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Abstract

Plant viruses with densely packed genomes employ noncanonical translational strategies to increase the coding capacity
for viral function. However, the diverse translational strategies used make it challenging to define the full set of viral genes.
Here, using tomato yellow leaf curl Thailand virus (TYLCTHYV, genus Begomovirus) as a model system, we identified genes
beyond the annotated gene sets by experimentally profiling in vivo translation initiation sites (TISs). We found that unan-
ticipated AUG TISs were prevalent and determined that their usage involves alternative transcriptional and/or translational
start sites and is associated with flanking mRNA sequences. Specifically, two downstream in-frame TISs were identified in
the viral gene AV2. These TISs were conserved in the begomovirus lineage and led to the translation of different protein
isoforms localized to cytoplasmic puncta and at the cell periphery, respectively. In addition, we found translational evi-
dence of an unexplored gene, BV2. BV2 is conserved among TYLCTHYV isolates and localizes to the endoplasmic reticulum
and plasmodesmata. Mutations of AV2 isoforms and BV2 significantly attenuated disease symptoms in tomato (Solanum
lycopersicum). In conclusion, our study pinpointing in vivo TISs untangles the coding complexity of a plant viral genome
and, more importantly, illustrates the biological significance of the hidden open-reading frames encoding viral factors for
pathogenicity.

Introduction life cycle and disease symptom development are critical.

Notably, due to the small size of viral genomes and the
Diseases caused by viruses greatly reduce crop yield and  need to express multiple structural/enzymatic/regulatory vi-
quality and are a major issue in crop production. To develop ral proteins, plant viruses use diverse noncanonical transla-
effective antiviral strategies, pathogenesis studies investigat-  tional strategies to maximize the coding capacity of their
ing how viruses encode proteins that contribute to the viral genomes. These strategies include dividing their genomes
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IN A NUTSHELL

Background: When viruses such as begomoviruses infect plants, they hijack the host translation machinery to
drive the expression of their proteins. This process causes viral disease, leading to great yield losses in crops such
as tomato. To develop effective antiviral strategies, pathogenesis studies are needed to investigate how virus-
encoded proteins contribute to the viral lifecycle and disease symptom development.

Question: Plant viruses with densely packed genomes employ noncanonical translational strategies to increase
their coding capacity. However, the diverse translational strategies used make it challenging to define the full set
of viral genes.

Findings: To obtain a global view of viral genes expressed during the lifecycle of tomato yellow leaf curl Thailand
virus, we investigated the sites on viral mMRNAs that can initiate protein translation using a technique for globally
mapping in vivo translating ribosomes. We found multiple initiation sites that encode viral factors important for
disease symptom development in tomato. Our findings suggest that the complexity and diversity of plant virus
coding capacity are underappreciated.

Next steps: Our findings raise the next grand questions: How are the newly identified open reading frames in-
duced during viral infection, and how do they contribute to viral pathogenesis? Thus, the next important steps
are to elucidate the mechanistic basis of the cis- and trans-regulatory factors involved in viral gene expression

and how these new viral factors coordinate the viral lifecycle and function during pathogenesis in plants.

into smaller segments, producing monocistronic subgenomic
RNA, and encoding a polyprotein that is subsequently pro-
teolytically cleaved into individual proteins (Firth and
Brierley, 2012; Hull, 2014; Miras et al,, 2017; Jaafar and Kieft,
2019). Another key strategy is to initiate translation from
noncanonical initiation sites, which can be achieved through
internal ribosome entry, leaky scanning, and re-initiation
mechanisms and results in AUG- and non-AUG-initiated
open-reading frames (ORFs) that are separate from, overlap
with, or are nested within annotated coding regions and are
densely packed in the viral genome (Firth and Brierley, 2012;
Hull, 2014; Stern-Ginossar, 2015; Miras et al., 2017). However,
in silico prediction of noncanonical initiation sites, which of-
ten lack well-defined sequence signatures, is quite challeng-
ing, making it difficult to elucidate the full set of functional
genes in viruses.

By integrating sequence conservation and statistical analy-
ses, several plant virus studies have successfully uncovered
hidden AUG- and non-AUG-initiated ORFs that overlap
with or are located within known genes (Chung et al,, 2008;
Ling et al, 2013; Smirnova et al,, 2015). For example, a small
non-AUG-initiated ORF (termed ORF3a) was identified in
poleroviruses and luteoviruses through comparative geno-
mics approaches and was found to encode a 45-48 amino
acid protein required for systemic movement (Smirnova
et al, 2015). Nevertheless, these sequence- and
bioinformatics-based strategies depend on the availability of
a collection of related virus genomes and/or prior informa-
tion about viral genes, thus limiting the identification of
noncanonical ORFs.

Ribosome profiling, combined with translation initiation
inhibitor treatment, is an emerging methodology that facili-
tates the global mapping of in vivo translation initiation
sites (TISs) at single-codon resolution and is used to identify

hidden ORFs expressed in vivo (Ingolia et al, 2017; Lee et al,,
2012). Studies employing in vivo translation initiation se-
quencing have uncovered a number of novel AUG/non-
AUG-initiated ORFs in mammalian viruses (Ingolia et al,
2017; Fritsch et al, 2012; Lee et al, 2012; Stern-Ginossar
et al, 2012 Irigoyen et al, 2016, Machkovech et al, 2019;
Finkel et al, 2020). For example, human cytomegalovirus
was sequenced 20 years ago and was estimated to encode
165-252 ORFs (Davison et al.,, 2003); however, 604 translated
AUG/non-AUG ORFs were later identified and experimen-
tally validated through ribosome profiling analyses (Stern-
Ginossar et al, 2012). Previous ribosome profiling studies in
Arabidopsis thaliana and tomato (Solanum lycopersicum)
have revealed a great number of unannotated TISs at AUG
and non-AUG codons in vivo, which encode different pro-
tein isoforms or novel peptides/proteins (Hsu et al, 2016;
Bazin et al, 2017; Willems et al, 2017, Wu et al, 2019a; Li
and Liu, 2020). These findings indicate that host plants em-
ploy noncanonical initiation mechanisms for protein synthe-
sis. As plant viruses hijack host translational machineries for
translation of their genes (Walsh et al, 2013; Hoang et al,
2021), they may also potentially use noncanonical initiation
sites to translate proteins (Stern-Ginossar and Ingolia, 2015;
Finkel et al, 2018). Nevertheless, compared with the fruitful
discoveries of unannotated and noncanonical translational
events in host plants, the extent to which noncanonical ini-
tiation occurs in plant virus genomes remains largely
unclear, and studies aimed at obtaining a global and in-
depth view of in vivo translated ORFs in plant viruses are
limited.

Plant begomoviruses are single-stranded, positive-sense
DNA viruses. They primarily infect dicotyledonous crops and
cause symptoms including leaf curling/chlorosis and stunting
(Scholthof et al, 2011; Leke et al, 2015; Basak, 2016; Prasad
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et al, 2020). Begomoviruses are either monopartite (with a
~2.6-kb DNA-A component) or bipartite (with both DNA-
A and DNA-B components, each ~2.6 kb in size). So far, six
viral genes in the DNA-A component and two in the DNA-
B component have been characterized and shown to play a
pathogenic role during viral infection (Fondong 2013;
Hanley-Bowdoin et al, 2013; Prasad et al., 2020). Due to the
substantial agricultural losses caused by begomoviruses, sys-
temic identification of the in vivo translated viral elements
and exploration of the hidden ORFs are critical for obtaining
a mechanistic understanding of how plant begomoviruses
infect crops.

Here, employing tomato yellow leaf curl Thailand virus
(TYLCTHV; a bipartite begomovirus) as a model system
(Basak, 2016; Prasad et al, 2020), we set out to profile the
in vivo TISs in a plant viral genome by mapping initiating ri-
bosome positions and to search for hidden ORFs translated
during virus infection of tomato. Our results revealed 17 un-
anticipated AUG and non-AUG start sites, including down-
stream TISs of ORFs encoding protein isoforms of known
genes and novel TISs that direct the translation of distinct vi-
ral proteins. We experimentally investigated three unanno-
tated TISs, determining their translation initiation activities,
the subcellular localization of the corresponding proteins in
plant cells, the translation initiation context of their flanking
sequences, their conservation across different begomovirus,
and their biological effects on pathogenesis to delineate the
molecular basis of their involvement in virus pathogenic
mechanisms. Our study, integrating bioinformatics and ex-
perimental approaches, provides important insights into the
identities of hidden and translated viral elements. In addition,
our findings extend our understanding of viral gene expres-
sion and pathogenicity in tomato-infecting begomoviruses.

Results

Global profiling of the coding potential of TYLCTHV
at single-ORF resolution

To finely resolve the viral genes expressed during TYLCTHV
infection, we conducted transcriptomic and translatomic
profiling. We first carried out total RNA sequencing to iden-
tify the transcribed regions and ribosome profiling combined
with treatment with cycloheximide (CHX), a translation in-
hibitor that prevents translocation of deacylated tRNA from
the P (peptidyl) site into the E (exit) site and stabilizes trans-
lating ribosomes on mRNAs, to map the translated regions
along the genome using total RNAs and ribosome-protected
RNAs extracted from TYLCTHV-infected tomato leaves
(Ingolia et al, 2009; Stern-Ginossar and Ingolia, 2015; Li and
Liu, 2020). The data sets generated from total RNA sequenc-
ing and ribosome profiling with CHX treatment are hereafter
referred to as the RNA and CHX data sets, respectively. To
evaluate the quality of the ribosome profiling data sets, we
mapped reads to both host tomato and TYLCTHV genes. In
contrast to the RNA reads, the CHX reads were located
around the translation start and stop sites and were also
distributed in coding regions of tomato genes
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(Supplemental Figure S1A). The reads mapping to either to-
mato or TYLCTHV genes were ~27-30 nts long and dis-
played significant phasing patterns (i.e. the 3-nt periodicity)
(Supplemental Figure S1, B and C), which are consistent
with the characteristics of ribosome-protected fragments
(RPFs; Ingolia et al.,, 2009).

In TYLCTHV, the RNA signals were primarily located in
annotated genic regions of the viral plus and minus strands
of the TYLCTHV DNA-A and -B molecules (Figure 1, A and
D); thus, the transcribed regions are in line with previous
gene annotations in the TYLCTHV genome and their expres-
sion during virus infection (Hanley-Bowdoin et al, 2013;
Basak, 2016). At the translational level, the CHX read cover-
ages clearly reflect the translated regions of most genes
(Figure 1, B and E). Nevertheless, due to the presence of
polycistronic and overlapping viral genes (top panels,
Figure 1, A and D) and CHX signals being affected by both
translation initiation and elongation rates, it was difficult to
finely pinpoint in vivo TISs and reveal the corresponding
coding regions at a single-gene resolution.

To address this limitation, we further performed ribosome
profiling combined with treatment with lactimidomycin
(LTM), a translocation inhibitor that blocks the very first
round of elongation, to allow us to pinpoint the in vivo TISs
(Schneider-Poetsch et al, 2010; Lee et al, 2012; Gao et al,
2015; Stern-Ginossar and Ingolia, 2015; Li and Liu, 2020); this
data set is hereafter referred to as the LTM data set. As
expected, the LTM reads displayed the characteristics of
RPFs including read lengths of 27-30 nts and 3-nt periodic-
ity (Supplemental Figure S1, B and C). In contrast to the ob-
servation that the CHX read coverage was mainly in coding
regions, the LTM reads predominantly showed sharp peaks
at the annotated TISs of tomato genes (Supplemental Figure
S1A) and those of the viral genes, including AV1, AC2, AC4,
and BC1 (black arrows, Figure 1, C and F). These results sug-
gest that LTM treatment successfully marks in vivo TISs and
allows translated viral elements to be identified at single-
gene resolution.

To globally reveal TYLCTHV ORFs expressed during infec-
tion, we systematically computed the signal differences be-
tween LTM and CHX samples to identify the TIS peaks with
higher LTM signals (Lee et al, 2012; Li and Liu, 2020). In to-
tal, we identified 21 TIS peaks present in two biological rep-
licates (separate experiments; see “Materials and methods”)
and considered these sites to be in vivo TISs used during vi-
ral infection (Figure 1; Supplemental Figure S2A and
Supplemental Table S1). Among the identified TISs, ~86%
were AUG codons (Figure TH) and only four of them over-
lapped with annotated TISs (black arrows in Figure 1, C and
F; circles in Figure 1H). These in vivo TISs were classified
into three categories: previously annotated TISs (black
arrows, Figure 1, C and F; circles, Figure 1, H and 1), TISs that
are in-frame with annotated TISs that initiate translation of
a protein isoform (purple arrows, Figure 1, C and F; squares
in Figure 1, H and 1), and TISs that are distinct from
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Figure 1 Transcriptional and translational profiles of TYLCTHV. A-C, Read densities along the viral plus and minus strands (top and bottom pan-
els, respectively) of the DNA-A molecule of TYLCTHYV for the RNA (A), CHX (B), and LTM (C) samples. Annotated viral genes (gray boxes with di-
rection of expression indicated) and novel ORFs (red boxes) are shown on the top. Black, purple, and red arrows represent the experimentally
derived TISs that were annotated previously (black) or unanticipated, that is either in-frame with annotated TISs (purple) or distinct from anno-
tated TISs (red) as defined in (G). Blue, green and orange bars indicate the reads whose assigned P-sites map to the codon positions 0, 1, and 2
(i.e. phases 1-3, respectively) relative to the 5" end of the plus strand. D-F, As indicated in (A-C), but for the read densities along the DNA-B mol-
ecule. G, lllustration of the types of TISs and the corresponding hypothetical protein products. In-frame (purple): TISs in-frame with and down-
stream of an annotated TIS that lead to the translation of protein isoforms. Distinct (red): TISs out of frame with the annotated ones that lead to
translation of distinct polypeptides. H and I, LTM read intensity (H) and the lengths of TIS-encoded ORFs (I) for the experimentally derived TISs

(n=21) grouped based on the TIS codons and TIS types as defined in (G). RPM: reads per million mapped reads.

annotated TISs and lead to a new ORF (red arrows, Figure 1,
C and F; triangles, Figure 1, H and I).

These results indicate that, in addition to the eight known
viral genes, there was an abundance of uncharacterized
AUG start sites, likely encoding previously unidentified
ORFs.

AUGSY7 is not the TIS for AV2 protein synthesis

To further reveal the biological significance of these hidden
in vivo TISs, we focused on the downstream TISs in AV2
and BV1, which had predominantly higher LTM signals com-
pared with other TISs (squares indicated by arrows,
Figure 1H), and two distinct TISs, which were in-frame with
each other and initiate translation of an uncharacterized
ORF (referred to as the BV2 gene hereafter; triangles indi-
cated by arrows, Figure 1, H and 1). The TISs for the BV1

and BV2 genes will be discussed in detail in subsequent
sections.

AV2, which is required for virus pathogenicity, is a move-
ment protein that facilitates cell-to-cell viral movement; it
also functions as a suppressor of gene silencing (Fondong,
2013; Hanley-Bowdoin et al, 2013; Basak, 2016). While the
annotated start site of AV2 at nucleotide 87 did not show
any initiation signals, an in-frame AUG start site at nucleo-
tide 189 was found to have a TIS peak in both replicates
(Figure 2A; Supplemental Figure S3A and Supplemental
Table S1). In addition, we noticed that an in-frame AUG at
nucleotide 135 of AV2 also showed LTM signals (Figure 2A).
Also, there were CHX signals (representing the translation
status) in the region between AUG135 and AUG189 (gray,
Supplemental Figure S3A). We thus hypothesized that both
the AUG135 and AUG189 sites may serve as actual in-frame
TISs for AV2 expression, with no initiation at AUGS87.
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along the plus strand of the AV2 genic region. The positions and the corresponding codons of the annotated TIS (AUG87; dashed line) and two
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the 5’ ends of the AV2 transcripts revealed via 5’ RACE analyses. The numbers of cloned RNA products are shown. The primer position for AV2
cDNA synthesis is marked with a black arrow. D, Immunoblotting analysis of AV2 proteins (red arrows) with translation driven by the WT se-
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diluted 20-fold. See Supplemental Figure S3 for the undiluted samples. E, As described in (D), but for FLAG-tagged AV2 proteins expressed during
virus infection by co-inoculating N. benthamiana leaves with both the TYLCTHYV infectious clone and the TYLCTHYV infectious clone with a FLAG
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notated AV2 genes among 20 begomoviruses. For the full-length AV2 genes in all 242 begomoviruses, see Supplemental File S1, B and C. The
GenBank accession numbers and the corresponding species names are in Supplemental Data Set S1. GU723742.1 (the TYLCTHV used in this
study) and the associated annotated TIS at position 87 and two identified TISs at positions 135 and 189 are indicated at the top.
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The usage of these downstream TISs could be due to the
production of alternative transcripts with different 5" tran-
script ends (i.e. the transcript with the 5’ end downstream
of the annotated TIS) or the selection of different start sites
along the mRNA during translation (Mejia-Guerra et al,
2015; Kurihara et al., 2018). To explore these possibilities, we
performed 5’ rapid amplification of ¢cDNA ends (RACE) to
identify the 5 ends of the AV2 transcripts. Its transcript
start site was primarily located at nucleotide 125, a position
downstream of the annotated TIS (at nucleotide 87) and
upstream of the identified TISs at nucleotides 135 and 189
(Figure 2C), consistent with the read coverages observed in
the total RNA sample (bottom panel, Figure 2B). These find-
ings suggest that, due to the 5' transcript ends that were
downstream of the annotated TIS, the annotated AUG87 is
unlikely to serve as the TIS for AV2 translation.

AUG135 and AUG189 serve as TISs for AV2 protein

synthesis

To examine the usage of in-frame AUG135 and AUG189 start
sites along the AV2 mRNA for protein translation, we cloned
the partial AV2 gene fragment ranging from the 125th to
227th nucleotides under the control of the 35S promoter and
fused with a MYC tag (Figure 2D, p35S5:AV2). We introduced
single mutations at AUG135 (M135au6_.6cc) and AUG189
(M189auG—acc) and double mutations at both AUG135 and
AUG189 into p355AV2 to generate the p355:M135,
p355:M189, and p355:M135/M189 constructs and used these
constructs to reveal AUG135- and AUG189-initiated AV2-
MYC proteins signals in Nicotiana benthamiana leaves tran-
siently expressing these constructs (see “Materials and meth-
ods”). We then performed immunoblot analysis with anti-
MYC antibodies. Similar protein bands were detected from
leaves expressing p35S:AV2 (wild-type [WT]), p355:M135, and
p355:M189, but not from leaves expressing p355:M135/M189
(red arrows, Figure 2D). These results suggest that both
AUG135 and AUG189 contribute to the initiation of AV2
protein expression.

To further explore whether the distinct AV2 protein iso-
forms are expressed during viral infection, we fused a FLAG
epitope fragment in-frame with the C-terminus of the AV2
gene in a TYLCTHV infectious clone (pTYLCTHV-FLAG,
Figure 2E), which allowed us to detect AUG135- and
AUG189-initiated AV2-FLAG proteins. Proteins extracted
from N. benthamiana leaves co-inoculated with pTYLCTHV-
FLAG and the TYLCTHYV infectious clone were used to de-
tect endogenous AV2 proteins. Plants expressing the WT
AV2 and AV2 with single mutations at AUG135 (M135) and
AUG189 (M189) all showed AV2-FLAG protein signals, while
those expressing the double mutant (M135/M189) AV2
showed much weaker signals (Figure 2E). Note that the mu-
tation at AUG87 (M87auc—cca) did not affect AV2-FLAG
protein signals (Supplemental Figure S3D). In addition, com-
pared with the WT, the M189 mutant caused a slight reduc-
tion in signals, whereas the mutation at AUG135
substantially reduced AV2-FLAG expression (Figure 2E and
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Supplemental Figure S3C). These results, together with the
finding that the primary 5" end of the AV2 transcript is lo-
cated downstream of the annotated AUG87 TIS (Figure 2C),
indicate that AV2 gene expression is under the control of al-
ternative transcriptional and translational start sites. Note
that we assume that there would be transcripts with 5’
ends upstream of the annotated TIS of AV2 (i.e. AUG87)
and thus the transcripts with the detected 5’ ends at
nucleotides 125 (Figure 2C) are considered to be transcribed
from an alternative transcription start site. Consequently, in-
stead of the annotated TIS, the two downstream in-frame
TISs, especially AUG135, initiate AV2 protein synthesis.

To assess whether the preferential usage of AUG135 is
influenced by local mRNA sequence elements (Kozak, 1986,
1987; Merchante et al, 2017), we examined the flanking se-
quence contexts around the regions of AV2 TISs. Compared
to AUG87 and AUG189, AUG135 had stronger Kozak se-
quence contexts, with an A at -3 position and a C and A at
the -4 and -2 positions (Figure 2G), which are known to be
associated with TIS activity in mammalian and tomato
genes (Noderer et al, 2014 Li and Liu, 2020). Supporting
this observation, analyses of the flanking sequence similarity
between the viral TIS sites and the annotated AUG sites of
tomato genes (Figure 2F) (shown as position weight matrix
[PWM] scores, see “Materials and methods”) showed that
AUG135 had higher PWM scores than AUG189 (Figure 2G).
In addition, the AUG135 sites shared among begomoviruses
showed higher PWM scores than the nearest upstream
AUG sites (Figure 2H, see “Materials and methods”).

To validate the relationship between the flanking se-
quence contexts and the differential usage of AUG135 and
AUG189 sites (Figure 2, D, E, and G), we inserted an addi-
tional “A” nucleotide into the region between these two
AUG sites in the p35S:AV2 construct so that only the
AUG189-initiated AV2 ORF was fused in-frame with MYC
tag and could be detected via immunoblot analysis (left
panel, Figure 2I). By further introducing mutations in the
flanking sequences of AUG135 and AUG189, we found that,
compared to the WT sequences, the poor initiation context
(including the poor Kozak sequence with the T at -3 and C
at +4 positions) of AUG135 (Poor135) led to higher
AUG189-initiated AV2-MYC signals (red arrows, right panel
in Figure 21). The most substantial increase in AV2-MYC ex-
pression occurred in the double mutant of Poor135 and
Perfect189 (i.e. the AUG189 site with perfect initiation con-
texts including the Kozak sequence with A at position -3
and G at position +4) (Figure 2I). These observations indi-
cate that the usage of AUG189 was influenced by the initia-
tion contexts of both AUG135 and AUG189 and suggest
that AUG189 translation initiation can be activated by ribo-
somes bypassing AUG135 sites via a leaky scanning mecha-
nism. Together, these findings show that the local mRNA
sequence was associated with the differential usage of AV2
AUG135 and AUG189 TISs.

To assess the biological significance of alternative TISs in
AV2 gene expression in begomoviruses, we examined the
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evolutionary conservation of these two in-frame TISs among
different TYLCTHV isolates and in all begomoviruses
(n=242) listed in the International Committee on
Taxonomy of Viruses (ICTV; https://talk.ictvonline.org). The
in-frame AUG135 and AUG189 sites were observed across
different TYLCTHV isolates found in different countries (i.e.
Thailand and Taiwan in Supplemental File S1A). We further
found that the AUG135 and AUG189 TISs, but not the an-
notated AUG87 TIS, were shared in >89% (216 and 213
out of 242) of begomoviruses (Supplemental File S1, B and
C and Supplemental Data Set S1), including those that can
infect different crop species such as sweet potato, cassava,
and spinach (Figure 2J and Supplemental Data Set S1).
Together, these results reveal the evolutionary conservation
of these two in-frame AUG135 and AUG189 TISs, at least in
the genus Begomovirus.

AUG135- and AUG189-encoded AV2 isoforms
contribute to virus pathogenicity

Our data suggested that the AV2 gene can encode different
protein isoforms via two in-frame TISs, AUG135 and
AUG189 (Figure 2). To assess the biological roles of these
protein isoforms in virus pathogenicity, we examined the ef-
fect of mutations in these in-frame AV2 TISs in TYLCTHV-
infected tomato. Compared with the WT TYLCTHV, which
induces significant yellow leaf curling symptoms in systemic
leaves of tomato plants, mutations in AUG135
(M135,0u66cc) and AUG189 (M189auc—.cco) €each led to
attenuated disease symptoms (Figure 3, A and B and
Supplemental Figure S4) and lower accumulation of viral
DNA in infected leaves (Figure 3C). On the other hand,
TYLCTHV with a mutation in the annotated TIS
(M87auG—ccc) had levels of disease symptoms and viral
DNA accumulation similar to those observed for the WT vi-
rus (Figure 3, A and C), reflecting the lack of in vivo transla-
tion initiation activity at the annotated TIS of AV2
(Figure 2A). The AUG189 mutation (M189auc_.ccc; methio-
nine to alanine) was designed to block the expression of the
AUG189-initiated AV2 isoform, but it can also lead to a
nonsynonymous mutation that changes the AUG135-
initiated AV2 protein sequence. Thus, to minimize the off-
target effects of the nonsynonymous AUG189 mutation in
AUG135-initiated protein sequence/function, we also mu-
tated the AUG189 site to GUA and UUA, which encode va-
line and leucine, respectively, with physico-chemical
properties similar to those of methionine (Creixell et al,
2012; Machkovech et al, 2019). The different mutants all
showed similar phenotypes: attenuated disease symptoms in
the host plant (Figure 3, D-F).

In addition, overexpression of the AUG189-initiated AV2
isoform in N. benthamiana leaves infected by the TYLCTHV
M189 mutant (i.e. TYLCTHV infectious clone with the
M189u6—.ccg Mutation) had significantly higher viral DNA
abundance than leaves infiltrated with the control vector
and TYLCTHV M189 mutant alone (blue versus orange,
Figure 3G). A similar pattern was also observed in leaves
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transformed with the TYLCTHV M135 mutant overexpress-
ing the AUG135-initiated AV2 isoform (Figure 3G), showing
that the expression of either isoform can partly recover the
viral pathogenicity of the M135 and M189 virus mutants, re-
spectively. Together, our results support the notion that the
distinct AUG135- and AUG189-initiated protein isoforms
function in pathogenicity.

To characterize the molecular features of distinct AV2
protein isoforms, we transiently expressed the GFP-tagged
AV2 proteins in N. benthamiana leaves to reveal their sub-
cellular locations (Figure 3l1). In line with previous studies of
AV2 protein localization (Rojas et al, 2001; Moshe et al,
2015), both AUG135- and AUG189-initiatied protein iso-
forms were localized to the cytosol and nucleus
(Supplemental Figure S3E). Intriguingly, while the AUG135-
initiated isoform formed significantly more cytoplasmic
punctate dots, as revealed in previous studies (Moshe et al,
2015; Zhao et al, 2018), more of the AUG189-initiated iso-
form was localized at the cell periphery (Figure 3, H and J),
showing the differential localizations of these two AV2 iso-
forms. In addition, the reciprocal complementation tests (i.e.
overexpressing the AUG189-initiatied protein isoform in the
TYLCTHV M135 mutant and vice versa) showed that the
overexpression of a given isoform was unable to recover the
viral DNA contents of the viral mutant in question
(Supplemental Figure S3F). Together, these findings suggest
that AUG135- and AUG18%-initiatied protein isoforms may
play distinct roles in pathogenicity.

AUG174 but not AUG 147 is required for BV1
translation and viral pathogenicity

BV1 is a nuclear shuttle protein that transports viral single-
stranded DNAs between the nucleus and cytoplasm
(Fondong, 2013; Hanley-Bowdoin et al, 2013; Basak, 2016).
We found that the annotated AUG start site (at position
147) of BV1 did not show initiation activity. On the con-
trary, a downstream in-frame AUG site at position 174 over-
lapped with a TIS peak (Figures 1F and 4A; Supplemental
Table S1) and had the highest LTM signal among alternative
TISs (square indicated by arrow, Figure 1H). These observa-
tions suggest that the AUG174 site is likely the in vivo TIS
of the BV1 gene. 5’ RACE further showed that the 5’ tran-
script end of BV1 was mainly located at nucleotide 165, a
position between the annotated AUG147 and the down-
stream in-frame AUG174 TISs (blue, Figure 4C), which is
consistent with the read coverages revealed in the total
RNA sample (bottom panel, Figure 4B). These results indi-
cate that the usage of the AUG174 site as a TIS was due to
the production of a transcript with a 5’ end that differs
from that previously annotated.

The analysis of local mRNA sequences around BV1 TISs
showed that compared with the AUG147 (the annotated
TIS) and AUG156 sites (the downstream in-frame AUG site)
in BV1, AUG174 (the downstream in-frame AUG site with
LTM signals) had higher PWM scores (Figure 4D). In addi-
tion, sequence alignment revealed that AUG174 start sites


https://talk.ictvonline.org
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac019#supplementary-data

In vivo translation start sites of plant viruses THE PLANT CELL 2022: 34; 1804-1821 1811
A Mock WT G
1000
i 5001 - - Mock+vector
Z 200 —* —* | mm WT+vector
>0
z 5150 Mutant+vector
9 g mm Mutant+AV2 Isoform
t 5100
8
B C Mock = WT = M87 M135 mm M189 2 S
1.5 <
Mock == M135 < DNA-B >
» 67w WT == M189 E Z2NAsD ©
g == mer > 1.0 AUG135 AUG189
c T3 1.0
£ Eg
2] 9%
g s 2 ] s H 135 189
& 2 b B 28 ' AUG135 | AV2 GFP
* s o B B AUG189
[] * %
o ‘o " AUG135
8 12 16 20dpi 8 12 16 20dpi 8 12 16  20dpi AUG189

WT 1896¢c6 189cua 189uua

E F Mock =mWT ==GCG GUA == UUA | o 8 0\.‘,%00@ J
O
Mock B GCG = UUA MY &Y
6 mmwt GUA < DNA-A DNA-B 25 p—
x o J— o
) 11 14 40 -— 2
E 2y 2y~
= 4 =2 30 g 15] T
3 S - X
3 * = 0.5 0.5 251 g 1 .
" 2 * =3 . . 2 *
a . * ¥ .g © . Anti-GFP #® 5] ""'!"..
5 - x _* _— N ‘
L2 0 7 sEos AUG135 AUG189
9 18 dpi - - CBR
18 dpi 18 dpi

Figure 3 Mutations of the downstream TISs in AV2 impair virus pathogenicity. A, Tomato plants infected with infectious clones with WT sequen-
ces, infectious clones with a mutation in the annotated AV2 TIS (M87aug—.ccc) or downstream TISs (M1356_.6cc and M189au6-—.6cg), and no
viral DNAs (Mock). Photographs were taken at 20 dpi. B, Disease indexes representing the quantitative disease severities of the infected plants (in-
dicated in (A)) at the indicated dpi. Data are shown as mean =+ se from three biological repeats. In each repeat, three to four plants were included.
The disease severity scores are defined in Supplemental Figure S4. *Statistically significant difference (P < 0.05) between plants expressing the WT
infectious clone and those expressing infectious clones with mutations, as determined by Student’s t test. C, The relative abundance of DNA-A
and DNA-B molecules in infected plants (indicated in (A)) determined by quantitative PCR analyses. D-F, As described in (A-C), but with the
AUG189 (WT) site mutated to GCG, GUA, and UUA. G, The relative abundance of the DNA-A molecule as described in (C), but for N. benthami-
ana leaves inoculated with TYLCTHYV infectious clones with AUG135 and AUG189 mutations (left and right groups, respectively), and with over-
expression plasmids encoding AV2-MYC isoforms initiated at AUG135 and AUG189 (left and right groups, respectively; see “Materials and
methods”). Mock and vector: N. benthamiana leaves infiltrated with agrobacteria without virus clones and with agrobacteria carrying the MYC-
containing plasmid without the AV2 fragment (i.e. the plasmid without target gene sequences). *A statistically significant difference (P < 0.05) be-
tween mutants with/without AV2 isoform expression, as determined by Student’s t test. H and |, The subcellular localization (H) and expression
(1) of the GFP-tagged AV2 proteins encoded by AUG135 and AUG189, revealed through confocal and immunoblot analyses, respectively. Scale
bar = 10 um. Agro and Vector: N. benthamiana leaves infiltrated with agrobacteria without an expression plasmid and with agrobacteria contain-
ing the empty expression vector (i.e. the plasmid without target gene sequences). J, Quantification of the AV2-GFP punctate structures in a given
confocal image by Image). The values from two leaves, with four different areas chosen for each leaf, are shown. P-values: test of whether the num-
bers of punctate structures calculated differ between AUG135- and AUG189-initiated protein isoforms (Mann—Whitney U test).

were more commonly found than AUG147 in some bego-
moviruses and among TYLCTHV isolates (Figure 4, E and F;
Supplemental File S2). The AUG174 sites shared among
begomoviruses showed higher PWM scores than the associ-
ated upstream AUG sites (Figure 4G). Collectively, these
observations suggest that the annotated AUG147 site is un-
likely to serve as a TIS and that the AUG174 site is the
in vivo TIS of the BV1 gene.

We then generated mutations in the BV1 AUG147
(M’|47AUG~>GCG) and AUG174 (M174AUG~>GCG) TISs to

assess their biological roles during TYLCTHV infection.
Compared with the WT infectious clone, the clone with a
mutation at location 174 (M1745uc—ccc), but not the
clone with a mutation at location 147 (M147a0c_.ccc), dis-
played significantly delayed leaf-curling symptom develop-
ment (Figure 4, H and I) and also led to lower accumulation
of viral DNAs, especially the DNA-B molecule (Figure 4)).
These data support the hypothesis that the downstream in-
frame AUG174 start site is required for BV1 expression and
function in virus pathogenicity.
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Figure 4 A downstream TIS is used for BV1 expression and is required for virus infection. A, As described in Figure 1, A-C, but for the LTM, CHX
and RNA read densities along the plus strand of the BV1 and BV2 genic regions. The annotated TIS (AUG147; dashed line) and one downstream
TIS (AUG174) of BV1 and two TISs (AUG208 and AUG229) of BV2 supported by LTM signals (gray arrows) are indicated. B, As indicated in (A),
but for the positional distributions of the 5’ ends of LTM and RNA reads. C, The positional distribution of the 5’ ends of the BV1 and BV2 tran-
scripts (gray and red boxes; top panel) as described in Figure 2A. Two sets of results (middle and bottom panels) generated from two distinct pri-
mers targeting BV1 (blue arrow in top panel) and both BV1 and BV2 (green arrow in top panel) are shown. D, As described in Figure 2G, but for
PWM scores of AUG sites from the region ranging from 138 to 237 nt. E and F, As described in Figure 2J, but for the amino acid sequence align-
ments of annotated BV1 genes among 20 begomoviruses (E) and TYLCTHYV isolates found in Taiwan (red) and in Thailand (black) (F). For all bego-
moviruses, see Supplemental File S2. G, As described in Figure 2H, but for the PWM scores of AUG sites of begomovirses that were aligned to
AUG174 of TYLCTHV DNA-B molecule and the associated nearest upstream AUG sites. Red: the AUG174 site of TYLCTHV DNA-B and its associ-
ated nearest upstream AUG sites. H-), As described in Figure 3, A-C, but for the phenotypes (H), disease indexes (1), and viral DNA abundances
()) of tomato plants infected with infectious clones with WT sequences, with mutations at the annotated TIS (M147 16 _.gcc) or downstream TIS
(M174a716_.ccc), and without viral DNAs (Mock). Photographs were taken at 17 dpi. The annotated TIS at position 147, the in vivo TISs at posi-
tions 174, 208, and 229 and the AUG site at position 156 that is identified based on sequences are indicated.

Identification of an unexplored ORF, BV2, during
virus infection

Among the 10 experimentally derived TISs that encode dis-
tinct ORFs in TYLCTHV (red arrows, Figure 1, C and F; trian-
gles, Figure 1, H and 1), two in-frame TIS peaks were located
at a single unannotated ORF and can initiate translation of
120 and 113 amino-acid protein isoforms with alternative
N-termini (triangles indicated by arrows, Figure 1, H and |
and Supplemental Table S1). The ORF identified here is not
a commonly reported ORF among begomoviruses, but has
been predicated as the BV2 gene in the TYLCTHYV isolates
found in Thailand (AY514633, AY514635, and AF141897)

(Figure 5A). Nevertheless, the biological significance of BV2
remains unclear.

By analyzing the sequence identity among begomovi-
ruses and TYLCTHYV isolates, we further found that BV2
was present in TYLCTHY isolates found in Taiwan and
Thailand, with amino acid identities > 78% (Figure 5A).
To examine whether BV2 exists in other begomoviruses,
we first identified the putative AUG-initiated ORFs in the
DNA-B molecules of all begomoviruses via sequence pre-
diction (see “Materials and methods”; Supplemental
Figure S5A). The pairwise comparisons of amino acid
sequences between the predicted AUG-ORFs (n = 48) and
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Figure 5 Characterization of an unexplored BV2 gene that affects virus pathogenicity. A, As described in Figure 2J, but for the amino acid sequence
alignments of the BV2 gene from different TYLCTHYV isolates found in Taiwan (red) and in Thailand (black). The identified TISs (208 and 229; black
arrows) in TYLCTHV are indicated. B, The estimated BV2/BV1 translation expression ratio for the overlapping regions between BV2 and BV1
(pink) and nonoverlapping region of BV1 (cyan) in two biological replicates shown for the ratios generated by 100,000 bootstrap resampling. P-val-
ues are derived from two-tailed Kolmogorov—Smirnov test. C, As described in Figure 2D, but for the protein expression of the BV2 gene with trans-
lation driven by the WT sequence from the region ranging from 165 to 285 nt or sequences with single or double mutations at positions 174, 208,
and 229 (M174au6—.cca M208auc—cco and M229au6_.cco respectively). D, As described in Figure 2E, but for FLAG-tagged BV2 proteins (red
arrows) expressed during virus infection. The FLAG DNA fragment was inserted into the infectious clone at an internal site or the C-terminal end
of the BV2 gene. Results are shown for infectious clones with the WT sequence or the indicated mutations at positions 208 and/or 229. E, As de-
scribed in Figure 3G, but for the viral DNA-A and DNA-B abundances in N. benthamiana leaves inoculated with TYLCTHV M229,6_.acc mutant,
and with the overexpression plasmid encoding AUG229-initiated BV2-MYC (p35:AUG229-BV2). Mock and Vector: N. benthamiana leaves infil-
trated with agrobacteria without virus clones and with agrobacteria carrying the MYC-containing plasmid without the BV2 fragment. F-H, As de-
scribed in Figure 3, A-C, but for the phenotypes (F), disease indexes (G), and viral DNA abundances (H) of tomato plants infected with infectious
clones with WT sequences, with a mutation at the 208 (M208auc_.ccc) OF 229 (M229au6—.ccc and M229a6.acc) TIS site of BV2, and without
viral DNAs (MOCK). Photographs were taken at 13 dpi.

BV2 showed sequence identities ranging from 10.5% to
25.8%, with the median being 14.3% (Supplemental Figure
S5A), indicating that BV2 was not conserved in
begomoviruses.

A coding region generally has characteristic 3-nt periodic-
ity (i.e. phasing patterns), which can be revealed via CHX
data sets, while a dual-coding region has mixed phasing pat-
terns affected by the translatability of the overlapping genes
(Lulla and Firth, 2020). Thus, by quantifying the differences
of phasing in overlapping and nonoverlapping regions (see
“Materials and methods”), we found that the relative expres-
sion levels of BV1 and BV2 were ~0.89 and ~0.11, respec-
tively. This observation indicates that BV2 was translated at
~11% the level of BV1 in the overlapping regions, which is
significantly higher than that estimated from the nonover-
lapping regions (Figure 5B). It should be noted that the pro-
tein expression assay is expected to provide more accurate

quantification than the CHX phasing analysis performed
here (Lulla and Firth, 2020).

Together, these observations provide translational evi-
dence for an unexplored BV2 gene, which is evolutionarily
conserved among TYLCTHY isolates.

Molecular characterization of BV2 protein synthesis
Since BV2 is a novel and unexplored viral gene, we next
aimed to characterize the molecular basis of its gene expres-
sion. 5 RACE analysis showed that the 5' end of the BV2
transcript was primarily located at nucleotide 165, the same
as that of BV1 (green, Figure 4C), suggesting that the BV1
and BV2 proteins can be translated from a single mRNA
molecule via alternative translation initiation. Note that BV?2
is nested within the BV1 gene, but they are in different read-
ing frames. Thus, the 5 RACE primer used for BV2 targets
both the BV1 and BV2 coding regions (green arrow,
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Figure 4C), while the 5’ RACE primer used for the BV1 gene
specifically targets the BV1 coding region (blue arrow,
Figure 4C). In addition, LTM profiling revealed two in-frame
AUG TISs at positions 208 and 229 of the genomic DNA-B
(Figure 4A and Supplemental Table S1). Collectively, these
results suggest that the BV2 protein can be translated from
a bicistronic mRNA with two in-frame TISs initiating protein
expression.

To test this hypothesis, we cloned the BV1 and BV2 TIS-
containing regions (ranging from nucleotides 165 to 285)
under the control of the 35S promoter and fused them with
MYC (p35S:BV2, Figure 5C). In p35S:BV2, the BV2, but not
BV1, TIS sites were in-frame with MYC, thus allowing us to
detect AUG208- and AUG229-initiated BV2-MYC proteins.
In addition, since the AUG174 TIS site of BV1 showed much
stronger LTM signals than the AUG208 and AUG229 TIS
sites of BV2 (Figure 4A), we also mutated the AUG174 site
to block its TIS activity, thus facilitating the detection of
AUG208 and AUG229 TIS activities, if any. Mutations in
AUG174 (M174a0c.cce; the BV1 TIS site), AUG208
(M208auG—.ccs  the BV2 TIS site), and AUG229
(M229auG—cce the BV2 TIS site) were generated in
p35S:BV2 to produce mutants with different combinations
of single/double/triple mutations, which were then used to
reveal BV2-MYC protein signals in N. benthamiana leaves
transiently expressing these constructs. Immunoblot analysis
using anti-MYC antibodies revealed BV2 signals in leaves
expressing the WT, M174, M174/M208, and M174/M229
constructs (Figure 5C); however, no signals were observed in
the triple M174/M208/M229 mutant (Figure 5C). These
results indicate that both AUG208 and AUG229 can initiate
BV2 protein expression from a single mRNA transcript con-
taining both BV1 and BV2. The observation of this bicis-
tronic transcript is similar to the previous findings that AC2
and AC3 are translated from a single transcript in
Mungbean yellow mosaic virus-Vigna, a bipartite begomovi-
rus (Shivaprasad et al,, 2005; Fondong, 2013).

To further explore whether the distinct BV2 protein iso-
forms are expressed during viral infection, we inserted a
FLAG epitope in-frame with the C-terminus of the BV2 gene
in the TYLCTHV infectious clone (pTYLCTHV-FLAGc termina
Figure 5D) to detect AUG208- and AUG229-initiated BV2-
FLAG proteins. Note that the AUG174 site for BV1 protein
synthesis remained intact and was not mutated here.
Proteins extracted from N. benthamiana leaves co-
inoculated with pTYLCTHV-FLAG and the TYLCTHV infec-
tious clone were used to detect endogenous BV2 proteins
during infection. Leaves expressing the WT pTYLCTHV-
FLAGcC. terminal ©F PTYLCTHV-FLAGc. terminal With single M208
and M229 mutations had detectable BV2 signals (red
arrows, Figure 5D), while those expressing the double M208/
M229 mutant form did not. In addition, when the FLAG tag
was inserted in-frame into the region downstream of the
BV2 TISs (pTYLCTHV-FLAG;, cerman Figure 5D), the BV2 signal
was clearly not detected in the M208/M229 double mutant
(Figure 5D). Lastly, we noticed that the M229 mutation led
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to much weaker BV2 signals than the M208 mutation, a
pattern observed in both the p35S-BV2 and pTYLCTHV-
FLAGC. terminal Systems (Figure 5, C and D). Supporting this
observation, the analysis of flanking sequence contexts
showed that AUG229 had stronger Kozak motifs with G at
+ 4 positions and higher PWM scores (Figure 4D).

In summary, our findings demonstrate the presence of an
unexplored BV2 gene that is nested within the BV1 gene
and expressed mainly from the AUG229 site, which was as-
sociated with the surrounding mRNA sequences, during viral
infection.

BV2 facilitates virus pathogenicity

To this point, we focused on the molecular characteristics of
BV2 gene expression during virus infection (Figure 5). To as-
sess the biological significance of BV2 in virus pathogenicity,
we mutated the AUG208 and AUG229 sites to GCG in the
TYLCTHYV infectious clone to inhibit BV2 expression during
virus infection. The M229,u6.>ccg TIS mutation, but not
the M208auc.>cco showed significantly attenuated leaf
curling symptoms and decreased the viral DNA abundance
compared with WT (Figure 5, F-H). The AUG229 site was
also mutated to ACG, which abolished the AUG TIS site of
BV2 while leaving the BV1-encoded amino acid sequences in
the TYLCTHV infectious clone intact. The M229yG.~ acG
mutation showed significantly delayed disease symptoms
(Figure 5, F=H). In addition, the overexpression of AUG229-
initiated BV2 in N. benthamiana leaves infected by the
TYLCTHV M2294uc. > acc mutant led to significantly higher
viral DNA abundances compared with leaves infected by the
TYLCTHV M229 mutant alone (blue versus orange,
Figure 5E). These results, together with the finding that
AUG229 plays a major role in BV2 expression (Figure 5, C
and D), support the hypothesis that BV2 facilitates
TYLCTHYV infection in plants.

To explore the mechanistic role by which BV2 promotes
viral infection/pathogenesis, we analyzed the functional
domains of the BV2 protein. Transmembrane domains were
predicted in BV2 using Phyre2 and InterPro (Figure 6A;
Supplemental Figure S5B; Kelley et al, 2015; Blum et al,
2021). To validate the prediction, we further assessed the
subcellular localization of BV2 by fusing the BV2 gene with
GFP and transiently expressing the fusion protein in N. ben-
thamiana leaves (Figure 6B). The GFP signals of AUG229-
initiated BV2 colocalized with an ER marker (Figure 6C) and
formed aggregated structures overlapping with aniline blue
signals; aniline blue is a dye that stains callose in plasmodes-
mata (PD) (arrows, Figure 6D). Similar patterns were also
observed for the other BV2 protein isoform initiating from
the AUG208 TIS (Figure 6, B-D). Note that the distribution
of the two BV2 protein isoforms at the cell periphery
(Figure 6D) was likely due to their localization in the ER and
sites of ER-PD convergence (Staehelin, 1997, Wang et al,
2017), since the GFP signals at the cell periphery colocalized
with an ER marker (Supplemental Figure S5C). These results
indicate that BV2 preferentially localizes to the ER and PD,
which are parts of the membrane systems necessary for viral
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Figure 6 Subcellular localization of BV2 in the ER and PD. A, Plot of BV2 protein structure showing the predicted transmembrane domains (yel-
low) analyzed and generated via Phypy2 (http://www.sbg.bio.ic.ac.uk/phyre2). B-D, As described in Figure 3, H and |, but for the protein expres-
sion (B) and subcellular localization (C, D) of the GFP-tagged BV2 protein initiated from AUG208 or AUG229. ER marker: CD3-959 (Nelson et al.,

2007). Aniline blue: a PD dye. Scale bar = 10 um.

replication and cell-to-cell trafficking (Hanley-Bowdoin et al,
2013; Heinlein, 2015; Griffing et al,, 2017).

Discussion

By systematically mapping the in vivo TISs during virus in-
fection, we revealed the TYLCTHV translational profiles at
single-gene resolution and uncovered the global coding po-
tential of this viral genome. Specifically, we found that a
number of unanticipated AUG TISs are used in vivo and
lead to different protein isoforms or encode new ORFs
(Figure 1). The use of these identified TISs likely occurs via
both alternative transcriptional and translational initiation
start sites and was associated with the local mRNA sequen-
ces (Figures 2 and 4). We further experimentally confirmed
that two protein isoforms are initiated from two down-
stream TISs of a single AV2 gene and that both are involved
in symptom development (Figures 2 and 3). Lastly, we dem-
onstrated that BV2, an annotated but not functionally char-
acterized ORF, is nested within a known genic region and
plays a pathogenic role (Figures 5 and 6). These results indi-
cate that the translational start sites used for virus gene ex-
pression are more diverse than previously anticipated and
are required for initiating the translation of viral factors that
function during virus infection of the host.

Our technique employing translation initiation ribosome
profiling provides an in-depth experimental investigation of
viral TISs used in vivo that is not limited by previous knowl-
edge of annotated genes and complements the previous

comparative genomics-based approaches/studies to identify
viral ORFs (Chung et al, 2008; Ling et al, 2013; Smirnova
et al, 2015). The findings of prevalent hidden ORFs
(Figure 1H) indicate that the coding potential of TYLCTHV
is higher and more complicated than predicted by
sequence-based in silico analyses (Figure 1). In addition, our
findings highlight the importance of applying a high-
throughput in vivo approach such as initiation ribosome
profiling to provide a comprehensive catalog of viral ORFs
in genomes and facilitate the identification of viral factors
for plant virus studies.

Our findings showing prevalent novel ORFs (Figure 1H)
further raise the next grand question: to what extent and
how do the newly identified ORFs coordinate TYLCTHV vi-
ral processes and function in pathogenesis? Viral short ORFs
have been suggested to function as cis-regulatory elements
to influence the translation of neighboring genes and/or as
trans-acting factors encoding small peptides that regulate
different processes during the viral lifecycle (Andrews and
Rothnagel, 2014; Hellens et al, 2016; Finkel et al., 2018). For
example, in the herpesvirus, the translation of ORF35.1 and
ORF35.2 has a cis-regulatory function in the translation of
the downstream ORF35 and ORF36 (Arias et al, 2014). A
small non-AUG-initiated ORF (ORF3a) in poleroviruses and
luteoviruses functions as both a cis-element and trans-factor
to alter the protein expression of downstream viral genes
along a transcript and also encodes a small protein required
for long-distance movement (Smirnova et al, 2015). Our
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studies suggest that the AV2 protein isoforms and novel
BV2 proteins encoded during infection are involved in viral
pathogenicity in trans (Figures 2, 3, and 5); however,
whether they could also coordinate the expression of the
surrounding genes in cis remains to be explored. Further
computational/statistical analyses of the results of conserva-
tion and experimental investigations will shed light on the
functions and mechanisms of the newly identified ORFs, in-
cluding the AV2 and BV2 genes (Hellens et al, 2016; Finkel
et al, 2018).

The preferential usage of TISs in a single viral mMRNA can
be influenced by noncanonical translational strategies in-
cluding leaky scanning or cap-independent initiations and
are dependent on sequence contexts such as short 5 UTR
length, Kozak motifs, internal ribosome entry site or tRNA-
like/mRNA secondary structures (Sedman et al,, 1990; Kozak,
1991; Hull, 2014; Miras et al,, 2017). The correlation between
TIS activity and the flanking mRNA sequence contexts in
TYLCTHV AV2/BV1/BV2 genes (Figures 2 and 4) suggests
that the local mRNA sequence and the leaky scanning
mechanism likely play a role in TIS utilization and further
highlights the impact of translational initiation mechanisms
on viral gene expression in begomoviruses. Intriguingly, while
the AUG135/AUG189 in AV2 mainly initiate protein synthe-
sis in TYLCTHV and are shared in >89% of begomoviruses
(Figure 2), we noticed that 9% (22 out of 242) of begomovi-
ruses had an AUG site upstream in-frame to the shared
AUG135/AUG189 sites, an observation similar to that for
the annotated AUG87 in TYLCTHV (Figure 2J and
Supplemental File S1, B and C). A similar observation was
also found for the annotated AUG147 sites and the shared
AUG174 sites in BV1 in some begomoviruses (Figure 4E);
whether some of these AUG sites preferentially serve as TISs
and by which mechanisms remain to be determined.
Further work on the in vivo TIS activities of these annotated
and downstream in-frame AUG sites in various begomovi-
ruses will provide a more comprehensive view of viral gene
expression strategies and address the translational regulation
mechanisms of TIS usage in plant begomoviruses.

In addition, we identified the in vivo TISs using samples of
the systemic leaves with observed disease symptoms and fo-
cused on the TISs present in replicates, which could identify
the robust in vivo TIS sites, but at the cost of possibility
missing the stage-specific TISs. For example, there were few
TIS signals in the ACT and AC3 genes (Figure 1C and
Supplemental Figure S2B), which encode replication initia-
tion and enhancer proteins required for viral DNA replica-
tion during early stages of infection (Fondong, 2013; Prasad
et al, 2020). Since viral factors play distinct roles at different
stages of viral lifecycles (Fondong, 2013; Prasad et al, 2020),
further work on temporal-specific profiling will provide a
more comprehensive and dynamic view of viral gene expres-
sion and address the temporal-specific translational regula-
tion mechanisms of TIS usages during viral infection
processes.
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The AV2 gene acts as a pathogenic determinant by
interacting/co-localizing with multiple viral factors including
AV2 itself and AV1, which might facilitate virus particle traf-
ficking (Moshe et al, 2015; Zhao et al, 2018). AV2 also inter-
acts with host proteins, including the suppressor of gene
silencing 3, CYP1, Argonaute 4, and histone deacetylase 6 to
influence host RNA silencing, the hypersensitive response,
and DNA methylation to alleviate the host defense response
(Glick et al, 2008; Bar-Ziv et al, 2015 Wang et al, 2018;
Wang et al, 2019). Our results demonstrate that two dis-
tinct protein isoforms are encoded from the AV2 gene,
which both function in viral pathogenicity and are located
in different subcellular compartments (Figures 2 and 3).
Since these two protein isoforms and the N-terminal protein
sequences that differ between isoforms did not show any
predicted functional domains, it would be worthwhile to in-
vestigate whether the AV2 isoforms have similar/distinct bi-
ological functions such as silencing suppressor activities. The
mechanisms by which the AV2 isoforms are involved in the
viral lifecycle and virus—host interactions are also worthy of
investigation.

We found that BV2, a previously annotated but not func-
tionally characterized viral ORF, encodes an ER- and PD-
localized viral factor that functions in pathogenicity (Figures
4-6). The finding that BV2 is conserved among TYLCTHY
isolates (Figure 5), but not in begomoviruses (Supplemental
Figure S5A), was not surprising since the BV1 sequence iden-
tities between TYLCTHV and other begomoviruses were also
low (~222%-68.9% identities, with a median of 26.6%)
(Supplemental File S2C) and the DNA-B molecules, in which
BV1 and BV2 are located, show greater genetic variations
than DNA-A components (Briddon et al,, 2010). In addition,
the ER and PD are key checkpoints along the membrane
pathway that serve as virus replication sites and trafficking
routes both intracellularly and intercellularly (Hanley-
Bowdoin et al, 2013; Heinlein, 2015; Griffing et al, 2017).
Several viral membrane proteins are involved in the virus
replication and trafficking process. For example, the p30
movement protein of tobacco mosaic virus is a PD-localized
membrane protein that reshapes PD pores and then enables
viral spreading in plants (Beachy and Heinlein, 2000). The
6K2 protein of potyvirus and the triple gene block 2 and 3
(TGB2/TGB3) proteins of potato virus X are small integral
membrane proteins located in the ER/PD that facilitate rep-
licative vesicle formation and directional trafficking
(Grangeon et al., 2013; Tilsner et al, 2013; Wu et al,, 2019b).
The observation of BV2 localization in the ER and PD
(Figure 6) supports its role in facilitating TYLCTHYV infection
in tomato and suggests the possibility of BV2 functioning in
virus spreading and/or the formation of replicative vesicles
in hosts. Thus, the stages of the viral lifecycle in which ER-
and PD-localized BV2 function and by which mechanisms
BV2 facilitates virus infection are worthy of investigation in
the future.

In summary, our studies provided much-needed insight
into the extent that plant DNA viruses use canonical and
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noncanonical initiation sites to encode diverse viral factors
in small genomes and, more importantly, to enable infection
of hosts. Viruses also manipulate elongation and termination
processes to trigger frameshift or stop codon read-through
in order to expand their protein repertoire (Lewandowski
and Dawson, 2000; Hull, 2014; Jaafar and Kieft, 2019). Thus,
revealing in vivo TISs represents a key first step (but not the
only step) in uncovering the coding potentials of viral
genomes. Future studies on ribosomal frameshifting and
read-through using ribosome profiling and proteogenomic
approaches will further facilitate the identification of the elu-
sive coding features of viral genomes.

Materials and methods

Plant and virus materials

The tomato (S. lycopersicum cv. ANT22) seeds and the
TYLCTHV DNA-A/-B infectious clones (GenBank accession:
GU723742/GU723754) were obtained from the World
Vegetable Center. Approximately 21-day-old tomato plants
grown in a growth chamber under a 12-h light (8:00 to
20:00, 150 pumol m™ s™' provided by light-emitting diodes
[LED] SUN LIGHT Z RGB bulbs [HIPOINT, Taiwan])/12-h
dark cycle were inoculated with Agrobacterium tumefaciens
LBA4404 containing the infectious TYLCTHV DNA-A and -B
clones as described previously (Tsai et al, 2011). To confirm
that the viral DNAs that replicated in plants did not contain
any unexpected mutations, the genomic DNAs from sys-
temic leaves of infected plants were extracted as described
previously (Tsai et al, 2011) and used as templates in poly-
merase chain reaction (PCR) analysis to amplify the whole
virus genome sequence with the primers listed in
Supplemental Table S2. Amplified sequences were then
analyzed by Sanger sequencing.

Chemical treatments and isolation of RPFs and

total RNAs

The systemic leaves of TYLCTHV-infected plants with yellow
leaf curl phenotypes were sampled for total RNA and RPF
RNA preparation. All tomato leaf samples except for LTM-
treated samples were immediately frozen in liquid nitrogen.
For LTM treatment, the excised leaves were treated with 30-
UM LTM (dissolved in DMSO, Merck#506291) for 30 min
before harvesting as described previously (Li and Liu, 2020).
Two biological replicates (i.e. two separate sets of plants
sampled on different days, each containing pooled leaf tis-
sues from individual plants) were harvested.

RNA samples were prepared for the CHX, total RNA, and
LTM datasets as described previously (Li and Liu, 2020). In
brief, to purify the RPF samples for the CHX datasets, the
polysome complexes were isolated from the plant tissue,
which was ground to a powder, using polysome extraction
buffer (20-mM HEPES, 100-mM KCl, 5-mM MgCl,, recipe
from Li and Liu [2020]) containing 100-ug-mL™" CHX, centri-
fuged at 13,000 g at 4°C for 5 min, and digested with RNase
I. The purified RPFs were further resolved in a 15% TBE-
UREA polyacrylamide gel (Invitrogen) and the gel slices
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corresponding to the 26-32 nt region were excised for li-
brary construction. Total RNAs were purified using a
PureLink Plant RNA Reagent (Invitrogen; #12322012) and an
Ribo-Zero rRNA depletion kit (MRZ11124C, Illumina) was
then used for rRNA removal. To purify the RNA samples for
the LTM datasets, the polysome complexes were isolated
from LTM-treated plants, which were ground to a powder,
using polysome extraction buffer, centrifuged at 13,000g at
4°C for 5 min, subjected to puromycin treatment, and proc-
essed for RPF purification as described above for RPF purifi-
cation from CHX samples. The lllumina Hiseq-2500 (single
75-nt end reads) platform was used for the generation of
sequences.

Sequencing data processing

Read mapping and the determination of the P-site of a
read for the CHX, LTM, and total RNA samples were per-
formed as described previously (Li and Liu, 2020). The
reads with P-site assignment were applied in all figures,
except that the positions of LTM and total RNA reads
were assigned to the 5’ ends of reads in order to obtain
better resolution of the 5’ transcript ends in Figures 2B
and 4B (Stern-Ginossar et al., 2012).

The TYLCTHV DNA-A and -B genome sequences and
gene models (GU723742/GU723754) were retrieved
from GenBank (https://www.ncbi.nlm.nih.gov/genbank/;
Supplemental Data Set S1). The S. lycopersicum genome
sequences and gene models were based on the genome
versions SL3.0 and ITAG3.2 (https://solgenomics.net). The
number of mapped reads in each biological replicate is
shown in Supplemental Table S3. The data reproducibility
was high among replicates of the LTM, CHX, and total
RNA samples (Spearman’s rank correlation coefficient >
0.98, P <22 x 107'®) (Supplemental Figure S1D); thus,
the reads from replicates were pooled and used to calcu-
late the read coverage in all figures except Supplemental
Figures S1, S2A, and S3A, which show signals of reads
separately for each replicate.

Identification of in vivo TISs

To identify an LTM peak, which represents an in vivo TIS in
a viral genome, a given peak was required to meet the fol-
lowing criteria (pipeline modified from Lee et al. [2012]; Gao
et al. [2015]; and Li and Liu [2020]): (1) the position in ques-
tion has = 10 LTM reads and shows a local maximum of
LTM read counts in a 7-nt window (-3, +3) flanking the
position in question; (2) the difference between the normal-
ized read intensities (R) of LTM and CHX data is > 0.05. R
was calculated as follows: R = (£)x 10, 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.
When AUGs or near-cognate codons were within 2 nts pre-
ceding or succeeding the codon corresponding to the identi-
fied TIS peak, the position of the AUG or near-cognate
codons was designated as an identified TIS peak. Only the
TIS peaks present in both biological repeats were included
in downstream analyses (Supplemental Table S1).
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5’ RACE

Total RNAs (2-3 pg) were extracted from virus-infected
plant leaves using PureLink Plant RNA Reagent (Invitrogen,
#12322012) and used for 5' RACE assays performed accord-
ing to the manual of the SMARTer RACE 5' Kit (TakaRa).
The PCR products were cloned into the pJET1.2 vector (pro-
vided in the kit) and sequenced with gene-specific nested
primers using Sanger sequencing to reveal the transcript 5
ends. Note that the cap structure at the 5’ transcript end
can be recognized as guanine (G) during reverse transcrip-
tion, which leads to additional Gs in the resulting reads
(Cumbie et al, 2015; Schon et al, 2018); thus, only the
clones with >1 additional Gs in the 5 ends of the resulting
reads were included in 5 RACE data sets to ensure the iden-
tification of 5’ transcript ends. The gene-specific primers for
cDNA synthesis and gene-specific nested primers for PCR
product amplification are listed in Supplemental Table S2.

Generation of protein expression constructs and
infectious viral clones with mutations and
expression tags

To detect the protein isoforms of AV2 initiated from
AUG135 and AUG189 (Figure 2), the genomic region of the
AV2 gene ranging from nucleotide 125 (i.e. the 5 transcript
end, Figure 2C) to nucleotide 227, which is located in the N-
terminus of the AV2 gene, was chosen. For BV2 protein ex-
pression initiated from AUG208 and AUG229 (Figure 5), the
genomic region of BV2 ranging from nucleotide 165 (i.e. the
5" transcript end, Figure 4C) to nucleotide 285 was chosen.
The aforementioned DNA fragments were cloned into pCR8
and mutated at the indicated sites, if any, and then fused
with 10xMYC in the Gateway pGWB520 plasmid. To reveal
expression of the endogenous AV2 and BV2 proteins during
virus infection, 3xFLAG was inserted at the end of AV2 and
BV2 and in the middle of BV2 at the 264 position via restric-
tion enzyme digestion. The primers used are listed in
Supplemental Table S2.

To generate the infectious clones of TYLCTHV DNA-A
and -B, a head-to-tail partial dimer of viral genomes was
cloned into the pCambia0380 binary vector via restriction
enzyme digestion as reported previously (Tsai et al, 2011).
To introduce mutations in the infectious clones, two viral
DNA fragments were released by enzyme digestion, cloned
into the pGEMT/pUC19 vector, mutated via site-direct PCR-
mutagenesis, and then cloned back into the pCambia0380
binary vector as described previously (Tsai et al, 2011).

To reveal the subcellular localization of proteins, the viral
DNA fragment encompassing the indicated region was am-
plified by PCR using infectious clones as a template and
with primers listed in Supplemental Table S2, and then
cloned into the pk7FWG2-eGFP Gateway destination vector.

All site-direct mutagenesis of the tested sites of genes was
performed according the manufacturer’s instructions (Q5
Site-Directed Mutagenesis Kit, E0552S, NEB) using the pri-
mers listed in Supplemental Table S2.
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Quantitative PCR analysis

Genomic DNA was purified from the indicated virus-
infected plants as described previously (Tsai et al, 2011) and
used for quantification of viral DNAs with qPCRBIO
SyGreen Mix (PCR Biosystems Ltd.). The products were ana-
lyzed on a BioRad Real-Time PCR System. The relative abun-
dances of viral DNAs were calculated using the ACt
(threshold cycle) method. The ACTIN gene was used as an
internal control. Primers were designed to target regions of
viral genomes and are listed in Supplemental Table S2.

Assays for expression analysis, subcellular
localization, and functional complementation of
viral proteins

To reveal protein expression initiated from a given TIS in a
transient expression system (Figures 2, D and | and 5C) and
the expression of endogenous proteins encoded by viral
genes during virus infection (Figures 2E and 5D), leaves of 3-
to 4-week-old N. benthamiana plants grown at 25°C with a
12-h light/12-h dark period were infiltrated with A. tumefa-
ciens strain LBA4404 carrying protein expression constructs
and collected after 2-3 days for protein expression assay via
immunoblotting. Total protein extraction and detection
were performed as described (Liu et al, 2013). The primary
MYC-specific ~ (A00173-40,  GenScript),  GFP-specific
(11814460001, Roche), FLAG-specific (F1804, Sigma), and
Actin-specific (A0480, Sigma) antibodies were used at con-
centrations of 1:1,000-1,500, 1:5,000, 1:1,500-3,000, and
10,000, respectively. The anti-mouse (W4021, Promega) and
anti-rabbit (W4011, Promega) HRP-coupled secondary anti-
bodies were used at a concentration of 1:10,000-100,000 for
detecting ACTIN and 1:5,000-20,000 for detecting MYC/
GFP/FLAG fusion proteins via chemiluminescent detection
(WBKLS0500, Millipore; 34095, Thermo).

To reveal protein localization, leaves of 3- to 4-week-old
N. benthamiana plants grown at 25°C with a 12-h light/12-h
dark photoperiod were transformed with GFP-tagged pro-
tein expression constructs via Agrobacterium inoculation.
For the ER localization assay, GFP-tagged protein expression
constructs were co-inoculated with the CD3-959 ER-
mCherry marker (Nelson et al, 2007). For aniline blue stain-
ing, leaves of N. benthamiana at 38 h after inoculation were
infiltrated with 25 pg-mL™" aniline blue (Biosupplies, 100-1)
for 30 min and analyzed under a Zeiss LSM 710 confocal la-
ser microscope. To quantify the punctate-like structures
shown in Figure 3J, light signals from images acquired from
the N. benthamiana leaves at 2-3 days post inoculation
(dpi) with a Zeiss LSM 710 confocal microscope were quan-
tified using Image) software with default settings except that
(1) the size setting was 50 to infinity; (2) the circularity set-
ting was 0.25 to 1.0, and (3) edges were excluded.

To examine the functional complementation of a given
protein isoform, leaves of 3- to 4-week-old N. benthamiana
plants grown at 25°C under a 12-h light (8:00 to 20:00, 150
pmol m™ s~ provided by LED SUN LIGHT Z RGB bulbs
[HIPOINT, Taiwan])/12-h dark period were infiltrated with
A. tumefaciens strain LBA4404 carrying TYLCTHV infectious
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clones with WT sequences or sequences with the indicated
mutation sites. At 7 dpi (i.e. after the first inoculation), the
systemic leaves were infiltrated with the construct overex-
pressing the tested protein isoform and collected at 1.5-5
dpi (i.e. after the second inoculation) for subsequent analysis
of viral DNA abundance using qPCR (as described above).

At least two independent transient expression assays (i.e.
two separate sets of plants on different days) were per-
formed with consistent results.

Phylogenetic analysis

Nucleotide and amino acid sequences of begomoviruses
were retrieved from the ICTV (https://talkictvonline.org)
(Supplemental Data Set S1), and TYLCTHYV isolates were re-
trieved from GenBank. For member species in the genus
Begomovirus, the exemplar viruses for each species indicated
in ICTV were used as representatives. The putative AUG-
initiated ORFs in DNA-B molecules of begomoviruses
(Supplemental Figure S5A) were characterized using custom-
ized scripts with the criteria: TIS at AUG codon and ORF
length > 50 amino acids. When multiple AUG sites were
in-frame and could initiate ORFs that overlapped, only the
AUG site that encodes the longest ORF was included.

The amino acid and nucleotide sequence alignments of vi-
ral genes among different viruses were performed using
SnapGene with the Clustal Omega algorithm and plotted
via JalView (Waterhouse et al, 2009); sequence identity was
calculated using MatGat with BLOSUMS50 scoring matrix
(Campanella et al, 2003). For the begomoviruses with the
annotated AUG TIS site of AV2 and BV1 genes that were
aligned with the AUG135 of AV2 and AUG174 of BV1 in
TYLCTHV (Figures 2H and 4G), these aligned AUG sites and
the AUG site that was nearest upstream to the aligned
AUG site in question in the same begomovirus were
included for PWM score analyses as described below.

Calculation of PWM scores and the estimated
BV2/BV1 translation expression

The degree of sequence similarity between the flanking
regions of a given TIS site and the annotated TISs of tomato
genes was summarized as PWM scores and calculated as de-
scribed previously (Reuter et al, 2016; Li and Liu, 2020).
Briefly, a PWM matrix generated based on a 13-nt window
flanking the annotated TISs of tomato genes with in vivo
translation initiation activity was retrieved from a previous
study (Li and Liu, 2020). A PWM score for a viral TIS in
question was then calculated by inputting the 13-nt sequen-
ces flanking the TIS to the PWM matrix to obtain a PWM
score (Reuter et al, 2016). A higher PWM score indicates a
higher similarity of flanking sequences contexts between a
viral TIS and the tomato TISs used in vivo.

The estimated expression ratios of BV1 (in the phase 3)
and BV2 (in the phase 1) were determined by quantifying
the difference in phasing patterns of CHX signals in the
overlapping and nonoverlapping regions as described previ-
ously (Lulla and Firth, 2020). To assess the statistical signifi-
cance, 100,000 bootstrap resamplings of codon positions in
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the overlapping and nonoverlapping regions, respectively,
were performed to calculate the estimated expression ratios
of BV1 and BV2.

Statistical analysis

The statistical analysis was performed in either GraphPad
Prism version 7 (GraphPad Software; http://www.graphpad.
com/) or R version 4.1.1 (https://www.R-project.org/). The
statistical tests used and the corresponding results are pro-
vided in Supplemental Data Set S2.

Accession numbers

The analytic pipelines for processing the LTM, CHX, and
RNA sequencing data sets were retrieved from a previous
study (Li and Liu, 2020). The calculation of estimated
BV2:BV1 expression ratios was downloaded from a previous
study (Lulla and Firth, 2020). The ribosome profiling and to-
tal RNA sequencing datasets generated from this study have
been submitted to the Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/) under  accession  number
GSE160907.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Characteristics of LTM, CHX,
and total RNA-associated reads mapped to tomato and viral
genes between biological replicates.

Supplemental Figure S2. Read densities along the
TYLCTHV genome in two biological replicates of LTM, CHX,
and total RNA samples.

Supplemental Figure S3. The translation initiation of
AV2 at AUG135 and AUG189 and the subcellular localiza-
tion of the encoded AV2 proteins.

Supplemental Figure S4. The scale used to score the dis-
ease symptoms of virus-infected tomato plants.

Supplemental Figure S5. Characterization of BV2 se-
quence similarity in begomoviruses and subcellular localiza-
tion/protein domains.

Supplemental Table S1. The in vivo TISs identified in this
study.

Supplemental Table S2. List of primers used in the study.

Supplemental Table $S3. Summary of read numbers for
LTM, CHX, and mRNA sequencing data.

Supplemental Data Set S1. List of begomoviruses ana-
lyzed in this study.

Supplemental Data Set S2. Statistical analysis results.

Supplemental File S1. Sequence alignments of the AV2
gene in begomoviruses.

Supplemental File S2. Sequence alignments of the BV1
gene in begomoviruses.
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