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Translation initiation is a key step determining protein synthesis. Studies have uncovered a number of alternative translation
initiation sites (TISs) in mammalian mRNAs and showed their roles in reshaping the proteome. However, the extent to which
alternative TISs affect gene expression across plants remains largely unclear. Here, by profiling initiating ribosome positions,
we globally identified in vivo TISs in tomato and Arabidopsis and found thousands of genes with more than one TIS. Of the
identified TISs, >19% and >20% were located at unannotated AUG and non-AUG sites, respectively. CUG and ACG were
the most frequently observed codons at non-AUG TISs, a phenomenon also found in mammals. In addition, although al-
ternative TISs were usually found in both orthologous genes, the TIS sequences were not conserved, suggesting the conser-
vation of alternative initiation mechanisms but flexibility in using TISs. Unlike upstream AUG TISs, the presence of
upstream non-AUG TISs was not correlated with the translational repression of main open reading frames, a pattern ob-
served across plants. Also, the generation of proteins with diverse N-terminal regions through the use of alternative TISs
contributes to differential subcellular localization, as mutating alternative TISs resulted in the loss of organelle localization.
Our findings uncovered the hidden coding potential of plant genomes and, importantly, the constraint and flexibility of

translational initiation mechanisms in the regulation of gene expression across plant species.

[Supplemental material is available for this article.]

Translation of mRNAs is a critical checkpoint in the control of gene
expression, and translation initiation is the rate-limiting step de-
termining when and where translation events start (Jackson
et al. 2010). In eukaryotes the translation initiation process starts
with 40S ribosomal subunits and eukaryotic initiation factors
(elFs), which form preinitiation complexes that bind to the 5
cap and scan the 5" untranslated regions (UTRs) of an mRNA for
a proper translation initiation site (TIS) (Hinnebusch and Lorsch
2012; Hinnebusch 2014). It is commonly assumed that translation
of a protein-coding gene starts with a universal AUG start codon
and ends with one of three stop codons (TAA, TAG, and TGA).
Yet, preinitiation complexes do not initiate at every AUG start
site that they encounter. There are multiple cis- and trans-acting
factors influencing the recognition of AUG start sites and conse-
quently translation events (Jackson et al. 2010; Hinnebusch and
Lorsch 2012). For example, TISs with high translation efficiency
tend to have Kozak sequences (i.e., a purine [A or G] and a guanine
at the —3 and +4 positions, respectively; +1 denotes the first base of
the AUG start site) (Kozak 1984), and mammalian transcripts also
have M (i.e., A or C), M and C at the -2, —4, and +5 positions, re-
spectively (Noderer et al. 2014). Trans-acting factors such as elF1
and elF1A play critical roles in distinguishing AUG from non-
AUG start codons (Takacs et al. 2011; Lind and Aqvist 2016).
Since the 1980s, studies on individual genes have reported
that translation initiation can start with non-AUG codons, al-
though the efficiency of translation initiated at these codons is
lower than that initiated at AUG (Zitomer et al. 1984; Peabody
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1987). Recent advances in combining ribosome profiling (i.e.,
the deep sequencing of ribosome-protected fragments [RPFs] to
identify the position of ribosomes) and treatment with translation
inhibitors that cause ribosomes to accumulate at initiation sites
have enabled researchers to profile the positions of initiating ribo-
somes on transcripts and thus globally identify the in vivo TISs
(Ingolia et al. 2011; Lee et al. 2012; Gao et al. 2015). Studies in
mammalian cells have revealed the widespread presence of alter-
native TISs (i.e., a TIS different from the annotated AUG site) on
transcripts, which tend to be located at AUG or near-cognate co-
dons (i.e., codons one base different from AUG) (Ingolia et al.
2011; Fritsch et al. 2012; Lee et al. 2012; Gao et al. 2015). For exam-
ple, nearly 50% of mammalian transcripts were found to have mul-
tiple TISs (Lee et al. 2012). After AUG codons, near-cognate
codons, especially CUG, are the second major TIS codon group
(Ingolia et al. 2009; Fritsch et al. 2012; Lee et al. 2012; Gao et al.
2015). These alternative AUG and non-AUG TISs were found to
be evolutionarily conserved between humans and mice (Lee
et al. 2012). Some alternative TISs modulate the translation of
downstream main open reading frames (mORFs) (Ingolia et al.
2011; Lee et al. 2012; Gao et al. 2015), and others generate novel
uncharacterized proteins or protein isoforms with diverse N-termi-
nal ends (Ingolia et al. 2011; Lee et al. 2012). These findings in
mammals reveal the biological impacts and the generality of alter-
native translation initiation mechanisms. They also show that the
proteome diversity is much higher than previously expected and
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Alternative translation initiation sites in plants

that it is not possible to unravel the entire proteome using current
in silico prediction methods.

Based on the results of individual studies in the plants
Arabidopsis thaliana and Nicotiana benthamiana, translation can
also initiate at alternative AUGs or near-cognate codons in re-
sponse to certain physiological conditions and stresses (Gordon
et al. 1992; Riechmann et al. 1999; Kobayashi et al. 2002;
Simpson et al. 2010; Willems et al. 2017). For example, upstream
ORFs (uORFs) of the bZIP transcription factors, GDP-L-galactose
phosphorylase and adenosylmethionine decarboxylase, which
are involved in the sugar/polyamine/ascorbate-mediated transla-
tional repression of the mORFs, were reported to be translated
with alternative AUG and ACG initiators (Wiese et al. 2004;
Uchiyama-Kadokura et al. 2014; Laing et al. 2015). Translation of
the RNA-binding protein FCA, which regulates flowering time,
was found to initiate at a CUG codon in Arabidopsis (Simpson
et al. 2010). In addition, an Arabidopsis N-terminal proteomics
study revealed approximately 120 unique N-terminal peptides
likely corresponding to translation events initiating at unannotat-
ed AUG and non-AUG TISs (Willems et al. 2017). These findings
suggest that alternative translation initiation at AUG and non-
AUG codons exists in plants. By globally profiling the positions
of translating ribosomes, previous Arabidopsis and tomato studies
have identified hundreds of upstream AUGs and some non-AUG
start sites (Hsu et al. 2016; Willems et al. 2017; Wu et al. 2019)
and their association with mOREF translation (Liu et al. 2013; Wu
etal. 2019). Nevertheless, the distribution of translating ribosomes
across coding sequences (CDSs) and the high frequencies of non-
AUG triplets on transcript sequences decreased the sensitivity
and precision of pinpointing the in vivo AUG and non-AUG
TISs. Thus, the central question of how general is the use of alter-
native AUG and non-AUG TISs for gene expression across plant
species has yet to be addressed. Specifically, studies are still needed
to determine to what extent alternative AUG initiation sites occur
in genes and which non-AUG codons are favored as TISs. In addi-
tion, although sequence context is important for the recognition
of AUG start sites, it remains unclear what sequence features facil-
itate the recognition of non-AUG start sites. The extent to which
these alternative TISs affect protein expression and diversity re-
mains to be determined. Lastly, whether the alternative TIS mech-
anism is a general feature across plant species remains to be
explored.

To address the aforementioned questions, in this study we
globally profiled the in vivo TISs in tomato by generating/analyz-
ing data sets of initiating ribosome positions, and we also profiled
the TISs in Arabidopsis by analyzing public data sets of initiating
ribosome positions (Willems et al. 2017). We systematically iden-
tified the alternative TISs in genes and examined the preference
for AUG and non-AUG TIS codons in both species and identified
the sequence signatures for recognizing in vivo TISs in tomato. In
addition, to evaluate the regulatory role of alternative translation
initiation in gene expression, we investigated the translational ef-
ficiency/transcript abundance of genes with alternative TISs and
also the organelle-specific targeting signals of genes with in-
frame alternative TISs, which contribute to the generation of al-
ternative N-terminal protein sequences. Finally, to further assess
the biological significance of alternative TISs, we investigated the
conservation of alternative TISs between Arabidopsis and tomato.
This study uncovered the hidden AUG and non-AUG TISs in
both plant genomes, and our findings highlight the evolutionary
relationship between alternative TISs and gene expression in
plants.

Results
Identification of in vivo translation initiation sites

To globally characterize in vivo TISs, tomato leaves were treated
with lactimidomycin (LTM; a translation inhibitor that blocks
the very first round of elongation) to enrich for ribosomes posi-
tioned at start sites on mRNAs (Schneider-Poetsch et al. 2010;
Lee et al. 2012). Polysome profiling analyses showed that, com-
pared with the DMSO (mock) treatment, the LTM treatment led
to stronger 80S (monosome) signals and decreased polysome sig-
nals (Supplemental Fig. S1A, black vs. blue). This result is in line
with the effect of LTM in mammalian cells (Lee et al. 2012) and
suggests that in tomato, LTM prevents the ribosomes from leaving
the start sites on mRNAs and also allows the remaining elongating
ribosomes to run off. Nevertheless, we consistently observed some
residual signals in the polysome fractions of LTM-treated samples
(Supplemental Fig. S1A, blue), implying the presence of residual
elongating ribosomes on mRNAs. We therefore further performed
an in vitro puromycin (PUR) treatment as described previously in
mammalian studies to deplete the elongating ribosomes on
mRNAs (Gao et al. 2015). Polysome profiling analysis revealed
that, compared with the LTM-treated samples, the LTM plus
PUR-treated samples had decreased polysome signals
(Supplemental Fig. S1A, blue vs. orange), indicating that the PUR
treatment could deplete elongating ribosomes on mRNAs and fur-
ther enrich the initiating ribosomes. Thus, with this optimized
protocol, we purified and analyzed the ribosome-protected frag-
ments from LTM plus PUR-treated tomato samples using ribosome
profiling (Ribo-seq); this data set is hereafter referred as the LTM
data set (Methods) (Fig. 1A, left). In parallel, mRNAs isolated
from tomato leaves treated with cycloheximide (CHX), which sta-
bilizes the translating ribosomes and is used to infer the translated
coding regions (Fig. 1A, middle), and total RNA isolated from un-
treated tomato leaves (used to evaluate the mRNA abundance)
(Fig. 1A, right) were also sequenced using Ribo- and RNA-seq
(Methods).

For LTM treatment, the excised plant leaves were soaked in a
solution for a period of time before sample collection (Methods),
which might induce hypoxia and thus affect mRNA translation
(Branco-Price et al. 2008; Juntawong et al. 2014). However, in con-
trast to previous observations of reduced polysome signals and a
corresponding increase in 80S signals in response to hypoxia
(Branco-Price et al. 2008; Juntawong et al. 2014), polysome profil-
ing analyses revealed minor differences in 80S and polysome sig-
nals between freshly collected and solution-soaked leaf samples
(Supplemental Fig. S1B). This result suggests that the LTM treat-
ment performed in this study did not trigger a significant hypoxic
response and likely affected the translation initiation of few, if any,
transcripts.

With the obtained sequencing data sets, we mapped the reads
and determined the LTM, CHX, and mRNA read densities per base
along genes (Methods). We found that CHX read signals were lo-
cated around the translation start and stop sites and were also dis-
tributed in coding regions (Fig. 1C, red), whereas mRNA signals
were more evenly distributed across the 5 UTRs, CDSs, and 3’
UTRs (Fig. 1C, gray), consistent with previous studies in yeast,
mammals and Arabidopsis (Ingolia et al. 2009; Lee et al. 2012;
Liu et al. 2013; Juntawong et al. 2014; Hsu et al. 2016). The LTM
signals were primarily located at the annotated TIS (aTIS) and
not in the rest of the CDS (Fig. 1B, blue). As an example, at the sin-
gle-gene level, we observed an LTM peak at the annotated TIS of a
ribosomal protein gene (Solyc085061960) (Fig. 1D). These results
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peaks, called LTM peaks, represent the
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Figure 1. Comparison of the densities of LTM- and CHX-associated ribosome-protected fragments
(RPFs) in genes. (A) An illustration of high-throughput sequencing (HTS) read distribution on mRNAs
from CHX- and LTM-treated samples, which induced ribosome stalling, and untreated (total mRNA) sam-
ples. (B,C) Metagene plots of mean normalized read densities in regions around translation start and stop
sites of genes calculated for LTM-treated (B) and CHX-treated and untreated (mRNA) samples (C).
Normalized read density of a gene was calculated by normalizing the read count per base to the average
read density for the entire CDS. Only genes with 5" UTRs and 3’ UTRs > 20 nt were included. (D) As de-
scribed in Band C, but for a single gene, Solyc08g061960, with a TIS peak identified at an annotated TIS
(aTIS). (RPM) reads per million mapped reads. Within the gene model (top), light gray boxes indicate
UTRs, dark gray boxes indicate annotated CDSs, thin lines indicate introns, and black arrow indicates

afls.

reflect the stalling of initiating ribosomes caused by LTM (Fig. 1A,
left) and also indicate that our data sets could capture the initiating
ribosomes and be used to profile their positions in genes. In addi-
tion, side-by-side comparison of LTM and CHX signals showed the
predominantly higher magnitude of LTM signals in annotated
TISs compared with those of CHX (Fig. 1B,C). This feature allows
us to minimize background and technical noise when identifying
the in vivo TISs (Lee et al. 2012). Taken together, these results sug-
gest that analyzing LTM data sets in parallel with CHX data sets
could enable the identification of the in vivo TISs in tomato.

Prevalence of alternative AUG and non-AUG initiation sites in
plant genes
To globally characterize the in vivo TISs for tomato genes, we com-

puted the differences in signal between the LTM and CHX samples
per base in a given gene and identified the peaks with higher sig-

0 05
Distance to transcription

start sites of gene (kb)

were not annotated; 31% of these unan-
notated TISs were AUG codons and 20%
were near-cognate codons, which are
one base different from AUG (Fig. 2B,
blue and green, left pie chart). For exam-
ple, in addition to LTM peaks at annotat-
ed AUGs, we found peaks at alternative
start sites (i.e., TISs different from aTISs)
in the 5 UTR (referred to as upstream
TIS [uTIS]) and CDS (referred to as down-
stream TIS [dTIS]) of genes; these alterna-
tive TISs included both AUG and non-
AUG codons (Fig. 2C,D; Supplemental
Fig. S3). These alternative uTISs and
dTISs could be in frame or out of frame
with annotated TISs and initiate the
translation of separate, overlapping, or
N-terminally extended/truncated ORFs
(Supplemental Fig. S4A,B). For example,
83% of uTISs and 58% of dTISs initiate
the translation of separate and N-termi-
nally truncated ORFs, respectively (Sup-
plemental Fig. S4C,D). Immunoblotting
analyses further revealed the presence of protein bands corre-
sponding to the expected sizes of alternative AUG- and non-
AUG-initiated protein products (Fig. 2E), indicating that at least
some of these alternative TISs can initiate mRNA translation. Tak-
en together, our findings suggest the prevalence of alternative
AUG and non-AUG TISs in tomato genes and indicate that, after
AUG codons, near-cognate codons are the second most used for
translation initiation. These findings are consistent with previous
observations in mammals of strong TIS enrichment in both AUGs
and near-cognate codons (Ingolia et al. 2011; Lee et al. 2012; Gao
et al. 2015).

To further assess whether alternative translation initiation is a
general feature in plants, we examined in vivo TISs using a public
data set of Arabidopsis initiating ribosome positions (Willems et al.
2017). Similar to tomato, more than half of the Arabidopsis TISs
were unannotated AUG and near-cognate start sites (Fig. 2B;
Supplemental Table S1). For comparison, this pattern was not
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Figure 2. Alternative initiation of translation at AUG and near-cognate codons in vivo. (A) Distribution of the number of identified in vivo TISs per gene in
tomato. (B) Pie charts showing the proportion (%) of in vivo TISs in tomato (n=11,488), Arabidopsis (n=11,909), and humans (n=7974) that are anno-
tated TISs (pink) or novel TISs containing an AUG (blue), near-cognate (green), or other codons (gray). (C,D) Plots of read densities across genes as de-
scribed in Figure 1D, but for genes with alternative in-frame (left) and out-of-frame (right) TISs in the 5 UTR that initiate separate ORFs (C) and with
alternative in-frame TISs in the CDS that lead to N-terminally truncated ORFs (D). Within the gene models (top), the orange arrows indicate upstream
and downstream TISs (uTIS/dTIS) located in the 5" UTR (light gray boxes) and within annotated CDSs (dark gray boxes), respectively, and the orange boxes
are the alternative TIS-initiated ORFs. Examples of translation initiating at AUG, GUG, or CUG are shown. See Supplemental Fig. S3 for full-length gene
models. (E) Immunoblotting analysis of proteins encoded by transcripts with annotated and/or alternative TISs indicated in C and D and transiently ex-
pressed in tobacco leaves. (Agro) tobacco leaves infiltrated with agrobacteria without expression plasmid; (Vector) tobacco leaves infiltrated with agrobac-
teria containing the expression vector (i.e., the plasmid without target gene sequences).

observed when analyzing the codon composition of coding re-
gions of all protein-coding genes (Supplemental Fig. S5). These re-
sults showed that the failure to predict a significant portion of in
vivo TISs through in silico sequence analyses is a general phenom-
enon and that translation initiation could occur at both AUG and
near-cognate codons across plants.

Taken together, our findings showed that at least half of the
in vivo TISs in genes have not been predicted via in silico analyses
and are different from annotated TISs, suggesting the prevalence of
alternative TISs. This prevalent alternative translation initiation
occurs at AUG and non-AUG codons and is a phenomenon con-
served in tomato, Arabidopsis, and humans.
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Preference for near-cognate codons in translation initiation

We showed that although AUG is the canonical and dominant TIS
codon (Fig. 2B), near-cognate codons could serve as secondary
translation initiation codons in plants (Fig. 2B). Because there
are nine codons in the near-cognate group, this raises the question
of which near-cognate codons serve more frequently as start co-
dons across species. To address this, we examined the frequencies
of each near-cognate codon among the identified TISs. In
Arabidopsis and tomato, the percentage frequencies ranged from
0% to 8% (left, Fig. 3A). This result was in contrast to the previous
observation of a specifically higher enrichment of CUG (~18%)
among human TISs (left Fig. 3A; Ingolia et al. 2011; Lee et al.
2012; Gao et al. 2015). These observations suggest that plants
and humans may have different mechanisms for selecting near-
cognate codons as start sites. Alternatively, the codon biases/abun-
dances in the genome may influence the frequency with which
preinitiating ribosomes encounter the codon in question and
thus affect TIS codon preference. To assess these possibilities, we
examined the codon abundances (%) in the CDSs of protein-cod-
ing genes in each species. More CUG codons (~4%) are present in
the CDSs of genes in humans than in tomato (~1%) and

Arabidopsis (~1%) (Fig. 3A, middle), showing that there is a differ-
ence in overall codon usage between humans and plants, which
likely affects the frequencies of TIS codons (Fig. 3A, left). Thus,
to normalize the differences in codon usage across species, we cal-
culated the TIS codon enrichment by taking the log, ratio between
the codon abundance among TISs (Fig. 3A, left) and that among
CDSs (Fig. 3A, middle) for each codon. Among the nine near-cog-
nate codons, CUG and ACG showed the highest enrichment,
whereas AAG and AGG were the most depleted among TISs in to-
mato (Fig. 3A, right). The pattern of non-AUG codon usage was sig-
nificantly correlated between tomato and Arabidopsis (Pearson
correlation coefficient, r=0.97, P=1.7 x 10’5). Comparable results
were also observed for tomato and humans (r=0.67, P=4.9 x 1072)
(Fig. 3A, right), showing that TIS codon preference among near-
cognate codons is conserved across plants and mammals.

We also found that the degree of TIS codon enrichment was
correlated with the magnitude of TIS translation initiation effi-
ciency (i.e., the LTM read density of a given TIS vs. the mRNA
read density of the gene with the TIS in question) (Methods)
among near-cognate codons (r=0.97 and 0.71; P=2.5x 107> and
3.2x1072 in tomato and humans, respectively) (Fig. 3A,B), sup-
porting our observation that specific near-cognate codons were

A TISs CDSs Codon enrichment
Arabi- Arabi- Arabi-
Tomato dopsis Human Tomato dopsis Human Tomato dopsis Human
AUG
cus |
ACG
AUA
AUC
AUU
we
Gu¢ L
me s
AGG
I | (| Percentage (%) l:ﬂ]]mmm]mﬂlm]lﬂmmPercentage (%) Iﬂ]]]ﬂ]:"—o%
0 10 0 4 8 2 0 2
B
2 © 8
n [ n
e e 2 .
i W15 %
c r.5 ¢ i
S E | s§ & 67 Age ane cuG
w2 ® < ED ° o o
£ (102 = g .
£ 505 £5 s ACG
w— “— o 2 4
oX 05 © x = > °
] - o
w w o
- - o+
-g r=01,p=0.8
2
=1 T T T T T
4 -8 -4 0 4

0- 0
OO T DGO
WO PP PRI

Figure 3.

TIS codon enrichment (Log,)

Preference for near-cognate codons in translation initiation. (A) Heatmaps showing the percent frequencies of each type of codon among the

identified TISs (left) and among annotated CDSs of all genes (middle), and the TIS codon enrichment (log; ratio between the codon abundance among
identified TISs and that among annotated CDSs; right). Enrichment values are shown for AUG and individual near-cognate codons in tomato, Arabidopsis,
and humans. (B) The median translation initiation efficiency (TE) of TISs at AUG and individual near-cognate codons identified in tomato (orange) and
humans (blue) (Methods). (C) The correlation between TIS codon enrichment and tRNA abundance in tomato. (r) Pearson correlation coefficient.
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favored as TISs. For example, CUG was enriched among near-cog-
nate TISs and was also associated with higher TIS translation ini-
tiation efficiencies, whereas AAG was depleted among near-
cognate TISs and also associated with lower TIS translation initia-
tion efficiencies in tomato and humans (Fig. 3A,B). Our observa-
tions based on global analyses of in vivo near-cognate start sites
were in agreement with the findings of previous studies using
in vitro/in vivo reporter assay systems that AAG and AGG are gen-
erally poor start codons and that CUG is the best, followed by
ACG and GUG, for initiating a noncanonical translation event
(Peabody 1989; Gordon et al. 1992; Ivanov et al. 2010; Wei
et al. 2013). The different magnitudes of translation initiation ef-
ficiencies at near-cognate codons between this study (Fig. 3B) and
previous ones (de Arce et al. 2018; Kearse et al. 2019) may be at-
tributable to flanking sequences around codon sites that affect
their initiation efficiencies differentially (de Arce et al. 2018). In
addition, only the identified in vivo TISs (i.e., TISs with signifi-
cantly higher LTM signals) were included in Figure 3B, which
may inflate the efficiency values of codons compared to those
when considering all codon sites with/without translation initia-
tion activities (de Arce et al. 2018).

During the process of translation, tRNAs with specific antico-
don sequences form base pairs with the codon on the mRNA
(Jackson et al. 2010). Thus, tRNA abundance has been considered
to be one of the factors regulating TIS translation efficiency. To ad-
dress the role of tRNA abundance in preference for near-cognate
codons as TIS codons, we investigated the relationship between
near-cognate TIS codon enrichment and tRNA abundance. No sig-
nificant correlation was observed (r=0.1, P=0.8) (Fig. 3C), indi-
cating that tRNA abundance is unlikely to play a major role in
the selection of TIS codons. Other factors including trans-factors
such as eukaryotic initiation factors (elFs) and cis-factors such as
RNA sequences, secondary structures, and codon-anticodon rec-
ognition may be involved in TIS codon usage (Kearse and
Wilusz 2017). For example, eIlF2A has been found to deliver
tRNA elongators (e.g., Leu-tRNAs) to CUG and UUG (Starck
et al. 2012; Kearse and Wilusz 2017). A purine in the central
base pair of a codon greatly destabilizes complex formation be-
tween elFs, tRNA initiators, 40S ribosomal subunits, and mRNAs
(Kolitz et al. 2009), explaining the low usage of AAG and AGG
as TIS codons.

Taken together, our findings show that, among the nine near-
cognate codons, specific codons are favored as translation start
sites in plants and mammals, suggesting biased utilization of spe-
cific near-cognate codons as TIS codons.

Characteristics of near-cognate start sites

We showed that alternative TISs occurred in both 5" UTR and CDS
regions for several individual genes (Fig. 2C). In addition, global
analyses of mammalian TISs revealed more in vivo TISs in &
UTRs than in CDSs (Lee et al. 2012; Gao et al. 2015). To determine
whether this position bias is generally true for plant TISs, we calcu-
lated the relative abundance of TISs located in different regions of
mRNAs. We found that although most TISs corresponded to anno-
tated initiation sites, 5’ UTR regions had more alternative TISs than
CDSs in both tomato and Arabidopsis (Fig. 4A, blue vs. orange), a
pattern similar to that in humans (Fig. 4A; Lee et al. 2012; Gao
etal. 2015). To further assess differences in the distribution bias be-
tween alternative AUG and near-cognate TISs, we calculated their
enrichment in 5 UTRs and CDSs. Although both AUG and near-
cognate start sites were more likely to be located in 5 UTR than

in CDS regions in tomato (log, TIS codon enrichment between
the 5’ UTR and CDS=1.4 and 3.9 for alternative AUG and near-
cognate sites, respectively) (Fig. 4B), near-cognate start sites were
significantly and highly enriched in 5’ UTRs (2.8-fold enrichment,
P=4.5x1071%, Fisher’s exact test). The same result was also ob-
served in Arabidopsis and humans (Fig. 4B), showing that the ten-
dency for near-cognate start sites to be located in 5 UTRs is
evolutionarily conserved. This result possibly reflects the regulato-
ry role of non-AUG codons in modulating the initiation of transla-
tion at annotated TISs, because near-cognate codons have lower
initiation efficiency than annotated AUGs (Fig. 3B; Kearse and
Wilusz 2017) and may be able to compete with annotated AUGs
when located in 5" UTRs but not in CDSs. The LTM read density
at upstream non-AUG TISs was positively correlated with the
CHX read density, but not the mRNA read density, in the corre-
sponding TIS-initiated CDSs (Supplemental Fig. S6), indicating at
least some of these alternative non-AUG TISs were used under
the physiological conditions used in this study.

Previous studies have shown that the presence of a “Kozak se-
quence” (i.e. [A/GINNAUGG) is critical for AUG recognition
(Kozak 1984); these sequences were also found in annotated TISs
of tomato genes (Fig. 4C, gray). In addition, compared with anno-
tated AUGs, the AUG start sites identified in 5’ UTRs tend to have
weaker Kozak sequence contexts in Arabidopsis and tomato (Liu
et al. 2013; Wu et al. 2019). Thus, to explore the mechanism for
recognition of non-AUG start sites in plants, we analyzed the
flanking sequence contexts of the identified TISs and their rela-
tionship with Kozak sequences in tomato. We found that, com-
pared with the near-cognate sites without TIS signals (i.e., no
LTM read signals), the near-cognate codons with TIS signals (i.e.,
detected TIS peaks) showed significantly stronger Kozak sequence
contexts (P=1.1x107% and 6.1 x107'%7 at the -3 and +4 posi-
tions, respectively, Fisher’s exact test) (Fig. 4D, top vs. bottom).
In contrast, the alternative AUG TISs showed weak Kozak sequence
contexts (P=1 and 0.32 at the -3 and +4 positions, respectively,
Fisher’s exact test) (Fig. 4E, top vs. bottom), in line with findings
of previous studies in tomato and Arabidopsis (Liu et al. 2013;
Wu et al. 2019). In addition, we noticed that, similar to annotated
AUGs (Fig. 4C), near-cognate start sites with a TIS signal also had
an A or Cat the —4 and -2 positions (Fig. 4D, top). By summarizing
the degree of flanking sequence similarity between the near-cog-
nate start sites and the annotated AUG sites (shown as position-
weight matrix [PWM] scores determined based on annotated TIS
flanking sequences) (Methods), we found that the near-cognate
sites with TIS signals (median PWM score=-0.14) had signifi-
cantly higher PWM scores than the near-cognate sites without
TIS signals (median PWM score = -2, Mann-Whitney U test, P<
2.2x1071%) (Fig. 4F, left). This pattern was not observed when al-
ternative AUG sites were compared with annotated AUGs (median
PWM=-1.7 and —1.9 for AUG sites with and without TIS signals,
respectively, Mann-Whitney U test, P=0.06) (Fig. 4F, right). Our
findings support the importance of flanking sequence context
for non-AUG recognition and are consistent with the previous ob-
servation that translation initiation in mammals is more depen-
dent on sequence context for near-cognate start codons than for
AUG codons (de Arce et al. 2018). Nevertheless, we should empha-
size that the translation initiation efficiencies of alternative AUG
and near-cognate start sites were lower than those of annotated
AUG sites (Fig. 3B), reflecting their suboptimal sequence contexts
compared with the annotated AUGs (Fig. 4C-E) and also indicat-
ing the regulatory role of alternative TISs in fine-tuning gene
expression.
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Figure 4. Characteristics of alternative AUG and near-cognate start codons. (A) The relative distribution (%) of the identified TISs located in annotated
TISs (pink), 5" UTRs (blue), and CDSs (orange) in tomato, Arabidopsis, and humans. (B) The differential distribution of AUG (gray) and near-cognate (black)
TISs between 5’ UTRs and CDSs in tomato, Arabidopsis, and humans. P-values are the statistical significance test of whether the enrichment of near-cognate
codons between 5" UTRs and CDSs differs from that of AUGs (Fisher’s exact test). (C) The probability of occurrence of ATCG nucleotides in sequence regions
around the annotated TISs in tomato. Gray boxes highlight the —3 and +4 positions of the Kozak sequence. (D, E) As in C, but for the upstream near-cognate
(D) and AUG (E) codons with TIS signals (i.e., located at TISs, top) and without TIS signals (bottom). (F) Position-weight matrix (PWM) scores of codon sites
with TIS signals (orange) and without TIS signals (gray) for near-cognate codons (left) and AUG codons (right). PWM score was used to represent the se-
quence similarity between the regions surrounding a given codon site and those surrounding annotated TISs (Methods). P-values are the test of whether
the PWM scores generated based on the codon sites with TIS signals (orange) differ from those of the codon sites without TIS signals (gray) (Mann-Whitney

U test).

Taken together, these results suggest that there is a strong po-
sitional bias of near-cognate start sites toward the 5’ UTR region
and that the Kozak and flanking sequence contexts play a more
critical role in recognizing near-cognate TISs than alternative
AUG TISs.

Upstream AUG and near-cognate TISs and translation efficiency
of main ORFs

Our findings so far indicated that the majority of AUG and near-
cognate TISs are located in 5" UTRs, a phenomenon likely common
among plants and mammals (Fig. 4). Upstream AUG initiators
play a repressive role in the translation of mORFs in yeast and ver-
tebrates including zebra fish, mouse, and human (Brar et al. 2012;
Chew et al. 2016; Johnstone et al. 2016), whereas near-cognate
TISs are positively associated with mORF translation in yeast
(Brar et al. 2012; Spealman et al. 2018). In Arabidopsis, the
mORFs of genes with uORFs initiated at AUG, but not CUG,
tend to have lower translational efficiencies (Liu et al. 2013). To re-
veal to what extent these observations can be generalized to anoth-
er plant species, we assessed the relationship between upstream
AUG and near-cognate TISs and mORF translation efficiency (the
CHX read density in the CDS vs. the mRNA read density in the
CDS) (Methods) in tomato. Focusing on upstream AUG TISs first,
we found that genes with increasing numbers of upstream AUG
TISs had lower mOREF translation efficiencies (median values rang-

ing from 1.3 to 1.6) than genes with no AUG or near-cognate TISs
in the 5 UTR (median value =2.2, Mann-Whitney U test, P<7.6 x
1071 (Fig. 5A), consistent with their general role in translational
repression in Arabidopsis and vertebrates (Liu et al. 2013; Chew
et al. 2016; Johnstone et al. 2016). In contrast, genes with increas-
ing numbers of near-cognate TISs in the 5" UTR (median values
ranging from 2 to 2.4) showed minor differences from the genes
with no TISs in the 5" UTR (P<0.5) (Fig. 5A). This observation
was in line with the findings of a previous study in Arabidopsis
(Liu et al. 2013) but different from the observation of a positive
correlation between near-cognate TISs and mORF translation effi-
ciencies in yeasts (Brar et al. 2012; Spealman et al. 2018), indicating
that near-cognate codons may have a weaker influence on plant
mOREF translation.

Depending on the position of the upstream TIS and the asso-
ciated stop codon, a uORF could be fully separate from or overlap
with the mORF (Supplemental Fig. S4A) and have different effects
on mORF translation (Lee et al. 2012; Somers et al. 2013;
Johnstone et al. 2016; Young and Wek 2016). For example,
when an overlapping uORF is translated, the translation of the
downstream mORF would be repressed and mORF initiation
would solely depend on leaky scanning mechanisms. On the other
hand, mORF translation would be favored in situations in which
the uTIS of a separate ORF is bypassed via leaky scanning, or
when the remaining 40S ribosomes, which complete the transla-
tion of separate uORFs, reinitiate at downstream start sites. Thus,
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et al. 2016; Kurihara et al. 2018). Never-
theless, the global effects of uORFs on
steady-state mRNA levels have not been
evaluated systematically in any plant
species. Employing our tomato total
RNA data sets, we found that genes
with increasing numbers of uAUG TISs
did not show lower transcript abundanc-
es (median mRNA values ranging from
2.9 to 4.6) compared with genes with
no upstream AUG/near-cognate TISs
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Figure 5. The correlation between alternative AUG/near-cognate TISs and translation efficiency/tran-
script abundance. (A) The translation efficiencies of main ORFs (mORFs) for genes with the indicated
numbers of exclusively AUG-initiated TISs, exclusively near-cognate-initiated TISs, and without AUG/
near-cognate-initiated TISs (“No TIS”) in the 5" UTR. (B) The translation efficiencies of mORFs for genes
with upstream AUG-initiated or near-cognate-initiated ORFs that are fully separate from or overlap and
are out of frame with mORFs. (C,D) As described in A and B, but for steady-state mRNA abundances of
genes. (*) P<1x 107" P-values are the test of whether the translation efficiency of mORFs and mRNA
abundance determined for genes with AUG or near-cognate TISs differ from those of “No TIS” genes
(Mann-Whitney U test). Dashed line shows the median value from the data for “No TIS” genes. Only
genes with AUG or near-cognate sites in the 5" UTR and with RPKM values >1 in the CDS region in
both the CHX and mRNA RNA-seq data sets were included. The number of genes within a given group

is shown in parentheses.

we evaluated the respective contributions of these two uORF types
to mOREF translation repression. We found that gene groups with
separate or overlapping AUG uORFs had significantly lower trans-
lational efficiencies than genes with no TISs in the 5 UTR (P< 5 x
107°) (Fig. 5B), and although these uORF gene groups had signifi-
cantly different translational efficiencies, these values were not
very different (median values=1.6 and 1.8 for separate and over-
lapping uORFs, respectively, P=0.02) (Fig. 5B, light blue vs. dark
blue), suggesting that separate and overlapping AUG uORFs have
similar repressive effects on mORF translation.

Our finding suggests that upstream AUG initiators play a ge-
neral and conserved role in repressing downstream translation in
plants and vertebrates. In addition, plant near-cognate initiators,
distinct from those in vertebrates, likely play a minor role in mod-
ulating mOREF translation.

Near
-cognate

ferent from the observation of negative
effects of uUAUGs on mRNA abundance
in vertebrates (Johnstone et al. 2016).
To address whether this finding is true
across plants, we retrieved the total RNA
data sets of genes with AUG-initiated
ORFs from Arabidopsis (Liu et al. 2013).
Similar to tomato, no negative correla-
tion was observed between uAUG TISs
and transcript abundance in Arabidopsis
(Supplemental Fig. S7A, blue vs. gray).
Note that tomato and Arabidopsis total
RNA samples were prepared using differ-
ent mRNA enrichment methods (rRNA
depletion and poly(A)* RNA purification, respectively), so this ob-
servation is unlikely to be caused by technical bias. Our findings
showed that unlike vertebrates, uAUG ORF translation may not
globally trigger RNA degradation in plants and may possibly in-
duce mRNA degradation of only a subset of transcripts or in specif-
ic processes (Uchiyama-Kadokura et al. 2014; Hou et al. 2016;
Tanaka et al. 2016).

In parallel, we also assessed the effects of these upstream non-
AUG-initiated ORFs on plant transcript abundance. Compared
with genes with no upstream AUG/near-cognate TISs (median
mRNA value=2.8), genes with increasing numbers of near-cog-
nate TISs had significantly higher transcript abundances in tomato
(median mRNA values ranging from 5.1 to 6.9, P<3.8 x 1077) (Fig.
5C) and in Arabidopsis (Supplemental Fig. S7A, pink vs. gray),
showing a positive correlation between initiation at upstream
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near-cognate codons and transcript abundance in plants. This pat-
tern was also observed in both separate and overlapping non-AUG
uOREFs (Fig. SD). However, the observed positive correlation might
be a consequence of the higher probability of detecting near-cog-
nate initiation sites, which generally have lower translation effi-
ciencies (Fig. 3B), in high-abundance mRNAs.

Taken together, our findings show the conserved role of up-
stream AUGs in repressing mORF translation across species (Fig.
5A), but also imply that their function in down-regulating
mRNA abundance has diverged between plants and mammals
(Fig. 5C).

Relationship between alternative in-frame TISs and protein
localization diversity

Alternative translation initiation serves as a mechanism to regulate
the localization of proteins to different cellular compartments
because the N terminus of the protein can function as a targeting
signal (Mackenzie 2005; Yogev and Pines 2011; Carrie and Whelan
2013). In plants, analyses of individual genes have found that dual
localized proteins can be encoded by a single gene with translation
initiating from alternative in-frame AUG and non-AUG sites. For
example, the Arabidopsis DNA polymerase y2 uses a canonical
AUG codon and an upstream CUG codon to produce proteins lo-
calized to the chloroplast and mitochondria, respectively (Chris-
tensen et al. 2005). However, the extent to which alternative
translation initiation is involved in generating dual-targeted pro-
teins and affects their localization remains to be systemically inves-
tigated. To address this, we first used the in vivo tomato TIS data
sets and identified 179 and 668 alternative TISs that were in frame
with annotated AUGs and led to N-terminally extended or truncat-
ed protein isoforms (Supplemental Table S2). Prediction of chloro-
plast and mitochondria localization further revealed that 27.4%
and 16.8% of the proteins encoded by ORFs translated from alter-
native TISs gained and lost, respectively, targeting signals com-
pared with the protein forms translated from annotated TISs
(Supplemental Table S2). For example, Solyc09¢007540, a valyl-
tRNA synthetase gene whose ortholog in yeast is known to pro-
duce mitochondrial and cytosolic forms via alternative translation
initiation (Chatton et al. 1988), was found to have an upstream
and in-frame ACG TIS that could initiate translation of a mito-
chondria-localized protein (Fig. 64, left; Supplemental Fig. S3).
By introducing the 5 UTR and CDS regions fused with GFP into to-
bacco leaves to reveal protein localization, we found that the re-
gion containing the 5 UTR and CDS and the region containing
only the 5 UTR both produced GFP signals colocalizing with a mi-
tochondria marker (Fig. 6B, left and right). In contrast, mutation of
the ACG TIS resulted in cytosolic, but not mitochondria-localized,
GFP signals (Fig. 6B, middle), supporting our hypothesis that the
tomato valyl-tRNA synthetase transcript could produce both mito-
chondrial and cytosolic protein isoforms via alternative TIS mech-
anisms. The Arabidopsis orthologous gene also has multiple in vivo
TISs, in which the annotated and alternative TISs generate mito-
chondrial and cytosolic protein isoforms, respectively (Fig. 64,
right; Supplemental Fig. S3). Another example is Solyc03g044470,
which encodes a red chlorophyll catabolite reductase predicted to
localize in chloroplasts (Supplemental Fig. S8A). This transcript
has a downstream in-frame AUG TIS, which could lead to transla-
tion of a shorter protein isoform without a chloroplast localization
signal (Supplemental Fig. S8A, left). We further found that when
both the full-length CDS and the partial CDS region between the
aTIS and dTIS were fused with GFP, GFP signals colocalized with

chlorophyll (Supplemental Fig. S8C,D, left and right); however,
mutation of the aTIS resulted in cytosolic GFP signals (Supplemen-
tal Fig. S8C,D, middle). Similarly, a downstream in-frame AUG TIS
and a corresponding cytosolic protein isoform were also observed
for the Arabidopsis orthologous gene (Supplemental Fig. S8B). To-
gether, these results suggest that alternative translation initiation
affects protein subcellular localization across plants.

In addition to organelle targeting signals present in the N ter-
minus of the longest protein form (Fig. 6A; Supplemental Fig. S8),
targeting signals could be embedded within CDS regions and be-
come exposed when the shorter protein isoform is produced
(Supplemental Table S2). For example, Solyc025023990 has an in-
frame dTIS, which generates a shorter protein isoform with pre-
dicted mitochondria localization (Fig. 6C, orange arrow in the
left panel; Supplemental Fig. S3). A dTIS generating a mitochondri-
al protein isoform was also found in the Arabidopsis orthologous
gene (Fig. 6C, right; Supplemental Fig. S3). Protein localization
analyses further revealed that both the full-length CDS and dTIS-
initiated protein forms of Solyc02g023990 colocalized with
MitoTracker (a dye that stains mitochondria) signals (Fig. 6D, left
and right), whereas mutation of dTIS yielded a protein that did
not (Fig. 6D, middle). These results indicate that downstream
alternative initiation is a strategy used in plants for achieving or-
gan-specific targeting.

Together our findings suggest that alternative translation ini-
tiation is an evolutionarily conserved strategy that generates differ-
ent protein isoforms with diverse N termini to achieve the removal
or exposure of organelle targeting signals and consequently diver-
sify the organelle proteome.

Conservation of alternative AUG and non-AUG TISs across
species

The prevalent alternative TISs could reshape proteome expression
profiles by modulating translational efficiency or increasing pro-
tein diversity (Figs. 5, 6). To further assess the biological signifi-
cance of alternative TIS mechanisms in plants, we next
investigated the conservation of these mechanisms by examining
whether the alternative TISs are present in both genes of an orthol-
ogous gene pair between Arabidopsis and tomato. Among the four
alternative TIS groups (defined by whether translation is initiated
from an AUG or near-cognate codon located in the 5’ UTR or CDS),
10%-29% of the tomato orthologs with an alternative TIS had an
Arabidopsis ortholog with an alternative TIS; this is significantly
higher than the percentage for “all Arabidopsis orthologs,” which
served as a background data set (Fig. 7A). Among these alternative
TISs, 3%-31% (depending on the alternative TIS group) were locat-
ed at the same position and encoded the same type of ORF in toma-
to and Arabidopsis (Fig. 7B, orange; Supplemental Fig. S9A). For
example, GDP-L-galactose phosphorylase, a key enzyme for the
control of ascorbate biosynthesis, was reported to have an up-
stream near-cognate (ACG) initiator associated with a 65-aa
uORF in Arabidopsis (Fig. 7C, bottom; Laing et al. 2015); this
uOREF was also found at the same position upstream of the tomato
orthologous gene (Solyc06g073320) and encoded a peptide of 62
amino acids (Fig. 7C, top). The Solyc03g044470 and AT4G37000
orthologous genes, which both encode an N-terminally truncated
protein (Supplemental Fig. S8A,B), use a downstream AUG TIS
conserved between species (Supplemental Fig. S9B). These results
show that some alternative TISs are shared across species and
also support the findings of previous studies that uORFs are con-
served across plants species and are predicted to be initiated from
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Figure 6. The differential localization of proteins encoded by genes with alternative in-frame TISs. (A, C) As indicated in Figure 1D, but for the orthologous
gene pairs Solyc09g007540 and AT1G14610 (A) and Solyc02g023990 and AT4G20760 (C), which have identified alternative TISs (orange arrows) in frame
with the annotated TIS (aTIS) that are either located upstream (uTIS) or downstream (dTIS) and encode N-terminally extended or truncated protein iso-
forms. The TIS of the protein isoform with predicted mitochondria targeting signals is indicated. See Supplemental Fig. S3 for full-length gene models. (B)
Confocal images showing the localization of Solyc09g007540-GFP proteins with translation driven by the wild-type 5" UTR and CDS (left), uTIS-mutated 5’
UTR and CDS (middle), and 5’ UTR region (right) in transiently transformed tobacco leaves. (Scale bar) 10 pm. The aTIS, uTISs/dTISs, and mutated TISs are
indicated by a black arrow, orange arrow, and blue cross, respectively. (Mitochondria marker) CD3-992 (Nelson et al. 2007). (D) As described in B, but with
the localization of Solyc02g023990-GFP proteins driven by the wild-type full-length CDS (left), dTIS-mutated full-length CDS (middle), and CDS region
downstream of the dTIS (right) in transiently transformed Arabidopsis protoplasts. (MitoTracker) a mitochondria dye. (Scale bar) 5 um.

both AUG and non-AUG codons (Hayden and Jorgensen 2007;
Jorgensen and Dorantes-Acosta 2012; Takahashi et al. 2012;
Vaughn et al. 2012; van der Horst et al. 2019).

In the majority (47%-94%) of orthologous genes pairs sharing
alternative TISs, the TISs are located at different positions but en-
code the same type of ORF across species (Fig. 7B, blue;
Supplemental Fig. S9A). For example, the two differentially located
TISs in the 5" UTRs of the Solyc083076860 and AT1G32700
orthologous pair initiate the translation of the same type of ORF
(i.e., the N-terminally extended form) (Fig. 7D). Similarly, the
Solyc02g023990 and AT4G20760 orthologous genes, which both
generate an N-terminally truncated protein (Fig. 6C), have down-
stream TISs located at different positions in the aligned CDS
(Supplemental Fig. S9C). The most intriguing case is valyl-tRNA
synthetase, in which both orthologous genes can generate N-termi-

nal protein isoforms with different protein subcellular localiza-
tions, but the tomato gene uses an in-frame uTIS and the
Arabidopsis gene uses an in-frame dTISs (Fig. 6A). These results sug-
gest that compensatory TISs (i.e., alternative TISs located elsewhere
in the mRNA) play a more dominantrole in translational regulatory
mechanisms across species than conserved TISs. A dominant role of
compensatory TISs in generating the same ORF type was also ob-
served between human and mouse cells (Lee et al. 2012). The use
of multiple alternative TIS codons possibly reflects diversification
in TISs used but maintenance of the translational regulation be-
tween plant species.

Taken together, our findings show the evolutionary flexibility
of alternative TISs and the constraint on their associated ORFs; im-
portantly, they suggest the functional significance of alternative
initiation mechanisms in regulating gene expression across plants.
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Figure 7. The conservation of alternative TISs between tomato and Arabidopsis. (A) The proportion (%) of Arabidopsis orthologous genes (OGs) with
alternative TISs when the tomato OG has an alternative TIS (black; n=1320, 1089, 473, and 65, from left to right) and the proportion (%) of all
Arabidopsis OGs with alternative TISs (gray; n=9349), which were considered as a background data set. The alternative TISs were categorized into four
groups depending on their location (5" UTR or CDS) and the type of initiation codon (AUG or near-cognate codon). P-values are the test of whether
the proportion of Arabidopsis OGs with alternative TISs differs between the black and gray data sets (Fisher’s exact test). (B) The relative proportion (%)
of alternative TISs detected in both genes of a given tomato-Arabidopsis OG pair. Pairs were categorized into four groups depending on (1) whether
the TIS position and codon are identical between orthologs (i.e., “Shared”) or different (i.e., “Distinct”) and (2) whether the corresponding ORF type be-
tween orthologs is the same (i.e., “Same”) or different (i.e., “Different”) (Supplemental Fig. S9; Methods). (C) Plots of LTM read density along the aligned 5’
UTRs of an OG pair with alternative TISs (arrow) at the same position and corresponding to the same ORF type. The TIS codon and corresponding ORF type
for each OG pair are shown beside the TIS peak and on the top left, respectively. The heatmap (top) shows the conserved (pink) and nonconserved (black)
sequences and gapped regions (gray). (D) As defined in C, but for the OG pairs with alternative TISs located at different positions but producing the same

ORF type.

Discussion

Through genome-wide analysis of the initiating ribosome posi-
tions in tomato and Arabidopsis, we confirmed translation initia-
tion from annotated TISs and further characterized novel and
alternative TISs and showed their relevance to gene expression in
plants. We found thousands of alternative AUG and near-cognate
TISs located in 5 UTRs and CDSs, which were more prevalent than
previously appreciated (Figs. 2, 3). We further revealed that these
alternative AUG TISs, but not near-cognate TISs, were tightly asso-
ciated with mOREF translation repression (Fig. 5); these alternative
TISs also contribute to the expression and differential organelle lo-
calization of protein isoforms with different N-terminal ends (Fig.
6). These findings were observed both in tomato and Arabidopsis.
Last, although the alternative TIS sequence diverged between
Arabidopsis and tomato orthologous genes, they tended to be pre-
sent in both orthologs and initiate the translation of same type of
OREF (Figs. 6, 7). Together these findings suggest the biological sig-
nificance and the conservation of the alternative translational ini-
tiation mechanism across plants. Several studies in plants have
extensively characterized novel AUG and/or non-AUG codons ini-
tiating translational events in 5 UTRs and noncoding RNAs by in-
vestigating the positions of translating ribosomes or conserved
amino acid sequences (Hayden and Jorgensen 2007; Takahashi
et al. 2012; Hsu et al. 2016; Bazin et al. 2017; van der Horst et al.
2019). Our approaches and findings complement these existing
studies by providing an in-depth profile of in vivo TIS positions
and further facilitate the investigation of novel translational
events in the genome.

Nevertheless, although the characterized TISs may initiate a
translation event, these TISs may differ in their biological func-
tions, which include increasing proteome diversity or modulating
gene expression. Some TIS-associated ORFs may contribute to the
production of different protein isoforms and novel proteins/pep-

tides that function in various processes (Simpson et al. 2010;
Uchiyama-Kadokura et al. 2014; Yamashita et al. 2017). Others
may represent cis-regulatory factors, in which the translation of a
TIS-associated ORF, but not the associated protein product, affects
the translation of other ORFs in the transcript (Tanaka et al. 2016;
Ribone et al. 2017). Thus, the final protein products derived from
ORFs in the latter group may not be generated or stably accumulate
if translated. A global proteomic survey of small peptides and the
genome-wide identification of the N-terminal proteome may facil-
itate the evaluation of these possibilities.

We found that alternative translation initiation at AUG and
non-AUG codons is prevalent and is conserved in tomato,
Arabidopsis, and humans (Fig. 2B). Nevertheless, there were signif-
icant differences in near-cognate TIS abundances between tomato
and Arabidopsis/humans (20% vs. 35% and 44%, P<2.8 x 107151,
Fisher’s exact test) (Fig. 2B). This is possibly caused by the differen-
tial preference for TIS codons among species. An alternative expla-
nation is the lower annotation quality in tomato compared with
Arabidopsis and humans—50%, 15.5%, and 10% of genes in toma-
to, Arabidopsis, and humans, respectively, were without annotated
5 UTRs, and the poorer 5" UTR annotations in tomato may affect
the identification of near-cognate start sites because the majority
of these sites were located in 5’ UTRs (Fig. 4B). In addition, the
higher abundance of novel and uncharacterized alternative AUG
TISs in tomato than in Arabidopsis/humans (Fig. 2B, blue) may
be, at least in part, because of misannotated start sites as shown
for Solyc078047850 (Supplemental Fig. S1D). Technical differences
between studies may also have contributed to some of the differ-
ences across species.

In this study, we analyzed the initiating ribosome positions
on mRNAs isolated from tomato leaf tissues and Arabidopsis sus-
pension cells, using the annotated gene models to reveal transla-
tion initiation events from annotated TISs and identify novel
and alternative TISs. Nevertheless, there are a few limitations to
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our approach. First, because only one tissue at a specific time point
was used, the tissue- and condition-specific TISs were overlooked
(Mustroph et al. 2009; Merchante et al. 2017). Second, studies
on alternative transcription start sites and alternative mRNA splic-
ing events have reported that a single gene may produce various
mRNA isoforms with different 5" UTR or CDS regions and thus
lead to different TISs and/or coding regions being used for differ-
ent protein isoforms (von Arnim et al. 2014; Brown et al. 2015;
Mejia-Guerra et al. 2015; Kurihara et al. 2018). The genome-
wide identification of transcription start sites of genes and the
full-length transcript sequences will provide a better understand-
ing of how alternative TISs are determined by alternative tran-
script start sites and alternative transcript processing. Last, the
LTM treatment, in which the excised plant leaves were soaked in
LTM solution before sample collection, may have triggered a mi-
nor hypoxic response (Supplemental Fig. S1B), induced excess ac-
cumulation of 408 ribosomal subunits (Supplemental Fig. STA), or
led to ribosome queuing upstream of stalled ribosomes
(Juntawong et al. 2014; Ivanov et al. 2018; Kearse et al. 2019).
These side effects may have led to the identification of TISs that
are rarely used under normal physiological conditions. Despite
these shortcomings, our approach uncovered alternative AUG
and non-AUG initiators, expanding the coding potential of the to-
mato and Arabidopsis genomes and revealing the impact of alter-
native TISs on gene expression regulation. Our findings also
shed light on the divergence of alternative start sites across plants.
A comprehensive catalog of in vivo initiation sites and the corre-
sponding ORFs in plant genomes is just the first step.
Considering the biological significance of translational control
in gene expression, which allows plants to quickly adapt to chang-
ing environmental conditions (Roy and von Arnim 2013;
Merchante et al. 2017), further exploration will be needed to un-
veil the novel ORFs translationally expressed under a specific con-
dition and reveal their functional or regulatory roles (Hellens et al.
2016).

Methods

Plant materials, chemical treatments, and RNA isolation for
ribosome and total RNA profiling

Solanum lycopersicum cv CL5915 seeds were obtained from the
World Vegetable Center and grown on soil in a growth chamber
under a 12-h light (8:00-20:00, 150 pmol m~2 s~')/12-h dark cycle
at 25°C for 14 d before harvesting tomato leaves. All leaf samples,
except for those treated with lactimidomycin (LTM; Merck), were
excised and immediately frozen in liquid nitrogen. For the LTM
treatment, the excised leaves were soaked in 30 uM LTM (dissolved
in DMSO) solution at 25°C with gentle shaking for 30 min before
freezing in liquid nitrogen. Two biological replicates (i.e., two sep-
arate sets of plants sampled on different days) were harvested.

To purify the ribosome-protected fragments (RPFs) for cyclo-
heximide (CHX) sample sequencing, the polysome complexes
were isolated by resuspending ground plant powder with poly-
some extraction buffer (20 mM HEPES, 100 mM KCIl, 5 mM
MgCl2) (Gao et al. 2015) containing 100 pg/mL CHX (Sigma-
Aldrich), centrifuging at 13,000¢ for 5 min at 4°C and digesting
with 1500 units of RNase I (Ambion, AM2295) per 40 ug of RNA
at room temperature with gentle shaking for 40 min. The purified
RPFs were further resolved in a 15% TBE-UREA polyacrylamide gel
(Thermo Fisher Scientific), and the region of the gel corresponding
to 26-32 nt was excised for construction of CHX-treated sample li-
braries as described previously (Hsu et al. 2016). To purify RNA

samples for the total RNA data sets, total RNA was extracted from
an aliquot of the aforementioned polysome extract using the
RNA Clean Kit (Zymo), and then the Ribo-Zero rRNA depletion
kit (Illumina) was used for rRNA removal. To purify the RPFs for
LTM sample sequencing, the polysome complexes were isolated
from the ground powder of the LTM-treated plants by extracting
with polysome extraction buffer and centrifuging at 13,000g for
5 min at 4°C. The supernatant was then subjected to puromycin
(PUR; Sigma-Aldrich) treatment based on a reported protocol
(Gao et al. 2015) and digested with 3000 units of RNase I
(Ambion, AM2295) per 54 ug of RNA at room temperature with
gentle shaking for 40 min; the RPF purification was then per-
formed as described above.

Polysome profiling analyses

For the DMSO-treated and the freshly collected leaf samples, the
polysome extracts were purified from ground plant powder with
polysome extraction buffer containing 100 pg/mL CHX. For the
LTM-treated samples, the polysome complexes from LTM-treated
samples were extracted with polysome extraction buffer, and for
LTM plus PUR-treated samples, the extracts were further subjected
to PUR treatment based on a reported protocol (Gao et al. 2015).
The polysome extracts from fresh leaves and DMSO-, LTM-, and
LTM plus PUR-treated samples were loaded onto a continuous
sucrose gradient (10%-50% sucrose in polysome extraction buffer
containing 50 pg/mL CHX and 100 pg/mL heparin [Sigma-
Aldrich]) and spun at 35,000 rpm with a Beckman SW40 Ti rotor
for 3.5 h at 4°C as performed previously (Liu et al. 2012). The dis-
tribution of the nucleic acids was examined by determining the
UV254 absorbance profile (model UV-6, ISCO).

Sequencing data processing

Sequencing was performed with the Illumina HiSeq 2500 platform
with single 75-nt end reads. The default parameters were used for
the bioinformatics packages mentioned below unless otherwise
specified. The raw sequencing reads from LTM, CHX, and total
RNA samples in tomato were processed by quality filtering (param-
eter: -q20 -p85) and removing the first nucleotide from the 5’ end
and the adaptor sequences (parameter: -a CTGTAGGCACC
ATCAAT) using the FASTX-Toolkit, and mapped to genes encoding
ribosomal, transfer, small nucleolar, and small nuclear RNAs using
Bowtie 2 (Langmead and Salzberg 2012) as suggested in a previous
study (Ingolia et al. 2012). The unmapped reads were further
aligned to the tomato genome (SL3.0) using STAR (parameters:
--alignIntronMax 6756 --outFilterMismatchNmax 3) (Dobin et al.
2013) and BEDTools (Quinlan and Hall 2010) to obtain the regions
of the genome aligning with the reads. The number of reads map-
ping along transcripts of a given gene based on the ITAG3.2 gene
models was then determined using customized Python scripts
(Supplemental Code). The P-site assignment for the reads in the
LTM and CHX data sets was performed as described previously
(Hsu et al. 2016) to determine the ribosome positioning. Briefly,
the mapped reads in a data set were categorized into groups based
on read length. In each group, the 5" ends of the reads were first as-
signed to represent the aligned regions of a given read and used to
generate metagene plots to reveal the offset between the peak with
highest read intensity and the aTIS in a gene. The offset was then
used to assign the P-site of aread. In parallel, the P-sites for the reads
from total RNA data sets were assigned to the 12 and 11 nt down-
stream from the 5’ ends of reads in the first and second biological
repeats, respectively, because a predominant fraction of RPF reads
in the CHX data sets were assigned to those positions in the biolog-
ical repeat in question. The S. lycopersicum genome sequences and
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gene models were based on the genome versions SL3.0and ITAG3.2
(https://solgenomics.net). Because the rRNA, tRNA, snoRNA, and
snRNA genes were not annotated in ITAG3.2, the gene model infor-
mation for these noncoding genes was retrieved from the SL2.5 as-
sembly in Ensembl Plants (https://plants.ensembl.org). Mapping
statistics for the reads in each biological replicate are provided in
Supplemental Table S3. Because the LTM read densities of the iden-
tified TISs, the CHX read densities of the CDSs, and the mRNA read
densities of transcripts were highly correlated between replicates
(Spearman’s rank correlation coefficient>0.9, P<2.2x 10716)
(Supplemental Fig. S2), the reads from replicates were combined to-
gether for the downstream analyses.

The Arabidopsis LTM and CHX sequencing data sets were re-
trieved from a published study (Willems et al. 2017) and analyzed
using the same methods used for tomato. The Arabidopsis represen-
tative gene models were based on Araport11 (https://www.araport
.01g).

Identification of in vivo translation initiation sites

To identify LTM peaks representing in vivo TISs for genes in toma-
to and Arabidopsis, a given peak was required to meet the following
criteria (pipeline modified from Lee et al. [2012] and Gao et al.
[2015]): (1) the transcript has both LTM and CHX reads; (2) the po-
sition in question has >10 LTM reads and shows a local maximum
of LTM read counts in a 31-nt window (-15, +15) flanking the po-
sition in question; (3) the difference between the normalized read
densities (R) of LTM and CHX data is > 0.1 (R was calculated as fol-
lows: R=[X/N]x10, where X is the number of reads mapping to the
position in question and N is the total number of reads mapping to
that transcript); and (4) the peak is located in the 5 UTR or the first
one-third of the CDS.

When AUGs or near-cognate codons were within 1 nt preced-
ing or succeeding the codon corresponding to the identified TIS
peak, the position of AUG or near-cognate codons was designated
as an identified TIS peak (Lee et al. 2012; Gao et al. 2015). Only the
TIS peaks present in both biological repeats were included in
downstream analyses. To assess the false-positive and false-nega-
tive rates of our TIS identification pipeline, we used genes for
which the number of CHX reads mapping within five codons
downstream from the annotated TISs was in the top 10th percen-
tile of read counts and genes with <5 CHX reads mapping within
the same window as described previously (Lee et al. 2012). Of the
genes in the top 10th percentile (n=3244), 82.3% had a TIS peak
call at the annotated TIS; the remaining 18% of genes with high
CHX signals but without TIS peak calls at annotated TISs were re-
garded as false negatives. Of the 24,592 genes with <5 CHX reads,
4.1% had a detected TIS at an annotated TIS and were regarded as
false positives. The AUG and near-cognate codons without transla-
tion initiation signals (Fig. 4D-F) were required to meet the follow-
ing criteria: (1) located upstream of the most downstream TIS
identified in the annotated 5 UTR of the same gene; and (2)
have mapped reads=0 in the LTM sample and >1 in the mRNA
sample.

The data sets of in vivo human TISs and expression levels of
TIS/CDS/mRNAs in LTM/CHX/RNA samples are from a published
study (Gao et al. 2015). The sequences of CDSs and cDNAs used to
determine the overall codon composition and the presence of 5’
UTRs in genes in humans were retrieved from the Consensus
Coding Sequence and Ensembl websites.

Determination of translation efficiency and tRNA abundance

The translation efficiency of the main ORF of a given gene (Fig. 5A,
B; Supplemental Fig. S7B) was determined by normalizing the

reads per kilobase per million mapped reads (RPKM) values for
the CDS in the CHX sample to the RPKM values for the CDS in
the mRNA sample. The translation initiation efficiencies at TISs
(Fig. 3B) were determined by normalizing the RPKM values in a
given TIS (a 5-nt window flanking the TIS) in the LTM sample to
those in the transcribed regions of a gene with the TIS in question
in the mRNA sample.

The transcript abundance of tRNAs was determined by map-
ping the sequencing reads from the total RNA data sets to the an-
notated S. lycopersicum tRNA loci retrieved from the SL2.5 version
of the reference genome in Ensembl Plants (https://plants.ensembl
.org) using Bowtie 2 (Langmead and Salzberg 2012) and are shown
as the number of mapped reads as calculated with BEDTools
(Quinlan and Hall 2010). Because multiple tRNA loci correspond
to the same anticodon, the number of reads mapped to the
tRNAs with the same anticodon was summed to represent the
tRNA abundance for each codon.

Calculation of PWM scores for the flanking regions of TISs

The degree of sequence similarity between the flanking regions of
alternative TISs and annotated TISs was summarized as position-
weight matrix (PWM) scores (Fig. 4F) as described previously
(Reuter et al. 2016). Briefly, a PWM matrix for a 13-nt window
flanking the annotated TISs was computed by calculating the
log, ratio between nucleotide frequency of all annotated TISs
and the background, that is, the nucleotide frequency of the entire
5 UTR regions of all annotated genes. Thus, a positive value for a
certain nucleotide at a given position indicates that the nucleotide
is present more often in annotated TISs than in the background. A
PWM score for an alternative TIS in question was then calculated
by inputting the 13-nt sequences flanking the alternative TIS to
the PWM matrix to obtain a PWM score (Reuter et al. 2016).
Thus, a higher PWM score indicates a higher degree of sequence
similarity between the input sequence and the sequence surround-
ing annotated TISs.

Prediction of chloroplast and mitochondria localization

Mitochondria and chloroplast localization predictions were per-
formed using TargetP with specificity >0.9 (Emanuelsson et al.
2000) and LOCALIZER with default parameters (Sperschneider
et al. 2017). Both TargetP and LOCALIZER show >60% sensitivity,
>89% specificity, and >87% accuracy in predicting the chloroplast/
mitochondria localization of experimentally supported proteins
(Sperschneider et al. 2017). The organelle localization was assigned
to the protein in question when at least one of the prediction tools
indicated organelle localization.

Conservation of alternative TISs in orthologous gene pairs

To identify the orthologous gene (OG) pairs between tomato and
Arabidopsis, an all-versus-all comparison of protein sequences
was run on a combined set of S. lycopersicum and Arabidopsis genes
using BLAST, and the OG pairs with the best reciprocal match be-
tween species were extracted. For each pair, protein sequences were
aligned using MAFFT (Katoh et al. 2002), and the alignments were
used to determine the K; values using PAML (Yang 2007). Only the
OGs with a K value <5 were extracted to generate a final set of 9349
OGs between S. lycopersicum and Arabidopsis.

For OGs with annotated 5" UTRs and CDSs in both species,
the 5" UTR/CDS sequences were aligned with MUSCLE (Edgar
2004). A TIS identified in tomato was considered to be conserved
(i.e., shared) if an Arabidopsis TIS peak was located at the same po-
sition in the aligned sequences and corresponded to the same co-
don (Fig. 7B; Supplemental Fig. S9A). To reveal whether the types
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of ORF generated by the TIS were the same between species (Fig.
7B; Supplemental Fig. S9A), ORFs were divided into different sub-
types as previously performed in mammalian cell studies (Lee et al.
2012): uTISs were divided into two subtypes, “N-terminally ex-
tended” versus “overlapping” and “separate” (Supplemental Fig.
S4A); dTISs were divided into two subtypes, “N-terminally truncat-
ed” and “separate” (Supplemental Fig. S4B).

Transient expression assay for protein expression
and localization

Total RNAs isolated from tomato leaves using TRIzol reagent
(Thermo Fisher Scientific) were used for the synthesis of cDNA
with SuperScript II Reverse Transcriptase (Thermo Fisher
Scientific). The 5 UTR and CDS fragments encompassing the an-
notated and alternative TISs of the genes of interest (Figs. 2, 6;
Supplemental Fig. S8) were amplified by PCR with the primers list-
ed in Supplemental Table S4 and cloned into the pCambial390-
RFP, pGWBS520-Myc, and pk7FWG2-eGFP Gateway destination
vectors (Thermo Fisher Scientific). The site-directed PCR-mutagen-
esis of TISs in genes was performed using the primers listed in
Supplemental Table S4 according to the manufacturer’s instruc-
tions (QS Site-Directed Mutagenesis Kit, NEB).

To detect protein expression using immunoblotting, leaves of
3- to 4-wk-old N. benthamiana plants grown at 25°C under a 12-h
light/12-h dark period were infiltrated with Agrobacterium tumefa-
ciens strain LBA4404 carrying protein expression constructs.
Infiltrated leaves were collected after 2-3 d for protein extraction
and detection as described previously (Liu et al. 2013). The Myc-
specific (GenScript A00173-40), GFP-specific (Roche 1181446
0001), RFP-specific (Rockland 600-401-379), and actin-specific
(Sigma-Aldrich A0480) primary antibodies were used at concentra-
tions of 1:3000, 1:5000, 1:3000, and 1:10,000, respectively.
The anti-mouse (Promega W4021) and anti-rabbit (Promega
‘W4011) HRP-coupled secondary antibodies were used at concen-
trations of 1:100,000 and 1:20,000, respectively, for detecting
Myc/GFP/RFP fusion proteins via chemiluminescent detection
(Millipore).

To reveal protein localization, A. thaliana protoplasts isolated
from 2- to 3-wk-old leaves were transformed with GFP-tagged pro-
tein expression constructs. Images were acquired from protoplasts
16-24 h after transformation with a Zeiss LSM 780+ELYRA confo-
cal microscope. Protoplasts were treated with MitoTracker Red
CMXRos (200 nM, Thermo Fisher Scientific) to label mitochon-
dria. Three- to 4-wk-old tobacco leaves were cotransformed with
GFP-tagged protein expression constructs and the CD3-992 mito-
chondria-mCherry marker (Nelson et al. 2007) via agro-infiltra-
tion. Images were acquired from leaves 65-68 h after
transformation with a laser scanning confocal (LSM710) imaging
system. At least two independent transient expression assays
were performed with consistent results.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE143311. Scripts for preforming analyses in this study are avail-
able as Supplemental Code.
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