosomes have been stalled with these sequences in their P site. Further analysis in xrn4 mutant
plants indicates that cotranslational RNA decay is XRN4 dependent. Additionally, studies in plants lacking CAP BINDING
PROTEIN80/ABA HYPERSENSITIVE1, the largest subunit of the nuclear mRNA cap binding complex, reveal a role for this
protein in cotranslational decay. In total, our results demonstrate the global prevalence and features of cotranslational RNA
decay in a plant transcriptome.

INTRODUCTION

To maintain dynamic gene regulatory networks in cells, mRNA
turnover is an important process in controlling mRNA abundance
at the posttranscriptional level. In general, mRNA degradation is
mediated by two main mechanisms: exoribonuclease-mediated
RNA decay and endonucleolytic cleavage-dependent RNA deg-
radation. In the plant cytoplasm, most mRNAs are degraded by the
cytoplasmic 59 to 39 exoribonuclease, XRN4, and/or by the 39 to 59
exoribonucleolyticexosomecomplex. In total, theXRNfamilyof59 to
39 exoribonucleases consists of three proteins in plants (Nagarajan
et al., 2013). XRN4 is the lone cytoplasm-localized family
member, whereas both XRN2 and XRN3 are found in the nucleus
(KastenmayerandGreen,2000;ChibaandGreen,2009).Similarly,
the exosome complex has active forms in both the cytoplasm and
nucleus (Chekanova et al., 2007; Vanacova and Stefl, 2007).

In general, RNA decay is thought to be dependent on the initial
removal of the 39 poly(A) tail by the process of deadenylation

(Garneau et al., 2007). Subsequently, mRNAs can be degraded by
either 59 to 39 and/or 39 to 59 decay pathways. One exception
to thesegeneral RNA turnovermechanisms in plants is degradation
triggeredby internalRNAcleavagemediatedbymicroRNA(miRNA)-
loaded RNA-induced silencing complexes. In this case, internal
cleavage products produced by miRNA-directed ARGONAUTE1
endonucleolytic cleavage results in a 39 fragment with a free 59
monophosphate (59P) and a 59 fragment with a free 39 hydroxyl that
are degraded by XRN4 and the exosome complex, respectively
(Souret et al., 2004). Interestingly, this miRNA-mediated regulatory
pathway can also mediate target RNA regulation via translation
repression (Chen, 2004; Gandikota et al., 2007; Li et al., 2013).
In the nucleus of eukaryotic cells, the 7-methylguanosine cap is

bound by the nuclear cap binding complex (CBC) that consists
of two proteins, CAP BINDING PROTEIN20 (CBP20) and CAP
BINDING PROTEIN80/ABA HYPERSENSITIVE1. This nuclear
CBC is thought to protect the 59 end of mRNAs from the deg-
radation machinery, but it has also been found to be important
in eukaryotic gene transcription, splicing, transcript export,
miRNA biogenesis, and translation (Gonatopoulos-Pournatzis
and Cowling, 2014). Additionally, the nuclear CBC functions
during the initial round of translation that occurs as mRNAs are
being exported from the nucleus (Kim et al., 2009). In plants, this
complex also plays a role in the biogenesis of miRNAs (Gregory
et al., 2008), whereby its absence results in the accumulation of
miRNA precursors with a concomitant loss of mature species
(Gregory et al., 2008; Raczynska et al., 2010).
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(AT4G34590) and XIPOTL1 (AT3G18000) (von Arnim et al., 2014;
Wiese et al., 2004; Tabuchi et al., 2006). Also, foundwithin this list
were uORFs previously predicted to be present in the 59 UTRs of
ATCIPK6 (AT4G30960) and BZIP44 (AT1G75390) (Takahashi
et al., 2012; Hayden and Jorgensen, 2007; Liu et al., 2013b). This
analysis also identified more than 80 putative uORFs that were
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cotranslational RNA decay can occur in the plant transcriptome
under stress conditions. However, whether cotranslational RNA
decay occurs in plants under normal development was largely
unknown. In this study, we provide evidence that this degradation
process is widespread in the model plant Arabidopsis tran-
scriptome. In support of this and consistentwith a recent study on
cotranslational RNA decay in S. cerevisiae (Pelechano et al.,
2015), our GMUCT approach reveals that 59P read ends have
a pattern of 3-nucleotide periodicity and accumulate 13 and
14 nucleotides upstream of the start codon in GMUCT data from
Col-0 plants treated with the translation inhibitor CHX (Figure 4).
Furthermore, we observed accumulation of 59P read ends up-
stream of all three stop codons, showing that ribosomes pause
during the process of translation termination in Arabidopsis
(Figure 2; Supplemental Figure 7). However, unlike in S. cerevisiae
(Pelechano et al., 2015), we found that, in plants, 59P read ends
were enriched in both frames 1 and 2 comparedwith frame 0 and
that they accumulate at both 16 and 17 nucleotides upstream
of stop codons (Figure 2). More interestingly, we found that
each stop codon gave a specific 59P read end accumulation
pattern at these two nucleotide positions (Supplemental Figure
7). In fact, the opposite patterns were observed for TAA and TAG
at nucleotides 16 and 17. One interpretation of these results
is that these two sequences interact with distinct ribosomal
termination complexes, each of which confers different acces-
sibility to RNase-mediated cleavage during cotranslational RNA
decay. Also, the equal levels of 59P read ends at both nucleotide
positions observed for TGA stop codons suggest that both
ribosomal termination complexes are active on transcripts
containing this sequence. Alternatively, these findings may reveal
that the kinetics of translation termination by the plant ribosome
vary depending on the different stop codon sequences.

Consistent with our findings (Supplemental Figure 6), it was
previously observed in S. cerevisiae that the 3-nucleotide peri-
odicity of 59P read ends near the start codon was relatively weak
compared with within the rest of the gene and just upstream of
stop codons (Pelechano et al., 2015). These findings, in combi-
nation with our observation of relatively low 59P read ends in 59
UTRs compared with 39UTRs (Supplemental Figure 2B), suggest
that the exonuclease required for cotranslational RNA decay
(XRN4) takes time tocatchupwith the ribosomeduringproductive
translation elongation. This is likely the reason that ribosome
pausing at stop but not start codons can be detected by GMUCT
without CHX treatment, whereas ribosomal profiling detects
adensityof higher ribosome footprintswithin thefirst 50codonsof
the CDS (59 ramp effect), as well as ribosomes paused at the start
codon (Ingolia et al., 2011; Tuller et al., 2010; Lauria et al., 2015).
Additionally, we also observed extension of the 3-nucleotide
periodicity beyond the 16- to 17-nucleotide upstream of stop
codon (stop codonRB) and into the 39UTR (Figure 2A), whichwas
also found to occur in S. cerevisiae (Pelechano et al., 2015).
These findings are likely the consequence of stop codon read-
throughby the ribosomeatmanymRNAs,whichhasalsobe found
to occur frequently on Drosophila melanogaster and mammalian
protein-coding transcripts (Jungreis et al., 2011;Dunn et al., 2013;
Loughran et al., 2014).

Unlike in S. cerevisiae, we found that only the stop codon se-
quences, and none that coded for addition of an amino acid, were

able to induce ribosome pausing (Figure 2C). This previous study
also demonstrated that the pausing ability of specific amino acid
codons changed during S. cerevisiae oxidative stress response
(Pelechano et al., 2015). Given these results and the previous
results revealing ribosomal pausing during heat stress (Shalgi
et al., 2013; Merret et al., 2013, 2015), it will be interesting to use
GMUCT to test whether specific amino acid codons can induce
ribosomal pausing during various plant stress responses.
Additionally, we found the ability of GMUCT to detect co-

translational mRNA decay in plant transcriptomes allowed us to
identify translationally active uORFs that do not overlap with the
downstream main ORF in Arabidopsis unopened flower buds
(Figure 3). From our analyses, we identified uORFs that had been
previously studied and/or predicted, as well as a rather large
collectionofnoveluORFs (SupplementalDataSet2).For instance,
we provide evidence for translationally active uORFs in the 59
UTRs of FCA (AT4G16280) and AGL4/SEP2 (AT3G02310). It will
be interesting in the future to determine whether the uORFs
identified by this study play a role in regulating translation from the
downstream main ORFs in their parent transcripts.
One other feature that we noticed at translationally active

uORFswasapeakof 59P readends46 to47nucleotidesupstream
of their stopcodons (Figure3B), apattern thatwasnotasprevalent
when lookingat thesesamepositionsofmainmRNAORFs (Figure
2A). This second peak of 59P read ends indicates the presence of
two ribosomes being engaged near the stop codon of uORFs and
occurs more frequently in these 59 UTR localized sequences
compared with main ORFs. In combination, these findings reveal
that translation termination is themain cause of ribosomepausing
during translation elongation in Arabidopsis. Furthermore, the
difference between upstream and main ORF 59P read-end pat-
terns suggests that translation termination occurs more slowly at
uORFs compared with main protein-coding ORFs. Determining
the molecular details behind the differences in translation termi-
nation of upstream compared with main protein-coding ORFs in
Arabidopsis will be an important focus for future inquiry.
Interestingly,wedidnotobserveaclear3-nucleotideperiodicity

within the coding regions of uORFs (Figure 3B). This is likely
a consequence of the short length of their primary nucleotide
sequences. For instance, their small size may not provide suffi-
cient time forXRN4 tocatchup to the ribosomeuntil it ispaused for
termination. Alternatively, we observed the GMUCT signature of
tandemribosomepausing inmanyuORF instances (59P readends
46 to 47 nucleotides upstream of their stop codons) (Figure 3B).
Thismay result inbetterprotectionofuORFsequences fromXRN4
cleavage. Future experiments will be required to determine the
lack of 3-nucleotide periodicity observed in uORF coding regions.
UsingGMUCTdata fromxrn4andabh1mutantplants (Figures5

and 6), we demonstrated that both of these proteins functioned in
cotranslational RNA decay in plants. In fact, in the absence of
XRN4 function we found that all evidence of cotranslational RNA
decay in GMUCT data was lost, including the 3-nucleotide peri-
odicity pattern of 59P read end in ORFs and their accumulation at
the ribosome boundary site upstream of stop codons (Figure 5).
These findings indicate that plant cotranslational RNA decay is
dependent on the cytoplasmic 59 to 39 exoribonuclease XRN4,
a result that is not surprising because the S. cerevisiae ortholog
Xrn1 is required for this process (Pelechano et al., 2015).
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The nuclear cap binding complex, which consists of two sub-
units (CBP20 and CBP80/ABH1), plays multiple roles in RNA
metabolism, including functioning in processing of miRNAs,
mRNA splicing, and the initial round of translation (Gregory et al.,
2008; Kim et al., 2009). These functions in general RNA metab-
olism and the initiating round of translation spurred us to test
whether this mostly nuclear complex of proteins also functions in
cotranslational RNA decay. Using GMUCT data from two null
alleles of abh1, we discovered an unexpected role of the nuclear
mRNA cap binding complex in this process. More specifically, we
found that cotranslational RNA decay is decreased ;50% in the
absence of ABH1, unlike in xrn4mutant plants where this process
is almost entirely absent (Figures 5, 6, and 7A). Interestingly,
a closer look at this effect on cotranslational RNA decay revealed
that 821 transcripts had CRI values that are significantly different
in abh1mutant comparedwithCol-0 plants. In fact, 76%of these
mRNAs had a significant decrease in CRI value, explaining the
overall decrease in the proportion of transcripts undergoing
cotranslational RNA decay in the absence of ABH1 function.
Intriguingly, the transcripts whose CRI is affected by the loss of
ABH1 function tend to encode proteins involved in abiotic stress
responses, especially those involvedwith temperature stimulus.
Given that ABH1 is known to function in various abiotic stress
responses (Hugouvieux et al., 2001; Daszkowska-Golec et al.,
2013), these results suggest that its functions in cotranslational
RNA decay and abiotic stress response are linked. Future ex-
perimentswill be required todetermine themechanistic details of
this functional link between cotranslational RNAdecay and plant
abiotic stress response.

As noted, ABH1 functions in multiple general mRNA metabolic
processes, including splicing, general RNA stability, and the ini-
tiating round of translation. Therefore, there are many mecha-
nismsbywhich this proteinmayaffect cotranslational RNAdecay.
We first determined that ABH1did not affectXRN4 expression. To
do this, we looked at the levels of this transcript in expression data
from theabh1mutant background (Gregory et al., 2008).We found
no significant difference in XRN4 levels in abh1mutant compared
with Col-0 plants, indicating the change in cotranslational RNA
decay in abh1 mutant plants is not merely a consequence of
reducing the levels of the exoribonuclease that is required for
this process. Other mechanisms that may be involved in the
functionofABH1 in cotranslationalRNAdecay include, but arenot
limited to (1) determining which transcripts are degraded by
a cotranslational or general RNA decay mechanisms; (2) shuttling
RNAs into the cotranslational RNA decay pathway during the
initiating round of translation; and (3) affecting alternative splicing
leading to greater degradation by cotranslational RNA decay of
inappropriately spliced transcripts. We note that these models
are not mutually exclusive, and we are intrigued by the possibility
that the initiating round of translation may have an impact on
cotranslational RNA decay in plant transcriptomes. However,
significant future work is required to elucidate the mechanistic
details of the involvement of ABH1 in this RNA decay pathway.

We also used CRI values to identify a subset of mRNAs that
displayed the highest proportion of cotranslational RNA decay
products in Arabidopsis unopened flower buds. Interestingly,
these transcripts tended to encode proteins with coherent
functions in processes such as response to auxin, nucleic acid

metabolic processes, DNA replication, and regulation of tran-
scription (Figure 7B). The finding that transcripts involved in auxin
response are highly targeted by cotranslational RNA decay is
fitting given the recent findings that Arabidopsis ribosomal pro-
teins control developmental programs through translational
regulation of auxin response factors (Rosado et al., 2012). Thus,
regulating both transcript translation and turnover provides tight
control of the developmental effects of auxin in Arabidopsis. The
links between these two processes will need to be further in-
vestigated by future experiments. Overall, our findings suggest
that mRNA transcripts that display extremely high CRI values are
likely tobe targetedduringactive translationby thecotranslational
RNAdecay pathway to regulate their functional output in coherent
functional pathways in Arabidopsis. Thus, determining the effect
of this pathway on normal plant growth and development should
be further examined in the future.
Finally, we compared CRI values of miRNA target genes

known to be regulated by translation inhibition with those that
are not. This analysis revealed that miRNA-mediated translation
inhibition is likely a significant trigger of cotranslational RNAdecay
in Arabidopsis (Supplemental Figure 10A). The intriguing link
between this miRNA-mediated silencing mechanism and co-
translational RNA decay will need to be further investigated in the
future to elucidate the mechanistic details.
Insummary,our resultsprovidedaglobalviewofXRN4-mediated

cotranslationalmRNAdecay in a plant transcriptome. Furthermore,
they uncovered a link between the nuclear mRNA cap binding
complex and cotranslational mRNA decay and demonstrated
that GMUCT provides evidence of translationally active uORFs in
plant transcriptomes. Thus, future GMUCT-driven studies of plant
translation will undoubtedly discover additional features of this
process during both normal development and stress response.

METHODS

Plant Materials and GMUCT Library Construction

GMUCT librarieswere constructedusingRNA from twobiological replicates
of leaves 5 to 9 of 4-week-old Arabidopsis thaliana Col-0 (Arabidopsis) that
had been treated with the translation inhibitor CHX and unopened flower
buds frombiological replicatesof twoabh1alleles (abh1-1andabh1-8) using
the GMUCT 2.0 protocol (Willmann et al., 2014). In brief, RNA was first
subjected to poly(A)+ selection followed by immediate ligation of a 59 RNA
adapter. An additional poly(A)+ selection step was performed to purify the
adapter ligatedRNAs.Thesesampleswereusedas the substrates in reverse
transcription reactions using a reverse transcription primer that was com-
posedof the39 adapter sequenceon the59 endanda randomhexamer on its
39 end. This allowed for the addition of the 39 sequencing adapter during
reverse transcription.Finally, theGMUCT librarieswereamplifiedand indices
were added using a limited PCR amplification reaction.

Mapping GMUCT Reads to mRNA Transcripts

All GMUCT reads (50-nucleotide single-end sequences) were aligned to
full-length mature mRNAs extracted from the TAIR10 genome annotation
usingSTAR (version 2.4.0withparameters “—outFilterMultimapNmax10–
outFilterMismatchNmax 10–outFilterMismatchNoverLmax 0.10”) (Dobin
et al., 2013). Subsequently, the SAM files were converted to BED files
containing only the first (most 59) nucleotide of each read, denoting the
cleavage sites resulting in 59P intermediates. For assessing GMUCT data
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reproducibility, 59P reads for each 100-nucleotide bin along all mRNAs
were counted. Then a Pearson correlation coefficient was calculated
between the two GMUCT replicate libraries, and scatterplots were pro-
duced. Additionally, the ratio of total 59P reads in the annotated 59 UTR,
CDS, and 39 UTR of mature mRNAs was determined.

Prediction of Canonic miRNA Targets and Precise Cleavage Sites

Sequences for the 45 canonical miRNAs conserved between Arabidopsis
andtheBrassicaceaeweredownloaded frommiRBase.Theirputative targets
werepredictedusingpsRNATarget (http://plantgrn.noble.org/psRNATarget/)
using default parameters. The cleavage sites of 21-nucleotide miRNAs
are between the 10th and 11th nucleotide of themiRNAs as counted from
the 59 end. The 59P reads within the 100-nucleotide flanking regions of
miRNAcleavage siteswere also counted. The local cleavageefficiencyof
miRNAs represents the log2 transformation of the ratio of 59P readends at
miRNA cleavage sites divided by the median 59P read end coverage in
100-nucleotide flanking regions. The global cleavage efficiency of
miRNAs represents the log2 transformation of the ratio of 59P readends at
miRNA cleavage sites divided by the average 59P read-end coverage
throughout the entire transcript. These statistics indicate the proportion
of cleavage products in a given mRNA that are due to miRNA-mediated
cleavage. x2 tests were performed to assess significant differences
between 59P read ends inmiRNA cleavage sites comparedwith the flanking
median59Preadendcoverageoraverage59Pread-endcoveragethroughout
the entire transcript.

Defining a 3-Nucleotide Periodicity Pattern in ORFs and Enrichment
Analysis of 59P Read End Accumulation Due to Ribosome Pausing at
Each Codon

The three coding frames of each codon are represented as frame 0 (f0),
frame 1 (f1), and frame 2 (f2), with frame 0 being the one used in translation.
f1 and f2 are cleavage-accessible frames, while f0 is not accessible to
cleavage. The abundanceof 59P read ends that accumulated in each frame
along all ORFs was quantified. To determine whether the difference in
accumulation of 59P read ends was significantly different between each
frame, a x2 test was performed to assess the significance of each pairwise
comparison. To survey ribosome pausing at each type of codon, the en-
richment of 59P read ends at the ribosome boundary (16 to 17 nucleotides
upstream from each codon) compared with the median number of 59P read
ends within the flanking 100 nucleotides was calculated for Col-0 with and
without CHX treatment, xrn4, and abh1. We also compared the enrichment
at these positions upstream of stop codons between Col-0 and xrn4 as well
as abh1 mutants. To determine the significance of differences in these
comparisons, we used a x2 test.

Prediction of Putative Translationally Active uORFs Identified
by GMUCT

All 59 UTRs of annotated protein-coding genes were scanned to identify
potential ORFs that beginwith the start codonsATG,ACG, orCTGand that
also contain a defined stop codon following a short ORF. Putative
translationally active uORFs that did not overlap with main ORFs were
subsequently identified as those where 59P read ends were enriched at
least 2-fold at nucleotide 16 and/or 17 upstream from the stop codon
compared with the flanking 100 nucleotides.

Measurement of Cotranslational RNA Decay

We determined the CRI to measure the proportion of cotranslational RNA
decay for each gene. The CRI for a given gene represents the log2 ratio of
average 59P read end coverage at cleavage-accessible frames (f1 and f2)

divided by the 59P read coverage of the frame that is not accessible to

cleavage (f0). This function is expressed as:CRI ¼ log2

!
ðf1þf2Þ=2

f0

"
. TheCRI

distributions for all mRNAsmeasured in GMUCT samples for Col-0 as well
as abh1 and xrn4mutant plants were plotted. Transcripts with CRI values
that were significantly different in abh1mutant comparedwithCol-0 plants
were identified by Student’s t
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Genes with Significantly Different CRI Values between Col-0 and abh1
Mutant Unopened Flower Buds.

Supplemental Data Set 1. The Set of Candidate miRNA Target Sites.

Supplemental Data Set 2. The Set of uORFs With Enrichment of 59P
Read Ends at Their Stop Codon Ribosome Boundary Compared with
Their Flanking Regions.

Supplemental Data Set 3. mRNAs Having Significant Differences in
Cotranslational RNA Decay Index Values for Col-0 versus abh1Mutant
Plants.
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