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Abstract

RNA turnover is essential in maintaining messenger RNA (mRNA) homeostasis during

various developmental stages and stress responses. Co-translational mRNA decay

(CTRD), a process in which mRNAs are degraded while still associated with translat-

ing ribosomes, has recently been discovered to function in yeast and three angio-

sperm transcriptomes. However, it is still unclear how prevalent CTRD across the

plant lineage. Moreover, the sequence features of co-translationally decayed mRNAs

have not been well-studied. Here, utilizing a collection of publicly available degra-

dome sequencing datasets for another seven angiosperm transcriptomes, we have

confirmed that CTRD is functioning in at least 10 angiosperms and likely throughout

the plant lineage. Additionally, we have identified sequence features shared by the

co-translationally decayed mRNAs in these species, implying a possible conserved

triggering mechanism for this pathway. Given that degradome sequencing datasets

can also be used to identify actively translating upstream open reading frames

(uORFs), which are quite understudied in plants, we have identified numerous

actively translating uORFs in the same 10 angiosperms. These findings reveal that

actively translating uORFs are prevalent in plant transcriptomes, some of which are

conserved across this lineage. We have also observed conserved sequence features

in the regions flanking these uORFs’ stop codons that might contribute to ribosome

stalling at these sequences. Finally, we discovered that there were very few overlaps

between the mRNAs harboring actively translating uORFs and those sorted into the

co-translational decay pathway in the majority of the studied angiosperms, suggest-

ing that these two processes might be nearly mutually exclusive in those species. In

total, our findings provide the identification of CTRD and actively translating uORFs

across a broad collection of plants and provide novel insights into the important

sequence features associated with these collections of mRNAs and regulatory ele-

ments, respectively.
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1 | INTRODUCTION

Cells need to constantly adjust mRNA abundance in order to respond

properly to different environments or growth stages, which are

achieved through a variety of mRNA decay mechanisms. In eukary-

otes, mRNAs are believed to first undergo decapping or deadenylation

before being degraded from 50 to 30 by exonucleases or from 30 to 50

by the exosome complex (Nagarajan et al., 2013; Schoenberg &

Maquat, 2012). Previously, eukaryotic mRNAs undergoing translation

were believed to be protected from these decay pathways

(Parker, 2012). However, it was first observed in Saccharomyces cere-

visiae that mRNAs can be decapped and undergo 50 to 30 degradation

while still being associated with actively translating ribosomes. This

process ensures that the translation of residual ribosomes is not

affected by the decay and the final polypeptide is full length and func-

tional (Hu et al., 2009, 2010). Subsequently, through capturing and

sequencing degrading intermediates of mRNA molecules bearing the

hallmark 50 monophosphate (5P-seq), it was revealed that co-

translational 50 to 30 decay is prevalent in S. cerevisiae mRNAs and this

phenomenon is also conserved in Saccharomyces pombe (Pelechano

et al., 2015). Specifically, an exonuclease XRN1-dependent three-

nucleotide periodicity was observed within the collection of sequenc-

ing reads that were captured with a free monophosphate on their 50

end (50P read ends) within the main open reading frame of many yeast

mRNAs. This observation can be explained by XRN1 chasing the last

translating ribosome translocating three nucleotides at a time along

the length of the protein-coding region (ORF) of mRNAs. Additionally,

it was found that 50P read ends of the co-translationally decayed

mRNAs also accumulated at 16 or 17 nucleotides (nt) upstream of the

stop codon, suggesting pronounced ribosome pausing at stop codons

during translation termination (Pelechano et al., 2015).

In plants, various high-throughput approaches such as genome-

wide mapping of uncapped and cleaved transcripts (GMUCT)

(Gregory et al., 2008), parallel analysis of RNA ends (PARE) (German

et al., 2009), and degradome sequencing (Addo-Quaye et al., 2008)

that capture and sequence 50 monophosphate bearing mRNA degra-

dation intermediates have also been developed by a number of differ-

ent groups. Degradome profiling datasets generated using these

approaches provided rich resources for studying co-translational

mRNA decay in plants. Based on the three-nucleotide periodicity

along the main open reading frame and the 50P read ends that were

found to accumulate at 16 and 17 nt upstream of the stop codons,

several groups have revealed that co-translational mRNA decay is

prevalent in Arabidopsis, rice, and soybean (Crisp et al., 2017; Hou

et al., 2016; Yu et al., 2016). It was also revealed in Arabidopsis that

both the exonuclease XRN4 and the cap-binding protein CBP80/

ABH1 play important roles in co-translational mRNA decay (Yu

et al., 2016). Although co-translational mRNA decay has been proven

to be conserved in Arabidopsis, rice, and soybean, it is not clear

whether co-translational mRNA decay is also conserved in other plant

species or in any various growth stages and environmental conditions.

Moreover, the sequence features of the mRNAs undergoing co-

translational decay in plant species remain mostly unexplored.

Upstream open reading frames (uORFs) are short open reading

frames located in 50 untranslated regions (50 UTRs) of mature mRNAs

in eukaryotes. When being translated, they generally repress the

translation initiation of downstream main open reading frames

(mORFs) via arresting ribosomes (Zhang et al., 2019). Occasionally,

mRNA decay is induced because the uORF stop codon can be recog-

nized as a premature stop codon and trigger nonsense-mediated

decay (NMD) (Uchiyama-Kadokura et al., 2014). Therefore, uORFs are

important cis regulatory elements for mORF translation in eukaryotes.

In plants, uORFs play important roles in developmental processes as

well as various stress responses. For instance, the HB1mRNA encodes

a homeodomain-leucine zipper transcription factor that participates in

hypocotyl elongation in short day conditions in Arabidopsis (Capella

et al., 2015). The HB1 mRNA harbors a uORF, whose translation

arrests ribosomes and subsequently represses mORF translation. This

translation repression keeps the HB1 protein at low levels under non-

short day conditions and avoids aberrant developmental phenotypes

that can be caused by high levels of HB1 (Ribone et al., 2017).

However, studies of uORFs in plants have been somewhat limited

to Arabidopsis due to a lack of methodologies for identifying these

sequence elements in other non-Arabidopsis species. Current uORF

identification relies heavily on sequence homology-based methods

(Hayden & Jorgensen, 2007; Tran et al., 2008) and ribosome profiling

techniques (Ingolia et al., 2012). Although a lot of uORFs in non-

Arabidopsis species have been predicted based on sequence homol-

ogy, other uORFs failed to be identified due to a lack of sequence

homology. Moreover, sequence homology-based methods cannot

reveal if a predicted uORF can be actively translated. Although ribo-

some profiling can reveal actively translating uORFs, this technique

has only been utilized on a select few plant species (Hsu et al., 2016;

Lei et al., 2015; Shamimuzzaman & Vodkin, 2018; Wu et al., 2019).

Additionally, a lot of uORF studies have focused on the sequence fea-

tures of the uORF start codon and how those sequence features are

related to uORF translation initiation (Chew et al., 2016; Sachs &

Geballe, 2006; Wallace et al., 2020), the sequence features of uORF

stop codons, and their relation to ribosome stalling remains mostly

unexplored.

In order to study the conservation of CTRD in plants other than

Arabidopsis, rice, and soybean, we analyzed degradome datasets of an

additional seven angiosperms using our previously established pipe-

line (Yu et al., 2016). From this analysis, we found that co-translational

mRNA decay is not only conserved among the angiosperms but also

prevalent among different tissues, developmental stages, and environ-

mental conditions in each species. By analyzing the sequence features

of all co-translationally decayed mRNAs in each species, we found

that this collection of transcripts displays consistent sequence fea-

tures across the collection of studied angiosperms, suggesting that

they might play important roles in co-translational mRNA decay

across the plant kingdom.

Given that degradome datasets can also reveal ribosome dynam-

ics and have been used to identify actively translating uORFs in Arabi-

dopsis (Hou et al., 2016; Yu et al., 2016), they provide an alternative

to ribosome profiling for studying translating uORFs in the plants.
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Thus, we used this collection of 10 angiosperm degradome datasets

to identify actively translating uORFs across a wide array of plant spe-

cies (Yu et al., 2016). This analysis revealed numerous uORFs that

were being actively translated in each set of degradome datasets, indi-

cating that translating uORFs are prevalent in angiosperms as well as

in various responses to different environmental conditions and growth

stages. Meanwhile, we observed consistent sequence features in the

regions flanking these translating uORF’s stop codon that might con-

tribute to ribosome stalling in this region. Finally, to better understand

the relationship between having actively translating uORFs and being

sorted into co-translational mRNA decay, we analyzed the number of

mRNAs with actively translating uORFs that are also co-translationally

decayed in each dataset. We found that mRNAs that contain actively

translating uORFs are rarely co-translational decayed in most of the

studied angiosperms, suggesting that actively translating uORFs pro-

tect their parent transcripts from this degradation pathway.

2 | RESULTS

2.1 | Co-translational mRNA decay is a conserved
process among angiosperms

In order to determine whether CTRD is conserved in plant species

other than Arabidopsis, soybean, and rice (Hou et al., 2016; Yu

et al., 2016), we analyzed multiple high-quality degradome sequencing

datasets of four monocots (Zea mays, Setaria viridis, Sorghum bicolor,

and Brachypodium distachyon) as well as three dicots (Solanum

lycopersicum, Medicago truncatula, and Phaseolus vulgaris) that were

obtained from the GEO database (Table 1) (Anderson et al., 2018;

Baldrich et al., 2015; Crisp et al., 2017; Devers et al., 2011; Formey

et al., 2015; Franke et al., 2018; Jeong et al., 2013; Li et al., 2010;

Liu et al., 2014; Shamimuzzaman & Vodkin, 2012; Song et al., 2011;

Zhou et al., 2010) using the same pipeline established previously

(Yu et al., 2016). We tried to include as many degradome datasets

from different conditions, tissues, or growth stages as possible for

each species because we also wanted to know if co-translational

mRNA decay functions across different conditions and/or tissues

within these various species.

: The last four columns indicate the number of total CTRD tran-

scripts identified, actively translating uORFs identified, the percent of

CTRD transcripts with actively translating uORFs, and the percent of

transcripts with actively translating uORFs sorted into CTRD in the

corresponding samples.

Using TSI as the preferred measurement, we identified co-

translationally decayed mRNAs in all of the 10 angiosperms, indicating

that co-translational mRNA decay is conserved in these plant species

and likely most others (Table 1, Figure 1, and Appendix S1). Mean-

while, within the same species, co-translationally decayed mRNAs

were identified in every sample regardless of the tissue or conditions

of treatment, indicating that co-translational mRNA decay is also con-

served across different conditions and might play important roles in

different biological processes.

2.2 | Co-translationally decayed mRNAs in
different angiosperms display consistent sequence
features that are different from those that are not
decayed by this pathway

If the sequence features of mRNAs play an important role in deter-

mining which mRNAs undergo co-translational decay, the co-

translationally decayed mRNAs of different species should display

shared sequence features that are different from those of the non-co-

translationally decayed mRNAs. In total, we compared the 50 UTR

length, CDS length, 50 UTR GC content, CDS GC content, 30 UTR

length, 30 UTR GC content, codon usage bias, and amino acid compo-

sition bias of the co-translational decayed mRNAs with those of all

other mRNAs of each species.

From this analysis, we found that the co-translationally decayed

mRNAs have on average significantly (all p-values <.05; Wilcoxon test)

longer 50 UTRs, CDSs, and 30 UTRs compared to those of the other

transcripts not degraded by this mechanism in all the species, except

soybean. In soybean, the co-translationally decayed mRNAs have sig-

nificantly (p-value <.001; Wilcoxon test) shorter 50 UTRs, and the CDS

length is not significantly different from that of the mRNAs not

degraded by this pathway (Figures 2–4). We also found that the 50

UTR GC content of the co-translationally decayed mRNAs is consis-

tently significantly (all p-values <.001; Wilcoxon test) higher in every

species (Figure 5). However, the CDS GC content of co-translationally

decayed mRNAs is significantly (all p-values <.01; Wilcoxon test)

higher in every dicot but lower in 60% of the monocots, except for

S. bicolor and B. distachyon, whose co-translationally decayed mRNAs

have a significantly (p-values <.01; Wilcoxon test) higher CDS GC con-

tent (Figure 6). Although the co-translationally decayed mRNAs in sor-

ghum, Arabidopsis, and tomato have significantly higher 30 UTR GC

content (p-values <.01; Wilcoxon test), the 30 UTR GC content of

those in the rest of the analyzed angiosperm species is not signifi-

cantly different compared to mRNAs that are not co-translationally

decayed (Figure S1). Thus, there are specific sequence features that

define mRNAs degraded by CTRD from those that are not, but some-

times these features vary between the angiosperm species analyzed

in this study.

We next compared the codon usage bias in co-translationally

decayed mRNAs with that in the other mRNAs of each species. codon

usage bias is defined as the unequal use of synonymous codons dur-

ing translation (Behura & Severson, 2013). To quantify codon usage

bias, we employed the relative synonymous codon usage (RSCU)

score. For a specific codon, RSCU is defined as the ratio of the

observed frequency to its expected frequency if all the synonymous

codons were used equally. These values are not related to the amino

acid composition or the abundance ratio of synonymous codons, so it

can directly reflect the bias of synonymous codon usage (Sharp &

Li, 1986). Given that the start codon, the stop codon, and tryptophan

have no synonymous codons, they were excluded from this analysis.

We first calculated the RSCU of each codon in every mRNA.

Next, the mRNAs were grouped according to whether they are co-

translationally decayed mRNAs or not. The mean RSCU value of every
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codon was calculated for both co-translationally decayed mRNAs and

those that are not. Then ΔRSCU of every codon was calculated by

subtracting the mean RSCU of the non-co-translationally decayed

mRNAs from that of the co-translationally decayed mRNAs (Whittle

et al., 2011). Therefore, codons with positive ΔRSCU were the ones

that were enriched in co-translationally decayed mRNAs compared to

its synonymous codons and vice versa. Among the analyzed

59 codons, the CAG (glutamine) and AAG (lysine) codons have posi-

tive ΔRSCU values consistently across all the 10 angiosperms, indicat-

ing that they are selected for in co-translationally decayed mRNAs

compared to their partner synonymous codons CAA (glutamine) and

AAA (lysine) that have negativeΔRSCU values consistently across all

the 10 angiosperms (Table 2). Thus, the codons for two positively

charge amino acids seem to discriminate mRNAs that undergo CTRD

from those that do not.

We finally analyzed the amino acid composition of the peptides

encoded by co-translationally decayed mRNAs in each species. By

comparing the percentage of each of the 20 amino acids in the co-

translationally decayed mRNAs encoded peptides with that of the

peptides encoded by those not decayed by this pathway, we found

that the co-translationally decayed mRNAs have a significantly (all p-

values <.01; Wilcoxon test) higher percentage of aspartate

F I GU R E 1 Co-translationally decayed
mRNAs are identified in 10 angiosperm
species. Sample heatmap of 50P read ends
mapped to flanking 100 nt regions of the
stop codon of each transcript for each
species. The first nucleotide of stop codon
is assigned 0 on the horizontal axis, and
each row represents a transcript. The
color represents the enrichment of 50P
read ends at each nucleotide relative to
the average 50P read ends of flanking
100 nt region.

F I GU R E 2 CTRD mRNAs have longer 50 UTRs in most of the 10 angiosperm species. *** and * denote p-value ≤.001 and ≤.05, respectively,
as determined by Wilcoxon test.
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consistently across all the 10 angiosperms (Figure 7). Additionally, the

percentage of glutamate is also significantly (all p-values <.001; Wil-

coxon test) higher in peptides encoded by co-translationally decayed

mRNAs in 90% of the interrogated angiosperms, with soybean again

being the only outlier for CTRD transcripts not displaying this

sequence feature compared to non-CTRD transcripts (Figure 7). We

then wondered if aspartate and glutamate also have positional bias

along the mRNAs. Therefore, we compared the distribution of aspar-

tate and glutamate along the peptides encoded by co-translationally

decayed mRNAs compared to those not decayed by this mechanism

F I GU R E 3 CTRD mRNAs have longer
CDSs in most of the 10 angiosperm
species. *** denotes p-value ≤.001,
whereas NS denotes p-value >.05 as
determined by Wilcoxon test.

F I GU R E 4 CTRD mRNAs have longer
30 UTRs in all 10 angiosperm species. ***
denotes p-value ≤.001 as determined by
Wilcoxon test.

F I GU R E 5 CTRD mRNAs have higher
50 UTR GC content in all 10 angiosperm
species. *** denotes p-value ≤.001 as
determined by Wilcoxon test.
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in all 10 species. Surprisingly, for every species, there is no appreciable

difference in the distribution of aspartate and glutamate encoded

amino acids in the peptides encoded by co-translationally decayed

mRNAs compared to those that are not decayed by this pathway

(Figure S2). Overall, our findings reveal that the amino acids aspartate

and glutamate are highly overrepresented in general in the proteins

encoded by transcripts decayed by CTRD compared to those that are

not in angiosperms, but their distribution in the peptide is not biased

to a particular position. In total, our findings reveal that the mRNAs

undergoing co-translational decay in most of the 10 angiosperms dis-

play conserved sequence features, suggesting that these sequence

features play important roles in determining whether an mRNA

undergoes co-translational decay or not in plant transcriptomes.

2.3 | Ribosomes stall longer at some of the codons,
and the encoded amino acids enriched in co-
translationally decayed mRNAs

After identifying shared sequence features associated with co-

translationally decayed mRNAs among the 10 angiosperms, we

wanted to know if and how these sequence features impact the trans-

lation of these mRNAs. Although it has been reported in multiple

plants that the length and the GC content of both the 50 UTR and

CDS can impact translation efficiency (Branco-Price et al., 2005;

Jiao & Meyerowitz, 2010; Kawaguchi & Bailey-Serres, 2005; Lei

et al., 2015; Zhao et al., 2017), we wondered if the synonymous

codons and amino acids enriched in co-translationally decayed

mRNAs also affect this process. Given that it was reported in yeast

and other non-plant eukaryotes that certain nonoptimal codons as

well as certain amino acid encoding codons can increase ribosome

stalling time during elongation via different mechanisms (Presnyak

et al., 2015; Sabi & Tuller, 2015; Yan et al., 2016), we tested if the

codons AAG and CAG as well as those encoding aspartate and gluta-

mate that we found were significantly enriched in CTRD transcripts

can result in longer ribosome stalling in plant transcriptomes.

Given that ribosome stalling level can be inferred at codon resolu-

tion from ribosome profiling datasets (Duncan et al., 2018;

Gerashchenko et al., 2012), we analyzed ribosome stalling at codon

AAG, CAG, as well as aspartate and glutamate encoding codons using

high-quality ribosome profiling datasets for Arabidopsis shoots, Arabi-

dopsis roots, and tomato roots (Hsu et al., 2016; Wu et al., 2019). To

assess ribosome stalling level at the enriched codons, we defined a

codon stalling index, where for each codon, we calculated the ratio of

the average 50 P read ends of the ribosome footprints when this

codon was located at the A and P sites of the ribosome to the median

50 P read ends of all ribosome footprint reads in the flanking 100 nt

region. The codon stalling index values of the two codons we found

to be enriched in CTRD transcripts were then compared with that of

their synonymous codons. We found that the CAG stalling index value

is significantly (all p-values <.001; student t-test) higher compared to

that of the synonymous CAA in all the Arabidopsis and tomato ribo-

some profiling datasets. However, the AAG stalling index is higher

compared to that of AAA only in Arabidopsis shoot ribosome profiling

dataset but not in those for Arabidopsis or tomato roots (Figure 8a).

These results indicated that ribosomes stall longer at CAG (glutamine)

compared to its synonymous codon in both Arabidopsis and tomato

regardless of the tissue but stall longer at AAG only in Arabidopsis

shoots not in the root tissues of these dicot plants.

To assess the ribosome stalling level at the codons encoding the

enriched amino acids, we further defined amino acid stalling index to

account for the average codon stalling index of all the synonymous

codons encoding a specific amino acid. The amino acid stalling index

of the enriched amino acids were then compared to the median amino

acid stalling index of all the other amino acids. Again, in all the Arabi-

dopsis and tomato samples, we found that aspartate has a higher stal-

ling index compared to the median codon stalling index, whereas

glutamate has a lower stalling index when compared to this value for

all other amino acids (Figure 8b), indicating that ribosomes stall longer

only when decoding aspartate in both Arabidopsis and tomato tran-

scriptomes. Taken together, we have revealed that the ribosomes stall

longer at both of the synonymous codons enriched in co-

translationally decayed mRNAs in at least one tissue for which transla-

tion has been assessed in plant species, whereas they only stall longer

when decoding aspartate, which is one of the enriched amino acids in

co-translationally decayed mRNAs. Overall, these findings suggest

F I GU R E 6 CTRD mRNAs have higher
CDS GC content in all dicot species,
whereas they have lower CDS GC content
in 60% of the monocot species. *** and **
denote p-value ≤.001 and ≤.01,
respectively as determined by
Wilcoxon test.
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that features of CTRD mRNAs that distinguish them from other tran-

scripts affect the process of translation, which is likely a feature that

defines this class of mRNAs for this specific degradation pathway in

plants.

2.4 | Actively translating uORFs are prevalent
among angiosperm species, and some are conserved
across this lineage

It is notable that actively translating uORFs are rarely studied in non-

Arabidopsis plant species due to a lack of ribosome profiling data

available for those plants, but we and others have found that degra-

dome datasets can also be used to identify actively translating uORFs

in plant transcriptomes (Hou et al., 2016; Yu et al., 2016), Thus, we

took full advantage of the collection of degradome datasets for the

10 angiosperm specifies and identified numerous actively translating

uORFs using a previously reported method (Yu et al., 2016). Briefly,

putative uORFs were first predicted from 50 UTR sequences of each

species. Given that it was reported that the near-consensus codons

CTG and ACG might also initiate uORF translation in plants (Laing

et al., 2015; Liu et al., 2013; Yu et al., 2016), we also included the

putative uORFs with these near-consensus start codons in our analy-

sis. We then calculated the TSI for each predicted uORF and consid-

ered the uORFs with TSI greater than three to be actively translating

uORFs. Using this method, we identified hundreds of actively trans-

lated uORFs in every plant species studied (Table 1), indicating that

actively translated uORFs are prevalent in angiosperm transcriptomes

as well as among different developmental and environmental condi-

tions that plants experience. To understand how conserved these

actively translating uORFs are among the angiosperms, we paired the

mRNAs harboring the actively translating uORFs in each species with

their Arabidopsis ortholog. For each annotated Arabidopsis ortholog,

we then counted the number of species where an actively translating

uORF was identified. In total, we found 13 mRNAs that contain

actively translating uORFs in over five angiosperm species (Table 3).

Among these 13 mRNAs, the uORFs of bZIP53, bZIP44, putative eIF5,

CIPK6, and NIP5 mRNAs were reported to be actively translated only

in Arabidopsis to date (Hou et al., 2016; Tanaka et al., 2016;

Weltmeier et al., 2009). However, our findings indicated that the

translation of these uORFs is also prevalent in other angiosperms,

with the bZIP53 uORF demonstrating active translation in all of the

10 interrogated angiosperms (Figure 9a).

We next studied if the peptides encoded by the uORFs of these

13 mRNAs are conserved in each species. Given that the shortest

peptide derived from translation in plants is 10 amino acids in length

(De Coninck et al., 2013; Hsu & Benfey, 2018), we excluded the

uORFs that are shorter than 33 nt from this analysis. According to

alignment results, peptides encoded by bZIP53, bZIP44, and CIPK6

uORFs showed very high levels of conservation at their C-terminus,

whereas their N-terminus appeared divergent (Appendix S2A top

three panels). We also noticed that the start codon of bZIP53 and

bZIP44 uORFs in many of the species were near-consensus startT
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codon sequences, whereas the majority of CIPK6 uORFs start codons

are the consensus ATG sequence. Apart from the peptides derived

from those three uORFs, we did not observe high level of conserva-

tion in the peptides encoded by uORFs of the other 10 mRNAs

(Appendix S2A).

Although the majority of these 13 mRNAs contain translating

non-peptide encoding uORFs in only one or two species (Additional

Dataset S3), we noticed that bZIP53, SIP1, and NIP5 mRNAs contain

this type uORFs in five species, suggesting that the non-peptide

encoding uORFs of these three mRNAs might serve important func-

tions. Therefore, we wanted to know if their nucleotide sequences are

conserved. By aligning these short uORFs along with their 15 nt flank-

ing regions relative to their start and stop codon, we found that

bZIP53 and SIP1 uORFs are only slightly conserved in the regions

flanking their start codon (Appendix S2B). However, NIP5 uORFs and

their entire flanking regions are highly conserved among all the seven

angiosperms in which it is actively translated (Figure 9b,c). Taken

together, our analysis further indicated that degradome datasets are

valuable resources for identifying actively translating uORFs when

ribosome profiling data is not available for a specific organism. We

have also confirmed that actively translating uORFs are prevalent in

angiosperms and might potentially have important physiological func-

tions, but this hypothesis will require further inquiry.

2.5 | The regions flanking the stop codons of
actively translating uORFs display consistent sequence
features

Given that these identified actively translating uORFs are all able to

stall ribosomes sufficiently to measure their accumulation at these

stop codons, we wondered if there are any sequence features shared

by the flanking regions of these uORF stop codons that might contrib-

ute to ribosome stalling. We first characterized the secondary struc-

ture of regions around the stop codons of the translating uORFs in

each species via calculating the ensemble free energy (EFE). Specifi-

cally, the EFE was calculated using ViennaRNA Package in 35 nt slid-

ing windows for the 100 nt regions flanking the stop codon of the

identified uORFs. A lower EFE value means a more stable secondary

structure (Chew et al., 2016; Gruber et al., 2015). For all the monocot

and dicot species, we found a sudden slight drop of EFE values around

the uORF stop codons, indicating the presence of a more stable sec-

ondary structure compared to the other regions. Although all the

monocots seem to have lower EFE value compared to dicots, the drop

of EFE values around their uORF stop codons are consistent in these

plant species as well (Figure 9d). Thus, a drop in secondary structure

following the stop codon seems to be a hallmark of actively translating

uORFs across the plant lineage.

Next, we examined the sequence context in the 10 nt upstream

regions of the uORF stop codons. From this analysis, we observed

that adenosine is underrepresented at the �1 position relative to the

first nucleotide of uORF stop codon consistently in all of the angio-

sperms (Figure 10, boxed nt 10), whereas guanosine and/or cytidine is

overrepresented also at this �1 position consistently in all of the

monocot species (Figure 10). In all the dicots, thymine is overrepre-

sented at both �1 and �2 positions relative to the first nucleotide of

uORF stop codons (Figure 10, boxed nt 9 and 10). We also noticed

that thymine is overrepresented, whereas guanosine was underrepre-

sented at �8 position relative to the first nucleotide of uORF stop

codons consistently in all the dicot species (Figure 10, boxed nt 3).

Taken together, we revealed that the regions flanking the translating

uORFs’ stop codons are consistently more structured in all the angio-

sperm species interrogated in this study. Additionally, although

sequence patterns specific to the flanking regions of translating

F I GU R E 7 Peptides encoded by CTRD mRNAs have a higher percentage of aspartate as well as glutamate in most of the 10 angiosperm
species. *** and ** denote p-value ≤.001 and ≤.01, respectively, whereas NS denotes p-value >.05 as determined by Wilcoxon test.
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uORFs’ stop codons are observed, the patterns are divergent between

monocots and dicots yet conserved within the monocot and dicot

species interrogated by this study.

2.6 | Translating uORFs and co-translational
mRNA decay mostly mutually exclusive in the majority
of the studied angiosperms

Finally, given that translating uORFs are able to inhibit downstream

mORF translation in eukaryotes (Zhang et al., 2019), we wondered

whether and how the actively translating uORFs impact down-

stream co-translational mRNA decay. To answer this question, we

overlapped the mRNAs harboring translating uORFs with those

identified to be co-translationally decayed in all of the analyzed

datasets. We found that less than 5% of co-translationally decayed

mRNAs harbored actively translating uORFs in all of the 10 angio-

sperms and across all of the conditions, suggesting that the major-

ity of the CTRD mRNAs are devoid of translating uORFs

(Figure 11 and Table 1). Although only about 10% of mRNAs har-

boring actively translating uORFs are also sorted into the co-

translational decay pathway in eight out of the 10 angiosperms,

this percentage increased to over 20% in one Arabidopsis dataset

(PRJNA391262) and the common bean dataset (Figure 11 and

Table 1), where a lot more CTRD mRNAs and lesser actively trans-

lating uORFs were identified compared to the other datasets.

Together, these results indicate that mRNAs containing translating

uORFs are rarely degraded co-translationally in the majority of

studied plant transcriptomes in an abundance of varying conditions,

with a few minor exceptions.

F I GU R E 8 Ribosomes pause longer
at some of the enriched codons and
amino acids identified as overrepresented
in co-translationally decayed mRNAs.
(a) Codon stalling index for synonymous
codon pairs CAG/CAA and AAG/AAA
calculated using ribosome profiling data
for Arabidopsis roots, Arabidopsis shoots,
and tomato root. (b) Amino acid stalling
index for aspartate and glutamate
calculated using ribosome profiling data
for Arabidopsis roost, Arabidopsis shoots,
and tomato roots. Median represents the
median of other amino acid stalling
indexes calculated using the specified
sample. *** and ** denotes p-value ≤.001
and .01, respectively, whereas NS denotes
p-value >.05 as determined by Student’s
t-test. Error bars represent the standard
error for the mean of three biological
replicates.
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3 | DISCUSSION

After the discovery of co-translational mRNA decay in yeast (Hu

et al., 2009, 2010; Pelechano et al., 2015), several studies indicated

CTRD was also prevalent in the transcriptomes of the plants Arabi-

dopsis, rice, and soybean (Crisp et al., 2017; Hou et al., 2016; Yu

et al., 2016). However, it was unclear if CTRD is conserved in any

other plant species. In this study, we provided evidence that this

decay pathway is also conserved in seven other angiosperms and

throughout different tissues, growth stages, and treatment conditions

(Figure 1, Table 1 and Appendix S1). Although our results suggest that

CTRD is widely conserved across angiosperms, it is still unknown

whether this pathway is conserved among other subgroups within the

plant kingdom. Therefore, more degradome datasets of plant species

from different subgroups will be needed in order to answer this ques-

tion. Interestingly, CTRD has also been found to exist in human cells

F I GU R E 9 Actively translating uORFs are identified in degradome datasets for 10 angiosperm species. Heatmap of 5′P read ends mapped
in 100 nt flanking regions of the stop codon of (a) bZIP53 uORF and (b) NIP5 uORF in each of the 10 studied angiosperm species. The first
nucleotide of uORF stop codon is assigned 0 on the horizontal axis, and each row represents the uORF in a specific sample for each species
(specified on the right of each figure), which corresponds to a specific developmental or treatment condition (Table 1). The color represents the
enrichment of 5′P read ends at each nucleotide relative to the average 5′P read ends of the flanking 100 nt region. (c) Alignment of NIP5 uORF
nucleotide sequences along with its flanking region for the eight angiosperm species in which is found to be actively translated. The asterisk
indicates a conserved nucleotide at those specific nucleotide positions. (d) Mean secondary structure entropy free energy (EFE) of 100 nt
flanking regions of actively translating uORF stop codons in all of the 10 angiosperm species. The boxed region denotes the regions that
demonstrate a decrease in mean EFE near the uORF stop codons.

14 of 23 GUO ET AL.



(Ibrahim et al., 2018), suggesting that this degradation mechanism is

likely conserved among all eukaryotes.

Aiming at understanding the factors that determine which

mRNAs undergo co-translational decay, we looked for sequence fea-

tures that are shared by the co-translationally decayed mRNAs of

each angiosperm species. We found no consistent patterns of 30 UTR

GC content for CTRD mRNAs compared to non-CTRD mRNAs

(Figure S1), suggesting that 30 UTR GC content might not play a role

in determining which mRNAs are sorted into this degradation path-

way. However, we found several shared sequence features among

CTRD mRNAs in these 10 angiosperms. Specifically, we found that

the CTRD mRNAs generally have longer 50 UTRs and CDSs consis-

tently in nine of the 10 angiosperms, with the exception being CTRD

in soybean transcriptomes (Figures 2–3). Additionally, the 30 UTRs of

CTRD mRNAs are also consistently longer in all 10 angiosperms

(Figure 4). Furthermore, the 50 UTR GC content of co-translationally

decayed mRNAs is consistently higher in all of the 10 angiosperms,

whereas the CDS GC content is higher in the CTRD mRNAs of dicots

but lower in 60% of the monocots, with S. bicolor and B. distachyon

being exceptions (Figures 5–6). Several studies have indicated that

these shared sequence features can affect mRNA translation effi-

ciency. Thus, these results suggest that variations in translation may

be a defining feature of CTRD mRNAs.

In fact, it was previously reported in several angiosperms that

mRNA 50 UTR length, CDS length and 50 UTR GC content are all nega-

tively correlated with translation efficiency (Branco-Price et al., 2005;

Jiao & Meyerowitz, 2010; Kawaguchi & Bailey-Serres, 2005; Lei

et al., 2015; Zhao et al., 2017). Meanwhile, mRNAs with higher CDS

GC content have higher translation efficiency in both rice and maize

(Lei et al., 2015; Zhao et al., 2017), implying that CDS GC content is

positively correlated with translation efficiency in monocots. How-

ever, in Arabidopsis, the translation efficiency does not show strong

correlation with CDS GC content (Zhao et al., 2017), suggesting that

CDS GC content might not affect translation efficiency in dicot spe-

cies. Although it was found in mammalian cells that longer 30 UTRs

also correlate with lower translation efficiency (Tanguay &

Gallie, 1996), it is still unclear how 30 UTR length affects translation

efficiency in plants in general. Therefore, given that the co-

translationally decayed mRNAs in most of these 10 angiosperms have

three sequence features (longer 50 UTRs, longer CDSs, and higher 50

UTR GC content) that are associated with low translation efficiency, it

can be inferred that these co-translationally decayed mRNAs are very

likely to have lower translation efficiency in angiosperms.

By comparing the RSCU value of the codons in the co-

translationally decayed mRNAs with that of their synonymous codons,

we found that codons CAG and AAG are enriched in CTRD mRNAs

relative to their synonymous codons consistently in all the 10 angio-

sperms (Table 2). By comparing the percentage of each amino acid in

the peptides encoded by CTRD mRNAs with that in the peptides

encoded by all other transcripts, we found that aspartate was

enriched in peptides encoded by co-translationally decayed mRNAs in

every angiosperm, whereas glutamate is enriched in nine of the

10 the angiosperms, with the exception again being soybean

(Figure 7). Also, we did not observe any difference in the distribution

of aspartate and glutamate in peptides encoded by co-translationally

decayed mRNAs and those encoded by all other transcripts

(Figure S2). Although we found individual amino acids that are

enriched in peptides encoded by co-translationally decayed mRNAs,

we did not find any enriched amino acid motifs. Interestingly, it was

discovered in yeast that serine was enriched at the position immedi-

ately after methionine in peptides encoded by CTRD mRNAs

(Pelechano et al., 2015). These results imply that specific amino acids

play roles in determining which mRNAs undergo co-translational

decay in yeast and angiosperm plant species, but it is not the same

amino acids in these differing eukaryotic organisms.

By comparing ribosome stalling levels based on Arabidopsis and

tomato ribosome profiling datasets corresponding to the specific

codons and amino acids enriched in CTRD mRNAs compared to all

others, we found that ribosomes pause longer at the enriched codon

CAG compared to its synonymous codon in both Arabidopsis and

F I GU R E 1 0 Consistent nucleotide patterns are observed in the
10 nt region upstream of actively translating uORF stop codons.
Nucleotides shown below the horizontal axis represent the repressed
nucleotides at a certain location, whereas those above are
overrepresented. Position 10 indicates the nucleotide right before the
“T” in the stop codon. Boxed areas indicate the locations where
consistent patterns were observed.
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tomato. However, it was surprising to find that ribosomes pause lon-

ger at AAG only in Arabidopsis shoots as compared to Arabidopsis

and tomato root ribosome profiles (Figure 8a). These results suggest

that the ribosome stalling level could be dependent on the tissue type

in which CTRD is being profiled, and thus depending on the tissue

transcripts containing more CAG and/or AAG in their primary

sequence is likely to decrease the overall ribosome elongation rate on

the corresponding mRNAs and initiate CTRD of those transcripts. This

hypothesis is worth testing with future experiments. Compared with

the ribosome stalling level at the enriched codons in CTRD mRNAs,

ribosome stalling levels at the enriched amino acids aspartate and glu-

tamate are very consistent among Arabidopsis and tomato. In fact, in

both Arabidopsis and tomato, the ribosome stalling level is higher only

at aspartate codons but not those encoding glutamate (Figure 8b).

Interestingly, the ribosome stalling patterns for codons and amino

acids observed in Arabidopsis and tomato are consistent with what

was observed in other eukaryotes. For instance, in yeast, codons AAG

and CAA were considered optimal codons, which had a faster

ribosome translocation rate, whereas AAA and CAG were nonoptimal

codons with a slower translocation rate (Presnyak et al., 2015). It was

also observed in Drosophila, human, and yeast cells that ribosomes

stall longer when encountering the codons for aspartate in mRNA

sequences (Sabi & Tuller, 2015). These results suggested that the

observed ribosome stalling patterns in Arabidopsis and tomato might

be conserved across eukaryotes, including monocots. These observa-

tions lead to the inference that ribosome elongation is slower on co-

translationally decayed mRNAs, because these mRNAs harbor more

codons that could either stall ribosomes longer by themselves or

encode amino acids that result in increased ribosomes stalling.

Since it was reported in Arabidopsis that XRN4 selectively

degraded mRNAs that contain particular sequence motifs (Rymarquis

et al., 2011), we wanted to know if there are any overrepresented

motifs in the co-translationally decayed mRNAs of each species since

XRN4 is the exonuclease that is known to function in the co-

translational decay process (Yu et al., 2016). We both searched for the

motifs that were found to be enriched in XRN4 targets according to

F I GU R E 1 1 uORF translation and
co-translational mRNA decay are mostly
mutually exclusive in the transcriptomes
of most of the 10 studied angiosperms.
“uORF” indicates mRNAs with actively
translating uORFs, whereas “CTRD”
indicates co-translationally decayed
mRNAs.

16 of 23 GUO ET AL.



the previous study (Rymarquis et al., 2011) and conducted de novo

motif searches in the CTRD mRNAs of each species. However, none

of the searches yielded enriched motifs relative to all other mRNAs in

the 10 plant species, indicating that XRN4 selectivity does not play a

role in determining co-translational decay targets. Thus, it seems to be

the other features identified by this study that truly delineate CTRD

mRNAs from those that are not degraded by this pathway.

It is worth noting that the co-translationally decayed mRNAs of

soybean tended to be the only outlier group when identifying

sequence features that were specific to CTRD mRNAs in the 10 angio-

sperm species interrogated for this study. Given that the soybean

degradome datasets that were analyzed in this study were the only

ones generated from seeds (embryonic tissues), the observed

sequence feature difference in CTRD targets could imply a massive

difference between embryonic tissue and other somatic tissues in the

regulation of this specialized degradation mechanism. However, this

could also be interpreted as a species-specific difference between

soybeans and the other nine angiosperms that were analyzed. Overall,

the major differences observed for soybeans, whether tissue or spe-

cies specific, need to be further interrogated in future studies.

Despite these observed outlier results in soybean, most co-

translationally decayed mRNAs in angiosperms have conserved

sequence features, suggesting a conserved initiation mechanism for

this degradation pathway in angiosperms, and likely other plant spe-

cies. Given that the majority of these conserved sequence features

are associated with low translation efficiency and/or slower ribosome

elongation, we hypothesize that CTRD is induced on the portion of

mRNAs in plant transcriptomes that display very low translation activ-

ity (Figure 12a). It will be interesting to investigate how exactly does

low translation efficiency result in CTRD within the plant transcrip-

tome in the future experiments.

In addition to co-translationally decayed mRNAs, we also identi-

fied numerous previously undiscovered actively translating uORFs

using degradome datasets of many non-Arabidopsis angiosperms.

These results indicate that actively translating uORFs are prevalent

among angiosperm transcriptomes and can be identified in these plant

species within different tissues, growth stages, and environmental

conditions (Table 1). Intriguingly, we were able to confirm that many

of the uORFs that were only predicted previously using sequence

homology-based methods are being actively translated in various

angiosperm transcriptomes where they were not previously known to

be functional. For instance, we confirmed that bZIP53, bZIP44, and

CIPK6 uORFs, which have been speculated to be present and active in

several plant species (Takahashi et al., 2012; Vaughn et al., 2012;

Weltmeier et al., 2009; Wiese et al., 2004), are actively translated in

more angiosperms than previously predicted, where they are actively

translated in10, 7, and 6 angiosperms, respectively (Figure 9a and

Table 3). These results suggest that numerous conserved uORFs have

important regulatory functions in various biological processes across

the plant lineage. This hypothesis will need further testing in the

future to determine the biological consequences of these potential

regulatory sequences.

It is notable that sequence alignment of the peptides encoded by

these uORFs of various angiosperms indicated that the resultant pep-

tide in each species is only conserved in its C-terminal region

(Appendix S2A first three panels), indicating that any functionality of

these small peptides is likely linked to these C-terminal regions. It was

previously suggested that ribosomes could be stalled at uORF stop

codons via the interaction between the peptide being translated using

the uORF as a template and the exit tunnel of the ribosome (Bhushan

et al., 2010). Therefore, it might be possible that the conserved C-

terminus of these uORF peptides in each species encodes an amino

F I GU R E 1 2 Models for co-
translational mRNA decay and uORF
translation in angiosperms.
(a) Hypothesized initiation mechanism for

co-translational mRNA decay. mRNAs
with longer 50 UTRs, longer CDSs, as well
as enriched with codons CAG and AAG
are more likely to have lower translation
efficiency or slower elongation during
translation, which triggers co-translational
mRNA decay. (b) In most of the
angiosperms, translating uORFs are likely
to inhibit downstream translation, thereby
inhibiting co-translational mRNA decay.
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acid sequence with the ability to interact with the ribosome exit tun-

nel and arrest or at least slow its progression along the transcript. This

idea will require future testing to validate.

Meanwhile, we also found numerous uORFs that are unlikely to

encode translated peptides in multiple angiosperms. For instance,

aside from having peptide encoding uORFs, both bZIP53 and SIP1

mRNAs have short non-peptide encoding uORFs in five angiosperms.

Alignment of nucleotide sequences revealed that the regions flanking

the start codons of these uORFs have the highest conservation level,

suggesting that these non-peptide encoding uORFs probably function

mainly via their start codons and flanking regions (Appendix S2B).

Interestingly, consistently in seven angiosperms, NIP5 mRNAs har-

bored a translating mini-uORF, consisting merely of a start and stop

codon (Figure 9b). Although mini-uORFs were once thought to be

untranslatable and had no biological function, the NIP5 mini-uORF

was first reported in Arabidopsis to function as a boron responsive

element (Tanaka et al., 2016). Our results here indicated that NIP5

uORF orthologs are also capable of being actively translated in

another six angiosperm species in addition to Arabidopsis (Figure 9b).

Moreover, we observed that the NIP5 uORF is consistently a mini-

uORF with well conserved flanking regions across all angiosperm

orthologs (Figure 9c), implying that these flanking regions might func-

tion in facilitating the translation and regulatory functions of these

sequences.

Although previous studies in plant uORFs mostly focused on the

longer uORFs, our results indicate that it is also important to study

the shorter uORFs, as they are conserved in multiple species, which

implies important biological functions. In regard to functionality,

although the functions of several abovementioned translating uORFs

have been reported in Arabidopsis (Tanaka et al., 2016; Weltmeier

et al., 2009; Wiese et al., 2004), it is unsure that if these uORFs

serve the same function in other angiosperm species and among dif-

ferent conditions. Therefore, further characterization of the func-

tions of uORFs in other species may be an important area of future

inquiry.

In addition to finding the conserved nature of the abovemen-

tioned uORFs, we also identified several other never before predicted

actively translating uORFs in the 50 UTRs of transcripts such as puta-

tive eIF5, SAR1c, and LNK1 that are broadly conserved across the

10 studied angiosperms (Table 3). Overall, our results reveal that

actively translating uORFs are highly prevalent with in the transcrip-

tomes of various angiosperm species (Table 1), providing a resource

for focusing future research endeavors on characterizing those that

serve important regulatory functionality in numerous plant species.

These future studies should not only focus on discovering the func-

tions of novel uORFs we have identified but also on validating addi-

tional biological functionality of the uORFs that were reported

previously.

Finally, we analyzed the sequence features of the regions flanking

the uORF stop codon and identified conserved sequence features that

might be related to the mechanisms of how these uORFs are able to

stall ribosomes on angiosperm transcripts. Specifically, we found that

the secondary structure immediately downstream of uORF stop

codons is more likely to be in a base-paired conformation compared

to the regions that are further downstream or upstream of these

sequences, and this phenomenon was consistent for uORFs that are

actively translated in all the 10 angiosperm species (Figure 9d).

According to previous studies in yeast, mRNA secondary structure

can stall ribosomes during the elongation process (Doma &

Parker, 2006; Schuller & Green, 2018). Therefore, it is possible that

the secondary structures at the uORF stop codon we identified in

these plant species contribute partially to stalling the ribosomes and

damping mORF translation when these uORFs are active. However,

additional experiments will be needed to validate if and how the sec-

ondary structures impact the uORF’s ability to stall ribosomes in

angiosperm transcriptomes.

Additionally, we analyzed the sequence context of the uORF stop

codon flanking regions and found that certain nucleotides are over-

represented at specific locations relative to uORF flanking sequences.

Interestingly, the nucleotides that we found to be overrepresented in

these areas of uORF containing transcript 50 UTRs display monocot

and dicot specific patterns (Figure 10). It has been found in human

cells that certain nucleotides immediately after the stop codon can

favor ribosome stop codon read through, suggesting that sequence

context in the stop codon flanking regions can affect ribosome behav-

ior (Loughran et al., 2014; Wangen & Green, 2020). Although it was

difficult to tell how the overrepresented nucleotides identified in this

study can contribute to uORF functionality in stalling ribosomes or

some other mechanism, we speculate that these nucleotide sequences

function by changing ribosome behavior when encountering a uORF

stop codon. Future experiments will be needed to determine if and

how these observed sequence elements that are monocot and dicot

specific contribute to uORF-mediated regulation, either by ribosome

stalling or some other mechanism.

Lastly, we analyzed the number of mRNAs harboring actively

translating uORFs while being sorted into the co-translational

decay pathway at the same time and discovered that actively

translating uORFs and co-translational decay are almost entirely

mutually exclusive in the majority of studied angiosperms

(Figure 11 and Table 1), which implies that actively translating

uORFs inhibit downstream co-translational decay. This result aligns

with the previous studies because translating uORFs can arrest

ribosomes and block downstream translation (Barbosa et al., 2013;

Zhang et al., 2019), which is also likely to block co-translational

decay (Figure 12b).

However, we did observe a higher percentage of mRNAs

harboring translating uORFs and being co-translationally decayed at

the same time in a specific Arabidopsis dataset and in common

bean results (Figure 11 and Table 1). Given that it has been

reported previously that translation in the main ORF can be

reinitiated after uORF translation and sometimes ribosomes can

even bypass a uORF via leaky scanning (Silva et al., 2019), the most

likely explanation would be that many uORFs identified to be

actively translating in these two datasets were not able to arrest

ribosomes completely, allowing translation to be reinitiated in the

main ORF, which then allows co-translational decay to occur.
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However, more experiments are needed to test if this is the case.

Together, our analyses revealed that actively translating uORFs are

likely to inhibit downstream co-translational decay in most

scenarios, and the inhibition could be related to the uORFs’ ability

to arrest ribosomes.

In total, we have confirmed that co-translational mRNA decay is a

widespread and conserved process in angiosperms, and likely all plant

species, as well as identified the sequence features associated with

the co-translationally decayed mRNAs. Interestingly, we find that

most of these sequence features are correlated with low translation

efficiency, leading us to hypothesize that low translation efficiency is

the major triggering mechanism of co-translational mRNA decay in

angiosperms. We have also identified numerous actively translating

uORFs across 10 angiosperm species using the same collection of

degradome datasets and found conserved sequence features in the

flanking regions of the uORFs’ stop codons that can potentially

contribute to stalling ribosomes at these translation regulatory

elements. Meanwhile, we confirmed that actively translating uORFs

inhibit downstream co-translational decay in most of the

angiosperms. These findings provide further evidence that degradome

datasets are rich resources for identifying and characterizing actively

translating uORFs in eukaryotic species where ribosome profiling is

not available or applicable. More importantly, our results provide

important insights for future studies into the initiation mechanisms of

co-translational mRNA decay and the ribosome stalling mechanisms

of translating uORFs.

4 | MATERIALS AND METHODS

4.1 | Degradome data sources and preprocessing

The Arabidopsis genome (TAIR10) and gene annotation were

downloaded from TAIR (https://www.arabidopsis.org). The genomes

and gene annotations of tomato (S. lycopersicum iTAG2.4),

soybean (Glycine max Wm82.a2.v1), Medicago (M. truncatula

Mt4.0v1), common bean (P. vulgaris v2.1), rice (Oryza sativa v7_JGI),

maize (Z. mays Ensembl-18), Setaria (S. viridis v2.1), sorghum

(S. bicolor v3.1.1), and Brachypodium (B. distachyon v3.2) were

downloaded from phytozome v12.1 (https://phytozome.jgi.doe.gov/

pz/portal.html) (Goodstein et al., 2012). The coordinate of stop

codons and mature mRNA sequences were extracted from the

genomes based on the gene annotations. The raw data of plant

degradome were retrieved from GEO dataset in NCBI (Table 1)

(Goodstein et al., 2012). The coordinate of stop codons and mature

mRNA sequences were extracted from the genomes based on the

gene annotations. The raw data of plant degradome were retrieved

from GEO dataset in NCBI (Table 1). Adaptors were trimmed using

Cutadapt with default parameters (Martin, 2011). For PARE datasets,

only reads that were 20–21 nt in length were used. The trimmed

reads were mapped to the mature mRNA sequences

(primary isoforms according to available annotations) using

STAR tool with the parameters “--outFilterMultimapNmax 1

--outFilterMismatchNmax 1 --outFilterMismatchNoverLmax 0.10”
(Dobin et al., 2013). The SAM files were further converted to BED

files containing only the 50 most nucleotide of each read, denoting

the 50P intermediates. The 50P read ends overlapping with the 100 nt

flanking of stop codon were calculated using BEDTools (Quinlan &

Hall, 2010). All the reads were normalized to reads per million (RPM).

In order to minimize the noise in the sequence feature analysis, the

mRNAs whose CDS length is not a multiple of three or contains

unclear nucleotides (Ns) in its sequence, or the CDS do not end with

UAA, UAG, or UGA were excluded from all the sequence feature

analysis in order to avoid misannotated genes. Adaptors were

trimmed using Cutadapt with default parameters (Martin, 2011).

For PARE datasets, only reads that were 20–21 nt in length

were used. The trimmed reads were mapped to the mature mRNA

sequences (primary isoforms according to available annotations)

using STAR tool with the parameters “--outFilterMultimapNmax 1

--outFilterMismatchNmax 1 --outFilterMismatchNoverLmax 0.10”
(Dobin et al., 2013). The SAM files were further converted to BED

files containing only the 50 most nucleotide of each read, denoting

the 50P intermediates. The 50P read ends overlapping with the 100 nt

flanking of stop codon were calculated using BEDTools (Quinlan &

Hall, 2010). All the reads were normalized to reads per million (RPM).

In order to minimize the noise in the sequence feature analysis, the

mRNAs whose length is not a multiple of three or contains unclear

nucleotides (Ns) in its sequence, or the CDS do not end with UAA,

UAG, or UGA were excluded from all the sequence feature analysis

in order to avoid misannotated genes.

4.2 | Identifying co-translationally decayed mRNAs

The stop codon coordinates of each main ORF were first obtained

from the genome annotation for each angiosperm. The 50P reads

mapped to mature RNAs were overlapped with the flanking 100 nt

of the stop codons for each main ORF using BEDTools

(Quinlan & Hall, 2010). An mRNA was considered a CTRD target if

its TSI was greater than three, and it had at least 20 raw reads in

the flanking 100 nt of its main ORF stop codon. The heatmap of

the scaled 50P read end distributions in the flanking 100 nt of

main ORF stop codon was plotted using a customized R script

(Figure 1 and Figure S1).

4.3 | Codon usage analysis for co-translationally
decayed mRNAs

RSCU¼ Occurence of a Specific Codon
1
n� Total Occurence of all Synonymous Codonsð Þ (Sharp & Li, 1986).

n = total number of synonymous codons encoding an amino acid

ΔRSCU¼RSCUCTRD�RSCUnon�CTRD

The statistical significance in RSCU difference for CTRD mRNAs and

non-CTRD mRNAs was determined by adjusted student t-tests.
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4.4 | Determining ribosome pausing at enriched
codons and amino acids in co-translationally decayed
mRNAs

The ribosome profiling datasets for Arabidopsis and tomato were

retrieved from the GEO database. For each sample, reads from 28 to

30 nt were mapped to the corresponding genomes mentioned above.

For each codon,

Codon Stalling Index¼
50P end readsA siteþ50P end readsP site

2

median50Pend reads of flanking100nt

The A site and P site locations were calculated according to the

corresponding papers (Hsu et al., 2016; Wu et al., 2019). For each

amino acid,

Amino Acid Stalling Index¼1
n
�
Xn

i¼1

Synonymous Codon Stalling Index

n = total number of synonymous codons encoding an amino acid.

The statistical difference between synonymous codon stalling

index was determined by students t-test.

4.5 | Prediction of putative uORFs and identifying
those that are actively translating

All 50 UTR sequences from annotated mRNAs were extracted and

scanned to identify potential ORFs that start with the canonical start

codon ATG or near-cognate start codons ACG or CTG and end with a

stop codon TAA, TAG, or TGA. To identify the predicted uORF candi-

dates, the 50P reads mapped to mature mRNAs were overlapped with

the flanking 100 nt of potential stop codons of predicted uORFs using

BEDTools (Quinlan & Hall, 2010). A uORF was considered as actively

translating if its TSI was greater than three, and it had at least 20 raw

reads in the flanking 100 nt of its stop codon.

4.6 | uORF sequence alignment

To assess the level of conservation of uORF sequences, the uORFs

and their flanking sequence or the peptide encoded by the uORFs

from each species were aligned with ClustalW linux version (http://

www.clustal.org/clustal2/) (Larkin et al., 2007).

4.7 | Calculating the EFE of the regions flanking
the uORF stop codons

Within the 100 nt regions flanking the stop codon of the identified

actively translating uORFs in each species, the EFE was calculated

using ViennaRNA Package using 35 nt sliding windows (Gruber

et al., 2015).

4.8 | Sequence context analysis for the regions
flanking uORF stop codons

The sequence contexts were generated by Seq2Logo Weighted

Kullback–Leibler logo type using the 10 nt upstream of the uORF stop

codon as input with a frequency matrix.
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