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ABSTRACT

Eukaryotic mRNAs contain a 5′′′′′ leader sequence preceding the main open reading frame (mORF) and, depending on the
species, 20%–50% of eukaryotic mRNAs harbor an upstream ORF (uORF) in the 5′′′′′ leader. An unknown fraction of these
uORFs encode sequence conserved peptides (conserved peptide uORFs, CPuORFs). Experimentally validated CPuORFs
demonstrated to regulate the translation of downstream mORFs often do so in a metabolite concentration-dependent
manner. Previous research has shown that most CPuORFs possess a start codon context suboptimal for translation initia-
tion, which turns out to be favorable for translational regulation. The suboptimal initiation context may even include non-
AUG start codons, which makes CPuORFs hard to predict. For this reason, we developed a novel pipeline to identify
CPuORFs unbiased of start codon using well-annotated sequence data from 31 eudicot plant species and rice. Our new
pipelinewas able to identify 29 novelArabidopsis thaliana (Arabidopsis)CPuORFs, conserved across awide variety of eudi-
cot species of which 15 do not initiate with an AUG start codon. In addition to CPuORFs, the pipeline was able to find 14
conserved coding regions directly upstream and in frame with the mORF, which likely initiate translation on a non-AUG
start codon. Altogether, our pipeline identified highly conserved coding regions in the 5′′′′′ leaders of Arabidopsis tran-
scripts, including in genes with proven functional importance such as LHY, a key regulator of the circadian clock, and
the RAPTOR1 subunit of the target of rapamycin (TOR) kinase.
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INTRODUCTION

Gene expression is regulated particularly at the level of
transcription, translation, and protein stability. Translation-
al regulation is of increasing interest as transcript levels do
not necessarily correlate with protein levels (Conrads et al.
2005; Gibon et al. 2006; Bianchini et al. 2008; Merchante
et al. 2017). Translation can be regulated both globally and
in a transcript-specific manner. Transcript-specific transla-
tion regulation usually involves specific features of the
mRNA, often present in the 5′ leader sequence of the
mRNA (also referred to as the 5′ untranslated region [5′-
UTR]) (Merchante et al. 2017). Most, if not all, eukaryotic
mRNAs contain a 5′ leader, and 20%–50% of eukaryotic
mRNAs contain upstream open reading frames (uORFs)
(Kochetov2008). Termination of translation of these uORFs

usually leads to dissociation of the ribosome from the
mRNA, thereby inhibiting translation of the downstream
main open reading frame (mORF). In some cases, the small
ribosomal subunit remains attached to themRNA following
translation termination, allowing it to continue scanning
and re-initiate on a downstream start codon (Von Arnim
et al. 2014; Browning and Bailey-Serres 2015; Merchante
et al. 2017). In case the start codon region of the uORF is
unfavorable, scanning ribosomes are prone to skipping
such start codons, resulting in increasedmORF translation.
Recognition of a start codon depends on the start codon
and its surrounding nucleotides, also known as the start co-
don context. An optimal start codon context contains an
adenine at the −3 position and guanine at the +4 position
relative to the A+1UG codon (Browning and Bailey-Serres
2015; Diaz de Arce et al. 2018). Start codons deviating
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from this optimal context are less likely to be recognized by
the preinitiation complex (PIC). The PIC therefore contin-
ues to scan to the next start site a phenomenon called leaky
scanning. Most mORFs preceded by a uORF are translated
due to leaky scanning of the uORF start codons.
uORFs generally repress mORF translation in a se-

quence-independentmanner, due to reducing the number
of ribosomes reaching the mORF. However, in silico analy-
ses of the Arabidopsis thaliana (Arabidopsis) genome have
identified around 80 uORFs that encode sequence con-
served peptides (conserved peptide uORFs, CPuORFs), in-
dicating biological relevance (Hayden and Jorgensen
2007; Jorgensen and Dorantes-Acosta 2012; Takahashi
et al. 2012; Vaughn et al. 2012). Indeed, several such
CPuORFs were shown to regulate the translation of the
downstream mORF in a metabolite-dependent manner
(Imai et al. 2008; Rahmani et al. 2009; Alatorre-Cobos et
al. 2012; Laing et al. 2015; Merchante et al. 2017). This me-
tabolite-regulated translation (MRT) results in a regulatory
circuit where the concentration of a specific metabolite to-
getherwith aCPuORFdetermines the level of translation of
the mORF and therefore the protein level.
A well-studied example of MRT involving a CPuORF is

the translation of S1 group of bZIP transcription factors.
These bZIPs control amino acid- and sugar metabolism,
and resource allocation (Hanson et al. 2008; Ma et al.
2011; Thalor et al. 2012; Dröge-Laser and Weiste 2018).
Translation of S1-group bZIPs is regulated by their up-
stream CPuORFs. Increasing sucrose levels promote
CPuORF-dependent ribosome stalling (Wiese et al. 2004;
Rahmani et al. 2009; Weltmeier et al. 2009; Hou et al.
2016; Yamashita et al. 2017) and, as a consequence due
to steric hindrance on the mRNA, stalled ribosomes pre-
vent translation of the downstream mORF. Similar mecha-
nisms have also been proposed for other metabolites.
Examples in Arabidopsis include (phospho)choline (Tabu-
chi et al. 2006; Alatorre-Cobos et al. 2012), polyamines
(Imai et al. 2008; Uchiyama-Kadokura et al. 2014; Guerre-
ro-González et al. 2016), and ascorbate (Laing et al. 2015).
Interestingly, in most plant CPuORFs the start codon

context is suboptimal for translation initiation (Rahmani et
al. 2009; Alatorre-Cobos et al. 2012; Guerrero-González
et al. 2016).Moreover, theCPuORFof theGDP-L-galactose
phosphorylase (GGP) gene, involved in ascorbate-mediat-
ed MRT, does not initiate translation with an AUG codon
but likely with an ACG start codon. Substituting the ACG
start codon of the GPP CPuORF with an AUG drastically re-
duced the amount of GGP protein produced, already dur-
ing noninhibitory (low ascorbate) conditions (Laing et al.
2015). These results suggest that a suboptimal start codon
context is a requirement for CPuORF-regulated transla-
tion of mORFs through a leaky scanning mechanism. This
mechanism allows for sufficient translation of the mORF
in noninhibitory conditions and at the same time inhibition
of mORF translation during inhibitory conditions by stalled

ribosomes. Recently it was shown that non-AUG codons
can initiate translation with equal efficiency compared to
AUG codons in a suboptimal context (Diaz de Arce et al.
2018). Non-AUG translational initiation is not limited to
uORF translation. Main ORFs can also be translated from
non-AUG start codons although with lower efficiency
(Gordon et al. 1992; Riechmann et al. 1999; Depeiges et
al. 2006;Wamboldt et al. 2009; Simpson et al. 2010). An in-
teresting example is the translation initiation of the organ-
ellar DNA polymerase POLγ2, where the initiation on a
canonical AUG start codon results in protein localization
to the chloroplast; however, when translation is initiated
on an upstreamCUGcodon aN-terminal localization signal
is added, resulting in localization to the mitochondrion
(Christensen et al. 2005). Another study revealed that trans-
lationofFCA, a key regulatorof flowering time, consistently
uses CUG as a translation initiation site; however, the func-
tion for non-AUG translation initiation remains unknown
(Simpson et al. 2010).
Given the regulatory importance of CPuORFs, attempts

have been made to identify more genes regulated by
CPuORFs using the available full-genome and transcrip-
tome sequence data. Previous in silico studies searching
for plant CPuORFs, all focused on uORFs containing an
AUG start codon (Hayden and Jorgensen 2007; Tran et
al. 2008; Jorgensen and Dorantes-Acosta 2012; Takahashi
et al. 2012). However, recent findings have shown that the
use of alternative initiation codons by CPuORFs can be im-
portant for translational regulation, which is so far not ad-
dressed at the genome level. In addition, no studies have
systematically searched for all noncanonical mORF transla-
tional initiation events in plants using conservation in se-
quence data (Simpson et al. 2010).
To determine the extent of non-AUG initiation in

CPuORFs and mORFs in Arabidopsis, we have explored
all 5′ leader sequences ofArabidopsismRNAs for upstream
conserved coding regions (uCCRs) regardless of initiation
codon. We performed an extensive BLASTp search using
all regions in between and around stop codons in the 5′

leaders ofArabidopsis and those of 31 other plant species.
Using this method combined with filters to remove false
positives, we discovered with high confidence 25 novel
CPuORFs, five CPuORFs with a stop codon in the mORF,
and 14 uCCRs directly upstream and in frame with the
mORF, which potentially extend the N terminus of the
mORF.

RESULTS

In this study, we developed a pipeline to search for uCCRs
in the 5′ leader of mRNAs, such as CPuORFs and 5′ exten-
sions of mORFs with non-AUG start codons (Fig. 1A).
Previous pipelines searching for CPuORFs searched for
uORFs initiating translation with AUG start codons, while
recent evidence has shown that translation of CPuORFs
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and mORFs does not necessarily initiate with an AUG start
codon (Simpson et al. 2010; Laing et al. 2015; Hsu et al.
2016; Ivanov et al. 2018). Stop codons, on the other
hand, are bound to three codon types: UGA, UAA, and
UAG. Consequently, the maximum length of a uCCR in
the 5′ leader canbedefined as from the transcriptional start
site to a stop codon, from a stop codon to another stop co-
don or from a stop codon to the mORF start codon. There-
fore, as a first step to search for uCCRs in the 5′ leader, the
regions surrounding and in frame with stop codons were
extracted from Arabidopsis mRNA (Araport11) (stop to
stop regionor stop tomORF start region, hereafter referred
to as uSSR). In total, 330,566 uSSRs were retrieved from the
Arabidopsis genome from 39,650 transcripts (including
splice variants) of 22,118 genes (Supplemental Table S1).

Mostof these uSSRswere likely establishedbetween ran-
domly formed stop codons and thus lack biological rele-
vance. Conservation is a good indication for biological
relevance and therefore uSSRswere evaluated for similarity
with uSSRs from other species. For this, additional uSSRs
were extracted from sevenBrassicales species, fiveMalvids
species (other than Brassicales), 12 Fabids species, Vitis vi-

nifera, three species of the asterid clade, Beta vulgaris,Aq-
uilegia coerulea, and Oryza sativa (Fig. 1B; Supplemental
Table S2). These species are similar enough to identify re-
cently evolved uCCRs and most have well-annotated tran-
scriptomes, although it should be noted that the quality of
the annotation varies. This resulted in a total of 8,272,590
uSSRs. Next, all uSSR sequences were translated into ami-
noacid sequences and theArabidopsisuSSRswere aligned
with the uSSRs of the 31 other species using BLASTp. The
BLASTp E-value threshold was set to 100 to include identi-
fication of shorter uCCRs. This resulted in 263,522 Arabi-
dopsis uSSRs with at least one BLASTp hit with an uSSR
from another species (Supplemental Table S1).

In general, the function of a uCCR in the 5′ leader of a
mRNA is directly linkedwith the function of its downstream
mORF. CPuORFs generally regulate the translation of their
own mORF, and uCCRs directly upstream and in frame
with the mORF are likely part of the full-length protein.
Following this reasoning, biologically conserved uSSRs
must share a conserved mORF if their biologic function is
conserved. For that reason, uSSR hits without homologous
mORFs were discarded in our pipeline. Protein sequences

BA

FIGURE 1. (A) Schematic overview of the pipeline used to identify upstream conserved coding regions. (B) Species tree indicating species whose
genomic datawere used in this study. Branch lengths were retrieved fromTimeTree.org (Hedges et al. 2015). (∗) No datawere present forCapsella
grandisflora (Hedges et al. 2015).
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of mORFs with a BLASTp E-value <1×10−5 were consid-
ered homologs. 112,295 Arabidopsis uSSRs from 27,768
transcripts and 15,345 genes did have homologous
mORFs (Supplemental Table S1).
uCCRs in 5′ leaders are not restricted to CPuORFs and 5′

extendedmORFs. For instance, during splicing, fragments
of themORF can end up in the 5′ leader, or amORFof a dif-
ferent gene canoverlapwith the 5′ leaderof another. These
fragments are likely conserved, since they are part of the
mORF of another transcript; however, they do not have
biological relevance in the 5′ leader. To eliminate these
uSSRs, the Arabidopsis genomic region of each Arabidop-
sis uSSR BLASTp hit was evaluated for annotation of a CDS
in Araport11. If the Araport11 CDS overlaps with the uSSR
BLASTphit, the hit was removed. Thisway, 849genes, from
the Arabidopsis genome, with potential uCCRs were dis-
carded leaving 100,843 uSSRs from 14,964 genes (Supple-
mental Table S1).
Conservation across different clades is a good indication

of biological function. We therefore compared the Ara-
bidopsis uSSRs with those of species in different clades.
The vast majority (99,907) of the 100,843 uSSRs had a hit
with an uSSR from one of the seven Brassicales species,
while only 3303 uSSRs have a hit with one of the other 25
species. Arabidopsis is closely related to the other species
of theBrassicales order. Thenucleotide sequencebetween
these species has not divergedmuch, which in turn leads to
similarities on the amino acid level even if there is no evo-
lutionary constraint and are therefore false positives. To
overcome this problem, all Arabidopsis uSSRs that do not
have at least one similar uSSR in a species of the Malvids
clade, outside of the Brassicales species, were considered
less conserved and therefore removed from the list (Fig.
1A). The species in the Malvids clade, outside of Brassi-
cales, are divergent enough for the nonconserved uSSRs
to differ with Arabidopsis uSSRs on the amino acid level
and in the meantime not too divergent if a uCCR has
evolved recently. About 99% of the 100,843 Arabidopsis
uSSRs did not fulfill this requirement, leaving 1307 con-
served Arabidopsis uSSRs for further analysis.
The 1307 uSSRs are derived from 883 Arabidopsis tran-

scripts (including splice variants), meaning that on average

each of these transcripts has 1.48 uSSRs. For example, the
5′ leaderof bZIP11mRNAstill has four candidate uSSRs. Af-
ter inspection, one of these uSSRs is indeed the CPuORF,
while the others were (partially) overlapping the CPuORF
but in a different frame. Since conservation at the amino
acid level indirectly leads to conservation at the nucleotide
level, translated nucleotide sequences in a different frame
might also be indirectly conserved. Moreover, conserved
nucleotide motifs (e.g., RNA binding protein recognition
sites) presents a similar situation, where the amino acids
sequence corresponding to the conserved nucleotide se-
quence seems conserved based on underlying nucleotide
sequenceconservation. Tohavean indicationof the coding
potential of the nucleotide sequence, all remaining full-
length uSSRswere aligned and checked for purifying selec-
tion using codeMLof thePAMLprogram (seeMaterials and
Methods for detailed information). To determine a thresh-
old for the dN/dS (ω) and P-value, previously identified
CPuORFswere used as a positive control.When the thresh-
oldof theω-valuewas set lower than0.4, the amount of pre-
viously identifiedCPuORFs also discoveredbyour pipeline
started to decrease drastically, and the same accounts for a
P-value lower than 0.01 (Supplemental Fig. S1). Therefore,
the threshold was set to an ω-value of 0.4 and P-value of
0.01, all uSSRs which had a value above either one of these
thresholds were removed. In total, 416 of the 1307 uSSRs
have coding potential from 373 transcripts of 213 genes
(Supplemental Fig. S1B; Supplemental Table S1).
Of these 213 genes with uCCRs, 153 contain a CPuORFs

and 75 uCCRs do not have a stop codon before the anno-
tated start codon of the mORF. Of the latter, 50 were in
frame with the annotated start codon, and likely initiate
the mORF on a non-AUG start codon (hereafter referred
to as 5′ extendedmORF), while 26 uCCRswere not in frame
with the mORF but contained a stop codon in the mORF
and are thus considered CPuORFs (Table 1). Some of the
uCCRs were only conserved in very few species, which re-
duces the likelihood of biological relevance of these
uCCRs. Therefore, the uCCRs were divided into three dif-
ferent classes based on how well spread the uCRR was
among the species tested: poorly conserved (present in
seven or less species), conserved (present in 8–10 species),

TABLE 1. Summary of discovered uCCRs and their conservation

Total
CPuORFs

Previously
identified
CPuORFs

Novel
CPuORFs

CPuORF
with stop in
mORFs

Total 5′

extended
mORFs

Previously
identified
extended
mORF

Novel 5′

extended
mORF

Total 153 68 85 26 50 11 39

Poorly conserved (≤7 species) 46 3 43 11 20 1 19

Conserved (8–10 species) 18 1 17 8 6 0 6
Highly conserved (≥11 species) 89 64 25 7 24 10 14
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andhighly conserved (present in 11ormore species) (Table
1). Themajority (58%) of the discoveredCPuORFs fall in the
highly conserved category (Table 1), which is also the case
for the 5′ extendedmORFs (48%), but not for the CPuORFs
with the stop codon in the mORF where only seven are
highly conserved out of the 26 in total. Of the latter, two
are “regular” CPuORFs whose stop codon was removed
by splicing. To reduce the risk of including uCCRs lacking
biological relevance, only the highly conserved uCCRs
are considered “true” uCCRs and will be further discussed
in this article (Table 2; Supplemental Data 1). We realize
that these are very strict criteria and likely biologically rele-
vant uCCRs aremissed and therefore, the full list is present-
ed in Supplemental Data 1.

Genome annotation between the species varies, and
lack of 5′ leader annotation could lead to classification as
poorly conserved. To get an idea if genome annotation
played a role in classification of the discovered CPuORFs,
we determined in each species whether the most con-
served mORF homolog of each CPuORF (lowest E-value)
possesses a 5′ leader. The homologs of poorly conserved
CPuORFs has annotated 5′ leader in on average 22.4
species in our data set, while this average was 21.9 for
the conserved CPuORFs and 22.1 for the highly conserved
CPuORFs (Supplemental Fig. S2). Thus, the classification of
the CPuORFs depending on conservation is not biased
based on variable annotation quality.

Of the 89 CPuORFs, 62 were previously identified using
bioinformatics studies (Hayden and Jorgensen 2007;
Jorgensen and Dorantes-Acosta 2012; Takahashi et al.
2012; Vaughn et al. 2012). In addition, the pipeline was
able to identify both GGP paralogues which do not initiate
with a canonical AUG codon (Liang et al. 2016). This means
that our pipeline was able to find about 80% of the total 78
genes containing CPuORF previously identified. Unsuc-
cessful identification of the 14 remaining CPuORFs could
be due to novel annotation of coding regions (three
CPuORFs), not fulfilling the requirements for purifying se-
lection (five CPuORFs), or poor conservation (six CPuORFs)
(Supplemental Table S3).

Translational regulation via CPuORFs requires a subopti-
mal start codon context as leaky scanningensures sufficient
mORF translation during noninhibitory conditions (Hum-
mel et al. 2009; Laing et al. 2015). Our pipeline detected
56 CPuORF homology groups that likely initiate with an
AUG and 15 with a non-AUG start codon. Moreover, anal-
ysis of the start codon context of the AUG initiating
CPuORFs shows that most have a suboptimal start codon
context compared to their mORFs (Fig. 2). The high num-
ber of non-AUG start codons and nonoptimal AUG start co-
don context are in line with the hypothesis that CPuORFs
require leaky scanning to allow for sufficient translation of
the mORF in noninhibitory conditions.

Simpson et al. (2010) discovered that translation of FCA
(AT4G16280) initiates at a CUG codon upstream of the an-

notatedmORF start codon (Simpson et al. 2010). The same
study searched for other genes whose translation could
initiate at a CUG followed by an additional guanine and
looked at conservation between the CUG start codon and
the mORF start. Ten genes with uCCRs between CUG
and mORF start codons were discovered by Simpson
et al. (2010) and later an additional three were discovered
by Vaughn et al. (2012). Of these 14 uCCRs, 10 were found
in our study (AT1G21000 did not pass the purifying selec-
tion requirements and AT1G32700 and AT2G20680 were
only conserved in Brassicales). Interestingly, the FCA non-
canonical initiation site was judged as poorly conserved
in this study, indicating that our threshold is very strict
(Table 1; Supplemental Data 1).

Next, we evaluatedwhether the uCCRs are indeed trans-
lated using ribosome footprint data (Merchante et al.
2015). Ribosome footprints are established by incubating
cycloheximide-treated cell lysates with RNAses. The RNA
protected by the ribosomes is sequenced and represents
the ribosome “footprints.” AT5G36250 contains a highly
conserved coding region between a non-AUG and mORF
start codon and was discovered in this study (Table 2;
Supplemental Data 1; Supplemental Fig. S3). This uCCR
likely initiates with a CUG (codon context AUCCUGGC) in
Brassicales while the other species have anACG conserved
(codon context c/gUgACGGC). Many ribosome footprint
reads are present in between the CUG and AUG start co-
don in Arabidopsis, confirming translation of this region
(Fig. 3A).

The non-AUG start codons on uCCRs that are in frame
with the mORF are prone to leaky scanning, meaning that
translation can initiate on both the non-AUG start codon
and the regular AUG start codon. This can result in the pro-
duction of two protein isoforms, with one having an addi-
tional amino acid sequence at the N terminus. Signal
peptides are often present at the N terminus of a protein,
therefore proteins with and without localization signal
could be produced (Christensen et al. 2005; Wamboldt
et al. 2009). To evaluate the possibility of dual localization
on the genes of the newly discovered 5′ extendedmORFs,
mORFs with non-AUG and with AUG start codon were
tested on subcellular localization using three different pro-
grams. This analysis revealed that AT4G00840might local-
ize to the mitochondrion when translated by an upstream
GUG start codon and to the endoplasmic reticulum when
translated by the canonical AUG start codon. AT5G36250
is predicted to localize to chloroplast if translatedby the ca-
nonical AUG start codon and cytoplasmwhen translated by
the non-AUG start codon (Supplemental Table S4). Addi-
tionally, AT2G25110, previously discovered by Vaughn
et al. (2012) but not evaluated on localization, is predicted
to be localized to the ER if translated canonically, while it is
predicted to localize to the chloroplast or mitochondrion
when translated from the noncanonical start codon (Sup-
plemental Table S4).
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TABLE 2. Novel uCCRs discovered with high confidence

Gene
identifier
(AGI)

Conserved
in number
of species

Purifying
selection
P-value

Purifying
selection
ω-value

AUG
start? Gene name mORF annotation

CPuORFs with stop codon in 5′ leader sequence
AT3G08730 23 2.0×10−16 0.349 No S6K1 S6KINASE1, protein-serine kinase

AT4G03260 23 2.5×10−22 0.333 No AT4G03260 Outer arm dynein light chain 1 protein

AT1G68100 19 1.0×10−22 0.108 Yes IAR1 ZIP metal ion transporter family
AT3G25890 19 1.1×10−04 0.382 Yes CRF11 Integrase-type DNA-binding superfamily protein

AT1G01060 18 2.2×10−07 0.353 No LHY LATE ELONGATED HYPOKOTYL, Myb family
transcription factor

AT5G26140 18 6.7×10−54 0.031 No LOG9 Putative lysine decarboxylase family protein

AT5G63190 18 4.7×10−03 0.313 No AT5G63190 MA3 domain-containing protein
AT4G17980 17 7.4×10−06 0.387 Yes NAC071 NAC domain containing protein 71

AT1G14560 16 2.8×10−10 0.392 Yes AT1G14560 Mitochondrial substrate carrier family protein

AT1G77840 16 1.0×10−14 0.180 No AT1G77840 Translation initiation factor eIF5
AT3G08850 16 6.4×10−05 0.261 No RAPTOR1 REGULATORY ASSOCIATED PROTEIN OF TOR 1

AT1G62400 15 1.7×10−09 0.143 Yes HT1 Protein kinase superfamily protein

AT5G14720 15 3.5×10−07 0.136 Yes AT5G14720 Protein kinase superfamily protein
AT4G15180 14 2.8×10−05 0.171 Yes SDG2 SET domain protein 2

AT5G35715 13 3.4×10−21 0.014 No CYP71B8 Cytochrome P450, family 71, subfamily B,
polypeptide 8

AT1G66540 12 7.9×10−47 0.065 No AT1G66540 Cytochrome P450 superfamily protein

AT1G72820 12 1.5×10−08 0.186 No AT1G72820 Mitochondrial substrate carrier family protein

AT2G23570 12 7.8×10−18 0.140 No MES19 Methyl esterase 19
AT2G29290 12 1.3×10−10 0.192 No AT2G29290 NAD(P)-binding Rossmann-fold superfamily protein

AT3G23010 12 5.2×10−19 0.006 No RLP36 Receptor-like protein 36

AT3G62040 12 7.8×10−39 0.040 Yes AT3G62040 Haloacid dehalogenase-like hydrolase (HAD)
superfamily protein

AT3G49430 11 7.1×10−03 0.377 Yes SR34a SER/ARG-rich protein 34A
AT5G55100 12 4.8×10−04 0.285 Yes AT5G55100 SWAP (suppressor-of-white-apricot)/surp domain-

containing protein
AT1G07640 11 2.4×10−04 0.198 No OBP2 Dof-type zinc finger DNA-binding family protein

AT1G68920 11 9.3×10−03 0.253 Yes AT1G68920 Basic helix-loop-helix (bHLH) DNA-binding
superfamily protein

CPuORFs with stop codon in mORF

AT1G57680 25 5.4×10−03 0.369 No Cand1 Putative G-protein-coupled receptor
AT2G42490 20 1.9×10−19 0.178 Yes AT2G42490 Copper amine oxidase family protein

AT1G01060 19 9.6×10−10 0.306 No LHY Myb family transcription factor

AT3G57170 14 5.3×10−28 0.299 Yes AT3G57170 N-acetylglucosaminyl transferase component family
protein/Gpi1 family protein

AT1G11820 12 9.0×10−04 0.282 Yes AT1G11820 O-Glycosyl hydrolases family 17 protein
Non-AUG start codons with conserved coding region

AT5G18280 26 1.3×10−49 0.030 No APY2 APYRASE2

AT5G36250 25 5.7×10−14 0.286 No PP2C74 Protein phosphatase 2C family protein

AT1G16780 22 2.3×10−19 0.236 No VHP2;2 Inorganic H pyrophosphatase family protein
AT1G78920 22 5.5×10−23 0.199 No VP2 Vacuolar H-pyrophosphatase 2

AT2G18040 20 3.2×10−22 0.157 No PIN1AT Peptidylprolyl cis/trans isomerase, NIMA-interacting 1

AT4G00840 19 3.6×10−13 0.302 No AT4G00840 DHHC-type zinc finger family protein
AT5G13330 18 7.4×10−11 0.173 No Rap2.6L Related to AP2 6l

AT1G51810 16 1.5×10−34 0.170 No AT1G51810 Leucine-rich repeat protein kinase family protein

AT5G18260 16 1.6×10−07 0.304 No AT5G18260 RING/U-box superfamily protein
AT2G26760 14 2.6×10−09 0.374 No CYCB1 Cyclin B1;4

Continued
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Translational repression via CPuORFs usually involves
stalling of the ribosome on the uORF (Rahmani et al.
2009; Merchante et al. 2017). Often, stalling occurs near
the stop codon of the CPuORF; however, this is not a pre-
requisite (Uchiyama-Kadokura et al. 2014; Hou et al. 2016;
Peviani et al. 2016; Yamashita et al. 2017). AT4G03260 en-
coding for outer arm dynein light chain 1 protein, contains
a CPuORF that could initiate using a CUG start codon (con-
text ACTCUGGC) and has a highly conserved stop codon
(Fig. 3; Supplemental Fig. S4). Interestingly, ribosome
footprint data show a large peak on the stop codon of
this CPuORFs, much higher than peaks in the mORF, indi-
cating ribosome stalling and translational repression of the
mORF (Fig. 3). One of the Arabidopsis genes that we pre-
dict to contain a CPuORF without a stop codon before the
mORF is AT1G01060, which encodes the clock associated
protein LHY (late elongated hypocotyl). Interestingly, in
about half of the investigated species LHY does not have
a stop codon before the mORF, while the other half
does, with a conserved position. The amino acid sequence
of the uORF is conserved exactly until this conserved stop
codon (Fig. 3; Supplemental Figs. S5, S6). Arabidopsis
ribosome footprint data reveal a large peak precisely at
the position where the conservation stops and where a
stop codon is present in many species (Fig. 3). It seems
that ribosome stalling can occur independent of the pres-
ence of a stop codon in Arabidopsis. In summary, ribo-
some footprinting information suggests that many of
the predicted CPuORFs present biological functionality
under the plant growth conditions used in the ribosomal
experiments.

DISCUSSION

In this study, a pipelinewasdeveloped
to search for biological relevant
uORFs and other upstream coding
regions. Most previous studies identi-
fying upstream coding regions either
use conservation between different
species or ribosome footprinting
(ribo-seq) data (Cvijovic ́ et al. 2007;
Hayden and Jorgensen 2007; Hayden

and Bosco 2008; Tran et al. 2008; Selpi et al. 2009; Takaha-
shi et al. 2012; Skarshewski et al. 2014; Hu et al. 2016; Hsu
et al. 2016; Spealman et al. 2018). The latter approach has
the advantage of revealing experimentally proven translat-
ed regions but often lack proof for biological relevance.
Biologically irrelevant sequences are expected to diverge
faster than sequences under selective constraint. There-
fore, using conservation is an excellent tool for discovering
novel biologically relevant uCCRs. Compared to previous
studies identifying conserved plant uCCRs, the current
pipeline benefits from three main features: (i) it only takes
stop codons into account for its search for uCCRs, enabling
it to find uCCRswith non-AUG start codons, (ii) the pipeline
is able to find both CPuORFs and conserved 5′ extended
mORFs, and (iii) it uses 32 species, mostly annotated with
RNA-sequencing data, to confirm the evolutionary conser-
vation and thereby biological relevance of the identified
uCCRs (Fig. 4).

Using our pipeline, we discovered 29 novel CPuORFs
with high confidence (Table 2). The majority of the novel
discovered CPuORFs likely initiate with a non-AUG start
codon. Previous studies searching for CPuORFs were re-
stricted to AUG initiating uORFs and thereby overlooked
these CPuORFs. With this study we show that there are
at least 15 CPuORFs that do not initiate with an AUG start
codon. Moreover, previous CPuORF searches required a
stop codon to be present in the 5′ leaders; however, we
show that at least five CPuORFs have very conserved ami-
no acids sequences in the 5′ leader of ArabidopsismRNAs
directly upstream of the mORF but in a different frame.
Finally, 14 CPuORFs do contain an AUG codon in the se-
quence. Likely, the high number of species and the use

TABLE 2. Continued

Gene
identifier
(AGI)

Conserved
in number
of species

Purifying
selection
P-value

Purifying
selection
ω-value

AUG
start? Gene name mORF annotation

AT2G26890 13 1.2×10−13 0.209 No GRV2 DNAJ heat shock N-terminal domain-containing
protein

AT1G01670 11 4.7×10−22 0.212 No AT1G01670 RING/U-box superfamily protein
AT3G23010 11 3.0×10−23 0.227 No RLP36 Receptor-like protein 36

AT4G21326 11 2.2×10−18 0.058 No SBT3.12 Subtilase 3.12

FIGURE 2. Start codon context of all highly conservedCPuORFswith an AUG start codon (left)
and their downstream mORFs discovered in this study (right). Logos were created using
weblogo.berkeley.edu.

van der Horst et al.

298 RNA, Vol. 25, No. 3

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067983.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067983.118/-/DC1


of well-annotated 5′ leaders resulted in the discovery of
these novel CPuORFs (Fig. 4).
In addition to the 29 novel CPuORFs, we discovered 64

of the 78 previously identified CPuORFs with high confi-
dence (discovered in over 10 species) (Jorgensen and
Dorantes-Acosta 2012; Takahashi et al. 2012; Vaughn et
al. 2012; Laing et al. 2015). In total, 22%of the CPuORF ho-
mology groups does not initiate with an AUG start codon,
meaning they are prone to leaky scanning. In addition,
we show that the CPuORFs that do initiate with an AUG
start codon have a poor start codon context (Fig. 2). These
results are in linewith the hypothesis that CPuORFs require
leaky scanning to allow for sufficient translation of the
mORF in noninhibitory conditions.
Ourpipelinedidnot identify 14of the78previously iden-

tifiedCPuORFs. This could partly be due to altered annota-
tion of mORFs in the Araport11 annotation compared to
previous versions. This is exemplified by two CPuORFs
that overlap with the mORF of another splice variant while
one CPuORF overlaps with the mORF of another gene
(Supplemental Table S3). Each of these genes have an
Arabidopsis paralogue with a similar CPuORF but these,
however, do not have a mORF annotated at the position
of the CPuORF. It is likely that either the CPuORF of the
paralogs or the overlapping mORF is miss-annotated. As
new splice variants are continuously being discovered,
we cannot exclude that some of the newly discovered
CPuORFs are part of a to be discovered splice variant.
Five other, previously identified, CPuORFs were not de-
tected because the sequences did not fulfill the require-
ments for purifying selection, which is a measure for the
coding potential of a nucleotide sequence. A challenge
in this test was presented by not knowing the start codon
of the uCCRs. The full-length amino acid sequences of
the uSSRs were aligned and used to check for purifying se-
lection. However, the N-terminal region of this sequence
might not be translated into a protein and could skew the
result to a more neutral selection. On the other hand, the

A

C

B

D

E

F

FIGURE 3. Ribosome footprint data confirms translation of uCCRs.
(A,C,E) RNA-sequencing results fromMerchante et al. (2015), from to-
tal RNA (top) or ribosome footprints (middle), and themRNA architec-
ture (bottom), where the thicker bars represent the ORFs with the
discovered uCCR in red, the thinner bars indicate other regions on
the transcript, and the lines represent introns from three different
genes: AT5G36250 (A,B), AT4G03260 (C,D), and AT1G01060 (LHY)
(E,F ). The red bar in panel E indicates a uCCR that is out of frame
with the mORF. (B,D,F ) Sequence alignments of the discovered
uCCRs, aligned usingMAFFT v. 7.307 (FFT-NS-2) and displayed using
Jalview v. 2.10. See Supplemental Table S2 for species abbreviations.

FIGURE 4. Overview of the types of upstream conserved coding
regions discovered by our pipeline compared to previous studies.
(∗) Vaughn et al. (2012) searched for nucleotide conservation and indi-
rectly discovered some uCCRs. (∗∗) Simpson et al. (2010) only
searched for 5′ extended mORFs initiating on a CUG start codon
with a guanine at +4 position.
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nontranslated part of the uSSR is usually not conserved and
therefore introduces many gaps (Supplemental Figs. S3–
S5). CodeML, the program used to calculate the dN/dS
and likelihood ratio, cannot use amino acid positions
where a gap is present in the alignment. Therefore, most
of the nontranslated parts are not used for the analysis.
Unsuccessful identification of the CPuORFs could also be
due to too strict thresholds (ω<0.4 and χ2 P-value<
0.01). In fact, results of the dN/dS analyses performed
by Hayden and Jorgensen (2007) of four of the five
CPuORFs would not have passed our threshold (Hayden
and Jorgensen 2007). However, when the threshold was
more relaxed more false positives were identified, like
uSSRs that overlapped a CPuORF in a different frame
(data not shown).

Finally, six previously identified CPuORFs were not
detected by our pipeline because they did not pass the
conservation criteria. Two of these were not conserved in
Malvids, while the other four passed purifying selection cri-
teria but were not conserved in over 10 species (Supple-
mental Table S3). Except for O. sativa all species used in
this analysis are part of the eudicot clade and the majority
is rosid (Fig. 1B). Most of the species in this clade are diver-
gent enough fromArabidopsis to differ at nucleotide level,
while similar enough to identify recently evolved uCCRs.
We decided to call an uSSR a CPuORF if the Arabidopsis
uSSR had at least one BLASTp hit with a uSSR from 10
other species. This threshold is based on the number of
remaining, previously identified CPuORFs and manual in-
spection of the alignments (Supplemental Data 1; Supple-
mental Figs. S3–S5). We realize that this threshold is strict,
however we prefer for the pipeline to result in false nega-
tives over false positives. In addition, it should be noted
that the annotation quality of the species differ, meaning
that if an uCCR was not discovered in a certain species it
does not necessarily mean that it is absent. Therefore, dis-
covered CPuORFs conserved in less than 11 species may
still be biological relevant (Supplemental Data 1). Alto-
gether, most of the previously identified CPuORFs were
also identified in this study including the two previously
identified and biologically confirmed non-AUG initiating
CPuORFs (Laing et al. 2015). All of the previously experi-
mentally confirmed CPuORFs were identified in our study.
Due to our strict criteria, few CPuORFs were not identified
in our study which would have been identified with more
relaxed criteria. However, the strict criteria make us confi-
dent of the biological relevance of the identified CPuORFs
including the 29 CPuORFs not previously identified. Four-
teen out of 78 previously identified CPuORFs are not iden-
tified using our approach. At least three of these have
newly annotated splicing variants and the CPuORFs may
be parts of the main ORFs.

Translation of multiple non-AUG CPuORFs was con-
firmed by ribosome footprint data from Merchante et al.
(2015) (Fig. 3). For example, AT4G03260 has a CPuORF

likely initiating with an ACG start codon. The ribosome
footprint data shows a large peak exactly at the position
of the stop codon of the CPuORF. Ribosome toeprinting,
in vitro translation assays and ribosome footprinting analy-
ses have shown that ribosome stalling on uORFs regulating
mORF translation often occurs near stop codons
(Uchiyama-Kadokura et al. 2014; Yamashita et al. 2014,
2017; Peviani et al. 2016; Tanaka et al. 2016). Therefore,
it is likely that ribosomes stall near the stop codon of the
AT4G03260 CPuORF in the conditions used by
Merchante et al. (2015).

Moreover, increasing evidence shows that metabolites
which induce ribosome stalling are sensed inside the ribo-
somal exit tunnel (Imai et al. 2008; Bischoff et al. 2014;
Kakehi et al. 2015; Arenz et al. 2016). The ribosomal exit
tunnel is a 100 Å cavity which fits about 40 amino acids
(Kowarik et al. 2002). Interestingly, the length of the major-
ity of theCPuORFs is less than40 amino acids,when looked
at the first conserved amino acid up to the stop codon (Sup-
plemental Fig. S7). This is in line with the hypothesis that
CPuORFs fulfill their function inside the ribosomal exit
tunnel.

A well-known example of ribosomes stalling induced by
ametabolite are the CPuORFs of the S1 group of bZIP pro-
tein genes, where ribosomes stall in the presence of
sucrose (Hummel et al. 2009; Rahmani et al. 2009; Junta-
wong et al. 2014; Yamashita et al. 2017). CPuORFs of S1
bZIPs only allow mORF translation when sucrose levels
are low. It has previously been described that two distinct
CPuORFs are present in genes of the core sucrose re-
sponse network in themRNAs encodingT6Pphosphatases
(TPP) and SnRK1 activating kinases (SnAK) (Jorgensen
and Dorantes-Acosta 2012). This study uncovered that
the mRNA of RAPTOR1 (regulatory-associated protein of
TOR), that controls the master regulator target of rapamy-
cin (TOR), also contains a CPuORF and likely initiates with
a CUG. TOR enhances mORF reinitiation after uORF trans-
lation via phosphorylation of S6 KINASE 1 (S6K1). A previ-
ous search for CPuORFs using genomic data from five
cereal species discovered a CPuORF in the S6K mRNA;
however, this search did not discover the S6K1 CPuORF
in Arabidopsis (Tran et al. 2008). Our pipeline discovered
the S6K1 uCCR in both eudicots and monocots. However,
themethionine start codon was lost in all Brassicaceae spe-
cies, with no clear near-cognate start codon in the uCCR se-
quence (Supplemental Fig. S8). It is therefore possible that
theCPuORF in S6K1mRNAhas lost its functionality in Bras-
sicaceae. Nevertheless, these results suggest that each of
these CPuORFs is involved in sensing a specific molecule,
allowing for a system to respond quickly to changes in me-
tabolite levels and energy availability.

The mRNA encoding LHY also possesses a highly con-
servedCPuORF. Theposition of the stop codon is very con-
served in about half of the 19 species where the uORF is
detected, which could not be allocated to a specific clade
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(Fig. 3). Moreover, the extended part of the uORF in the
other species is not conserved outside the Brassicales.
Arabidopsis ribosome footprint data from Merchante et
al. (2015) shows a large peak exactly on the position where
the conservation stopsandwherea stopcodon ispresent in
half of the species, indicating ribosome stalling (Fig. 3). LHY
is a key player in regulation of the circadian clock. Previous
work onArabidopsis lhy-1, a mutant constitutively express-
ing LHYmRNA, revealed that protein accumulation was in-
creased within 30 min following exposure to light (Kim
et al. 2003). As light did not alter mRNA concentrations
or protein turnover in this mutant, it was concluded that
light must regulate LHY translation. The plants used by
Merchante et al. (2015) for their ribosome footprinting ex-
periments were grown in darkness, where CPuORF-medi-
ated ribosome stalling would be expected to inhibit LHY
protein production (Merchante et al. 2015). The observed
ribosome stalling at the LHY CPuORF in the dark supports
the hypothesis that light abolishes stalling, resulting in LHY
protein production. Further research on the regulatory
function of this CPuORF could uncover the photosensory
mechanism involved.
The CPuORF of LHY is one of the five CPuORFs discov-

ered in this study that has its stop codon in the mORF,
but in a different frame than themORF (Table 2). The other
four CPuORFs could also induce stalling as exemplified by
the CPuORF present on the LHY mRNA. Possibly, these
uCCRs are prone to ribosomal frameshifting, a process
where the ribosome shifts its frame during the elongation
phase of translation of an ORF (Kurian et al. 2011; Yorda-
nova et al. 2015; Gao and Simon 2016; Meydan et al.
2017). To our knowledge, ribosomal frameshifting in plants
has only been shownon viral RNA (Gao andSimon2016). In
other kingdoms, however, ribosomal frameshifting on en-
dogenous RNA can be used for production of two proteins
of one gene or for translation regulation through metabo-
lites (Kurian et al. 2011; Yordanova et al. 2015; Gao and Si-
mon 2016). The CPuORF on the mRNA of AT3G57170 is a
possible candidate for ribosomal frameshifting in plants.
The CPuORF encodes for a 145 amino acid long peptide,
which is nearly fully conserved (Supplemental Fig. S3). Pep-
tides inducing ribosome stalling are usually much shorter,
therefore a stalling mechanism is unlikely. Moreover, the
context of the annotated start codon of the mORF of
AT3G57170 is not optimal (UGCAUGAT), reducing the
likelihood of this being the true start codon of this gene.
Further investigation of thismRNAmight reveal the first ex-
ample of ribosomal frameshifting on an endogenous RNA
in plants.
Noncanonical start codon initiation for mORF transla-

tional can be used for dual localization of a protein (Chris-
tensen et al. 2005; Wamboldt et al. 2009). We evaluated
this possibility on the newly discovered uCCRs. mORFs
with and without noncanonical start codon were tested
on subcellular localization using three programs. The re-

sults revealed that AT5G36250 and AT4G00840 might lo-
calize to a different subcellular location when translated
by the alternative start codon (Supplemental Table S4).
Additionally, AT2G25110, encoding for stromal-derived
factor 2 (SDF2), is predicted to localize to the ER when
translated from the annotated AUG, but when translated
fromaGUGupstream, it is predicted to localize to the chlo-
roplast or mitochondrion (Supplemental Table S4). SDF2 is
involved in correct protein folding after ER stress and the
AUG mORF protein has been shown to translocate to the
ER (Schott et al. 2010). However, SDF2 localization experi-
ments including the alternative uCCR are lacking. Similar to
DNA polymerase POLγ2, SDF2 might have a biological
function in two different subcellular compartments.
In conclusion, this study demonstrated that our pipeline

is a powerful tool to identify AUG and non-AUG initiating
CPuORFs and 5′ extended mORFs with high confidence.
Our pipeline is robust enough to identify very small pep-
tides such as the CPuORF in AT3G08850 (15 aa) and
AT4G15180 (11 aa). Therefore, our methodology could
be adapted to detect small peptides, such as peptide hor-
mones or conserved peptides on long noncoding RNAs
(Hsu et al. 2016; Bazin et al. 2017). Moreover, bioinfor-
matics analyses on non-AUG CPuORFs in other kingdoms
are lacking and our methodology could be used to fill
this gap (Cvijovic ́ et al. 2007; Hayden and Bosco 2008;
Selpi et al. 2009; Skarshewski et al. 2014). Most important-
ly, the new findings will serve as a basis for further research
in translational regulation inplants, a fieldwhereprogress is
rapid due to novel technologies such as precise ribosome
footprinting.

MATERIALS AND METHODS

Retrieving upstream stop to stop regions (uSSR)

In a first step, cDNA sequences were retrieved for 32 plant species
from public repositories (Fig. 1; Supplemental Table S2). Then,
mORFs (main ORF) were defined as the longest ORF (ATG to an
in frame stop codon) using getorf (EMBOSS package version
6.5.7.0). Everything upstream of the mORF was considered the
5′ leader and sequences around and in frame with the stop co-
dons in the 5′ leaders were retrieved using getorf. These regions
contain three types of sequences: (i) sequences from the tran-
scriptional start site to the next in frame stop codon, (ii) sequences
from a stop codon to the next in frame stop codon, or (iii) se-
quences from a stop codon to the mORF start codon. These se-
quences will for now all be designated as uSSR (for upstream
stop to stop region or stop mORF start region). Arabidopsis
uSSRs were aligned with uSSRs retrieved from each of the 31 oth-
er species using BLASTp (blast version 2.6.0) after translating the
uSSRs to amino acid sequences, alignments with an E-value <100
were considered a hit (Fig. 1A).
Second, all the Arabidopsis mORF protein sequences were

compared with each mORF sequence of the 31 other species us-
ing BLASTp sequence similarity searches. mORFs with an E-value
below1×10−5 were considered homologous. If an uSSR fromone
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of the 31 species has a BLASTp hit with one of the Arabidopsis
uSSR but the downstream mORFs are not homologs, the uSSR
hit was removed.

Third, the Arabidopsis genomic position of each uSSR BLASTp
hit was comparedwith annotations (Araport11 release 201606) on
the same position. If a coding DNA sequence (CDS) was annotat-
ed on that position, the BLASTp hit was removed. This way, hits
caused by alternative splicing events or overlapping genes were
removed.

Conservation across multiple species was checked in the fourth
step. If an Arabidopsis uSSR was not similar to at least one uSSR in
the Brassicales and one uSSR in the Malvids (outside of Brassi-
cales) clade, the uSSR was discarded (Fig. 1B). The remaining
uSSRs were categorized in three groups depending on the de-
gree of conservation: Poorly conserved (similar uSSRs in seven
or less species [including Arabidopsis]), conserved (similar uSSRs
in 8–10 species [includingArabidopsis]), or highly conserved (sim-
ilar uSSRs in 11 or more species [including Arabidopsis]).

Finally, the uCCRs were divided into three categories: (i)
CPuORFs (includes a stop codon in the 5′ leader), (ii) CPuORFs
without a stop codon before the mORF and out of frame with
the mORF, and (iii) uCCRs in frame with the mORF that does
not contain a stop codon in the 5′ leader and initiates on a non-
AUG start codon (hereafter referred to as 5′ extended mORFs).

Purifying selection

The amino acid sequence of each uSSR set (all uSSRs of BLASTp
hits of a certain Arabidopsis uSSR) were aligned using MAFFT
(version 7.307, FFT-NS-2 method). Then the conserved region
was assigned using the program “cons” from the EMBOSS pack-
age (version 6.6.6.0) with “-setcase” as 0.75 multiplied by the
number of sequences in the alignment. If a sequence in the align-
ment did not have >50% of the consensus amino acids (capital-
ized letters from cons output), the sequence was removed. The
codons corresponding to the amino acids of the remaining
uSSRs were then retrieved which served as input for PAML.

Tree topologies were calculated per uSSR set using the corre-
sponding mORFs of each uSSR. Amino acid sequences of the
mORFs were first aligned using MAFFT (version 7.307, FFT-NS-
2 method) and then trimmed using trimAl (version 1.4.rev15)
with the gap score threshold set at 0.25. Tree topologies were re-
trieved from these alignments using RAxML (version 8.2.10) using
100 bootstraps with the model set to “PROTGAMMAAUTO.”

Assessment for purifying selection was performed by calculat-
ing the dN/dS ratios using PAML (version 4.9d) according to the
protocol in Nekrutenko et al. (2002). In brief, the ratios between
nonsynonymous and synonymous substitutions (dN/dS) were cal-
culated twice, first with dN/dS fixed at one and then as a free pa-
rameter using the codeml program from the PAML package
(version 4.9d). The maximum likelihood ratios were used to calcu-
late the likelihood ratio which in turn was used to calculate the P-
value from the χ2 distribution with one degree of freedom. All
uSSR sets with a P-value higher than 0.01 or a dN/dS higher
than 0.4 were removed.

Subcellular localization predictions

First, noncanonical start codons of the 5′ extended mORFs were
annotated by manual inspection, taking conservation and similar-

ity to the plant “Kozak’s sequence” (AxxAUGGc) into account.
mORFs with and without alternative start codon were translated
into amino acids, where the alternative start codon was translated
into amethionine (see Supplemental Data 2 for FASTA file). These
sequences were loaded into predotar v1.04 (https://urgi.versailles.
inra.fr/predotar/), TargetP v1.1 (http://www.cbs.dtu.dk/services/
TargetP/), and iPSORT (http://ipsort.hgc.jp/) to predict the sub-
cellular localization.

Ribosome footprinting data analysis

Indexed BAM files with ribosome footprinting data from Mer-
chante et al. (2015) were kindly provided by Julia Bailey-Serres
and Maureen Hummel (University of California). The reads were
viewed using the Integrative Genome Viewer (IGV, version 2.4)
and screenshots are shown in Figure 3.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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