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The glutamic acid at position 100 (E'°°) in the capsid protein
(CP) of Odontoglossum ringspot virus (ORSV) plays an important
role in long-distance viral movement in Nicotiana benthamiana.
The ORSVE1?4 mutant, which has a glutamic acid to alanine
substitution, shows a loss of systemic infectivity in N. benthamiana.
Transmission electron microscopy and size-exclusion chroma-
tography assays showed that E!% js essential for CP-CP in-
teraction and viral particle assembly. To identify the
ORSYV triggering or response genes and CP-interacting pro-
teins (CP-IP), an integrated omics approach based on next-
generation sequencing and proteomics profiling was used in this
study. The whole-transcriptomes of healthy and ORSV-infected
leaves of N. benthamiana were analyzed, and the gene in-
formation was used to create a N. benthamiana protein data-
base that was used for protein identification following mass
spectrometry analysis. The integrated omics approach identi-
fied several putative host proteins that interact with ORSV
CP"7" and were categorized as photosystem subunits, defense-
associated proteins, and cell division components. The expres-
sion pattern and CP interaction of these CP-IP were examined
by semiquantitative reverse transcription polymerase chain
reaction and an in vitro binding assay, respectively, to verify
the in silico data. Among these proteins, a proteinase inhibitor
of N. benthamiana (NbPI2) was highly associated with CPpE10A
as compared with CP"", and NbPII and NbPI2 were highly
induced in ORSV-infected plants. NbPI1- and NbPI2-silenced
plants (via a Tobacco rattle virus—induced gene-silencing sys-
tem) did not exhibit a difference in ORSV infection. Thus,

The raw transcriptome reads reported in this paper are available in the
NCBI Short Read Archive under accession numbers SRR1552497 (healthy
N. benthamiana) and SRR1552498 (ORSV-infected N. benthamiana). The
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ContigViews database.
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whether NbPI1 and NbPI2 play a role in plant immunity
requires further investigation. In summary, the integrated omics
approach provides massive and valuable information to iden-
tify the ORSV CP-IP and these CP-IP will help us to un-
derstand the movement of this virus and plant-virus
interaction.

Odontoglossum ringspot virus (ORSV) belongs to the genus
Tobamovirus, which was originally isolated from the orchid
Odontoglossum grande and threatens the orchid industry world-
wide (Adams et al. 2009; Hong et al. 2011; Khentry et al. 2006;
Rabindran et al. 2005; Wong et al. 1994). ORSV has been re-
ported that can infect Chenopodiaceae and Solanaceae families
in nature, including Nicotiana benthamiana, with systemic in-
fection (Hilf and Dawson 1993). The laboratory-created mutant
ORSVF!%C has a Glu100Gly mutation on the ORSV capsid
protein (CP) that was generated by fragment swapping, and this
mutant virus lost its systemic movement ability in N. benthamiana,
resulting in nonsystemic infection (Lee 2008). Many reports
have indicated that Tobacco mosaic virus (TMV) mutants with
a CP gene deletion also exhibited systemic movement defici-
encies (Dawson et al. 1988; Holt and Beachy 1991; Takamatsu
et al. 1987). Yu and Wong (1998) reported that the systemic
spread of CP-deleted ORSV was greatly reduced. These find-
ings suggested that the CP of tobamoviruses play an important
role in systemic infection.

A tobacco protein, Tomato mosaic virus (ToMV) CP-IP-L (in-
teracting protein-L), has been shown to assist in viral systemic
movement (Li et al. 2005; Zhang et al. 2008). Pectin methylesterase
(PME) interacts with the TMV movement protein (MP), which is
responsible for virus cell-to-cell movement (Chen et al. 2000). The
virus loses its systemic infection ability when the MP gene was
mutated or wild-type TMV was infected on the PME knock-down
tobacco plants (Chen and Citovsky 2003; Chen et al. 2000).
Furthermore, a transgenic tobacco plant expressing the cadmium
ion—induced glycine-rich protein (cdiGRP) gene, which is a low
cadmium-inducing cell-wall component, was shown to block Turnip
vein-clearing virus systemic movement (Ueki and Citovsky 2002).
These results indicate that host components are involved in
viral systemic movement. However, the limited number of identified
CP-IP does not allow the mechanism of systemic movement to be
studied. Identification of additional CP-IP candidates is required for
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characterizing the host-pathogen interaction network via a high-
throughput systems biology approach.

The development of next-generation sequencing (NGS) has
enabled whole-transcriptomic analyses of nonmodel organisms
(Liu et al. 2014; Su et al. 2011; Van Moerkercke et al. 2013).
Approximately 20,000 to 40,000 genes can be identified through
NGS analysis and high-throughput reads of these transcriptomes
can be converted to fragments per kilobase of transcript per
million mapped reads (FPKM) or DESeq to represent differ-
ential expression (Howe et al. 2011). In plant pathology, the NGS
technique has been applied to study phytoplasma-mediated leafy
flower symptom development in Catharanthus roseus (Liu et al.
2014). The relational network among different genes was used to
formulate a hypothesis to explain the mechanism of leafy flower
symptoms (Liu et al. 2014), indicating the power of NGS in
the study of plant-pathogen interactions. Whole-transcriptome
sequencing is independent of genome sequence and provides
precise amino acid sequences for mass spectrum predictions
in proteomics studies.

Guarnieri et al. (2011) demonstrated that the de novo tran-
scriptome of microalgae can be used for proteomic analyses,
and several genes that are involved in the fatty acid and tri-
acylglycerol biosynthetic machinery were identified. Further-
more, Van Moerkercke et al. (2013) combined transcriptome
profiles and metabolic networks from omics data to reconstruct
a metabolic pathway and discover missing enzymes for engi-
neering metabolic study. Therefore, we define the “integrated
omics approach” as a novel discovering strategy combining mul-
tiple high-throughput profiles to find new research directions.

To study the molecular mechanisms underlying the
N. benthamiana-ORSV interactions and viral systemic move-
ment, we created a new ORSV CP mutant virus, ORSVE!20A
that contains a restriction fragment length polymorphism (RFLP)
marker. Observations with transmission electron microscopy,
size-exclusion chromatography, and an in vitro CP-CP in-
teraction assay showed that CPE'9%4 Jeads to defective viral
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particle assembly. In addition, an integrated omics approach that
combined proteomics and transcriptomics assays were used to
identify the specific CP"'-IP from healthy and ORS V-infected
N. benthamiana plants. Furthermore, several experimental ap-
proaches, including semiquantitative reverse transcription poly-
merase chain reaction (RT-PCR), an in vitro binding assay, and
virus-induced gene silencing (VIGS), were used to verify the
differential exlgression, physical interaction, and gene function
of these CPVLIP. Furthermore, one of the identified CP-IP,
NbPI2, was shown to be upregulated in ORSV-infected plants
and strongly interacted with CP'%%*, The possible function of
NbPI2 in ORSV infection was proposed in this study.

RESULTS

The conserved glutamic acid at position 100 (E'*) residue
in the CP of tobamoviruses.

Our previous results showed that E'® of the ORSV CP plays
an important role in viral systemic movement in N. benthamiana
(Lee 2008). The alignment of the CP sequences of tobamovi-
ruses indicated that 10 out of 13 species have an g% residue,
Tobacco mild green mosaic virus and Obuda pepper virus have
an aspartic acid residue (D'®), and only Cucumber green mottle
mosaic virus has a valine residue (VIOO) (Fig. 1A). Because glu-
tamic acid and aspartic acid are acidic amino acids with carbox-
ylate groups as side chains and similar biochemical properties, this
conserved E'® in the CP may play an important role in virus
infection. Based on the predicted three-dimensional structure of
the CP protein, E'® is located on the loop region, which is ori-
ented on the inner surface of the CP subunit that may respond to
viral particle assembly (Fig. 1B). To examine the importance of
E'%, site-directed mutagenesis was performed on the pORSV™ "
infectious clone (Lee 2008) to substitute the E'® residue of CP
with an alanine residue to generate pORSVE'®* (Fig. 1C). A
restriction enzyme site, Mscl, was incorporated at the mutation
site to distinguish ORSVE'?** from ORSVW, using PCR-RFLP.
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Fig. 1. The conserved amino acid (E'%%) in the capsid protein (CP) of Odontoglossum ringspot virus (ORSV). A, Amino acid sequence alignment of ORSV CP
with other tobamoviruses. The arrow indicates the conserved glutamic acid (E) residue at the 100th position. B, Predicted three-dimensional structure of ORSV
CP. Four alpha helix structures and two loops are shown. The indicated E'® residue is located on the loop of the inner surface of the virus particle. C, Schematic
representations of the genomes of the T7 promoter-driven wild-type (ORSVY7) and mutant (ORSV®'®*) ORSV full-length cDNA clones pORSV" " and
PORSVE!A respectively. The 126-kDa replicase, 183-kDa replicase of the read-through form, 31-kDa movement protein (MP), and 18-kDa CP are shown.
The only variability between the two clones is the change from E'® to A'% on the CP. The Mscl restriction enzyme site was created by polymerase chainn
reaction—based mutagenesis, and the Spel restriction enzyme site was used to linearize the DNA template for in vitro transcription.
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The infectivity assay of ORSV in N. benthamiana
and Chenopodium quinoa.

The in vitro transcripts of pORSV" T and pORSV*'?* were
transfected into protoplasts of N. benthamiana. The results of
the Northern blot analysis showed that ORSV" T and ORSVE!'?04
replicated equally in single cells (Supplementary Fig. 1).
However, ORSVE!'%°* did not cause any symptoms on the
systemic leaves of N. benthamiana, while inoculation with
ORSVW™T caused leaf curl symptoms in systemic leaves at
10 days postinoculation (dpi) (Fig. 2A). The RFLP results
showed that the Mscl-treated RT-PCR products of ORSVF!04
were digested into 300- and 185-bp fragments, whereas those
from the ORSVW™T fragments remained uncut (485 bp) (Fig. 2B).
The results of the Western blot analysis also confirmed that
ORSVE!'%% was only detected in inoculated leaves but not in
systemic leaves at 10 dpi, whereas ORSV™ T could be detected
in both types of leaves (Fig. 2C). Even at 30 dpi, ORSVE!%04
still was not detected in the systemic leaves (data not shown).
The difference in the protein mobility between CP" T and CpEIoA
was detected using Western blot analysis (Fig. 2C). C. quinoa was
used to examine the cell-to-cell movements of both viruses. No
differences in lesion formation, including number and size, were
observed between the two viruses (Fig. 3A). These results dem-
onstrated that the E'™A mutation in the CP greatly affected the
systemic movement of ORSV in N. benthamiana. In addition, two
molecular markers, including RFLP and CP protein mobility,
provided convenient means for tracing ORSV™ " and ORSVF'®*,

CP"'%%4 altered the CP-CP interaction and viral
particle assembly.

We first examined whether the E'°°A mutation affects viral
particle assembly through morphological observations, using im-
munosorbent electron microscopy (ISEM) (Fig. 3A). The ISEM
data showed that ORSV™T viral particles were approxi-
mately 300 nm in length (Fig. 3A and B). The particle lengths
of ORSVElOOA, however, were diverse and ranged from

A B

approximately 130 to 460 nm (Fig. 3A and B), thus demon-
strating aberrant particle assembly. Next, we performed
a size-exclusion chromatography analysis to further analyze
viral particles from infected plants. The results showed that
CP of ORSVW" was primarily detected in high molecular—
weight fractions, suggesting that most of the CPs formed viral
particles in infected plants (Fig. 4A, upper panel). In contrast, the CP
of ORSVF'* was primarily detected in low molecular—weight
fractions, and less CPF'%°A was detected in the high molecular—
weight fractions, suggesting that CP*'%°* is less efficient at par-
ticle assembly (Fig. 4A, lower panel).

Virus particle assembly is correlated with the CP-CP inter-
action. Therefore, CP self-interaction was evaluated using an in
vitro pull-down assay. CPY'-His or CP®'%“_His was used
as bait to test the CP-CP binding ability with glutathione
S-transferase (GST)-CP™ " and GST-CPE!%%A The data showed
that GST-CPY" + CP""_His has the strongest interaction in dif-
ferent concentrations of Triton X-100 relative to GST-CP™' +
CP"'%A_His, GST-CP*'*** + CPY"-His, and GST-CP*'*** +
CPEI9%A_Hig (Fig. 4B). This result demonstrated that the sub-
stitution of residue E'* with A'% altered the binding affinity of
the CP subunits. In summary, our data indicated that CpE100A
loses its ability to form viral particles of the correct size and,
therefore, might result in the defective systemic movement of
ORSV®'* in N. benthamiana. In addition, the E'®A sub-
stitution on the ORSV CP might alter the interaction between the
CP and host components, resulting in deficiencies of systemic
movement or viral infection.

Integrated omics approach with an experimental
validation for CP interaction study.

In addition to viral particle assembly, the CP-host compo-
nent interaction also plays an important role in viral infection
and defense response (Li et al. 2005; Karran and Sanfagon
2014). In this study, an integrated omics approach that com-
bines the whole-transcriptome and proteome was used to
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Fig. 2. The E'® residue of the Odontoglossum ringspot virus (ORSV) capsid protein (CP) contributes to viral infectivity on Nicotiana benthamiana. A,
Symptoms of mock- and ORSV-inoculated N. benthamiana plants. Photographs were taken at 10 days postinoculation (dpi). Bar = 1 cm. B, Reverse
transcription—pol_lymerase chain reaction (RT-PCR) and restriction fragment length polymorphism analysis of inoculated (IL) and systemic (SL) leaves from
mock-, ORSVW™-, and ORSVE'%infected plants at 10 dpi. The uncut (upper panel) and Mscl-digested (middle panel) RT-PCR products of CP genes and
rRNAs (lower panel) are shown. C, CP accumulation in IL and SL of mock-, ORSVV™- and ORSVE'®_infected plants was analyzed by Western blot analysis
with an anti-ORSV CP antibody at 10 dpi. Rubisco was used as the loading control (lower panel).
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identify the CP-IP and their expression profiles (Fig. SA and B).
The transcriptomic sequence provides a precise mass spectrum
for proteomic predictions by bioinformatics (Fig. 5C). Finally,
these candidate CP-IP can be verified through experimental
validation, including semiquantitative RT-PCR, in vitro binding
assays, and VIGS (Fig. 5D).

Whole-transcriptome analysis and gene expression
of N. benthamiana.

To obtain a comprehensive gene expression profile of
N. benthamiana, healthy and ORSV" Linfected plants were
analyzed, based on their whole-transcriptome profiles, using
NGS. We obtained 26,201,860 raw reads from healthy plants
and 27,266,778 reads from ORSV ™ -infected plants (Fig. 5A).
These reads were mixed for de novo assembly, and 84% of the
reads were successfully assembled into 85,599 contigs. These
contigs were analyzed using the basic local alignment search
tool (BLAST) with an Arabidopsis thaliana coding sequence
(CDS) database (TAIR 10) and an European Molecular Biology
Laboratory (EMBL) CDS database for name-calling and open
reading frame (ORF) annotation. The annotation results iden-
tified 5,436 complete contigs (6%) and 35,123 partial contigs
(41%) (Figs. 5A and 6A). All of the contig sequence information
and annotation results were integrated into ContigViews to
develop a N. benthamiana transcriptome database.

The 5,436 complete contigs from N. benthamiana were
compared for similarities with Arabidopsis CDS. The lengths
of the matched CDS between N. benthamiana and Arabidopsis
are highly correlated (R = 0.993), and the majority of the genes
were identical in length to their homologs in Arabidopsis (Fig.
6B and C). The average amino acid similarity was approxi-
mately 50% (Fig. 6D). In addition, 12,135 of 40,559 genes
showed more than 50% coverage in the reference sequence

A
ORSVE1ODA

Mock ORSWVWT

(Supplementary Table 1). Of 12,135 genes, 30% showed two-
fold differential expression during ORSV infection (Fig. 7A).
The gene set enrichment analysis (GSEA) results indicated that
many genes were involved in metabolic processes, stress re-
sponse, and chloroplast development (Table 1). Therefore,
these results suggested that ORSV infection triggers the host
defense response and interferes with chloroplast development.

Next, 40,559 N. benthamiana genes (including complete and
partial genes) were used to predict the protein mass database
and were then integrated into MASCOT for further proteomics
analysis (Figs. 5C and 6A).

Protein identification using the N. benthamiana
transcriptome database.

The coimmunoprecipitation and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) approaches were employed to
identify the ORSV CP-IP (Fig. 5B). The results showed that CP
coimmunoprecipitated with possible CP-interacting host proteins
from extracts of ORSV"™- and ORSVE'*A_infected plants (Fig.
8A). Entire lanes of the three coimmunoprecipitation products
(healthy, ORSVVT, and ORSVE'%4) were analyzed by LC-MS/
MS after in-gel digestion (Fig. 8A). The mass results were an-
alyzed by MASCOT with the ContigViews N. benthamiana
transcriptome database (Fig. 5B and C).

A total of 51 proteins correlated to the transcriptome contigs
were identified from coimmunoprecipitation products of CP* " and
CP®'%" that were filtered to remove false positive proteins from
the LC-MS/MS profile of healthy plants and were considered as
the putative ORSV CP-IP (Tables 2 and 3). ORSV CP was among
the proteins identified from both the CP™"- and CP*'®-infected
samples, indicating that the coimmunoprecipitation and LC-MS/
MS processes were successful (Fig. 8A). Most of the IP identified
from the CP" " and CP*'® fractions were photosystem subunits,
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Fig. 3. Observation of Odontoglossum ringspot virus wild type (ORSV™T) and ORSVE!%°A vira] particles by immunosorbent electron microscopy (ISEM). A,
Local lesion formation on mock- and ORS V-inoculated Chenopodium quinoa was observed at 4 days postinoculation. ISEM was performed with an anti-ORSV
capsid protein antibody. Antibody-decorated viral particles of ORSV™ T and ORSVE'%* derived from inoculated C. quinoa are shown. Bar = 100 nm. B, The particle

length distribution of ORSVWT (upper) and ORSVE (lower) virions.
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suggesting that ORSV might affect the chloroplasts through CP-
photosystem subunit interactions (Table 2).

cPViIP.

In this study, we focused on the CPV™LIP, in which the real
viral infection can be reflected. Thirty CP""-IP genes with
differential in silico expression between mock- and ORSV-
infected plants were identified (Table 3). For NbRCA
(NBORA457), whose ortholog in Arabidopsis is a ribulose-
1,5-bisphosphate carboxylase (Rubisco) activase, expression

was down-regulated in ORSV-infected plants (Fig. 7Bi and D;
Table 3), whereas the expression of NbIILI (NBOR18678) was up-
regulated (Fig. 7Bii and D; Table 3). Both orthologs in Arabidopsis
have also been reported to be involved in photosystems (Boex-
Fontvieille et al. 2014; Portis 2003; Sureshkumar et al. 2009).
The orthologous genes of NbGOXI (NBOR1162) and NbSHM 1.1
(NBOR327) in Arabidopsis have been demonstrated to be in-
volved in oxygen species metabolic pathways (Chern et al. 2013;
Fahnenstich et al. 2008; Zhou et al. 2012). Both genes were
down-regulated in ORS V-infected plants (Fig. 7Biii and iv and D;

A 150 kDa 29 kDa
ORSWWT 1 l \‘f‘\ @Q\h
Particle free form 0\\ &_\Qf
kDa 5 6 7 8 9 10 11 12 131415161718 19 20 212223 24 25 26 27 28 \QQ \QQ
26 —
~. B i ~
17 —
S
STQ
ORSVE0A \8/ \@é
OV Qo
kDa 5 6 78 91011 12 13 141516171819 2021 22 23 24 2526 27 28 \QQ\Q
26 —
— —
17 — * ‘.
B Pull down
0.25% 0.5% 1% Triton X-100
Input CP".His  CPE0AHis CP"-His  CPE'wAHis  CP"-His  CPS'"AHis Bait
\a & ¥ o \a v
& & & & & & & » &
c?ic?‘“ A /\cj? /\C?i «éf =4 A cg‘:cjz“’ C?Q:C?@ dj‘\ S «cjfio‘?@
A AN SN AN AT A AT A ATATA AKX
ba & F P FSFSFPCER P FEELELL E SEELLE P
48 — y
—— - - e - - © =&STGheom
35 —
26 — === -GST
11 09 03 08 0.1 11 04 09 02 05 0.04 0.2 001
26 — i CP"'-His
— . —— sl e e cemm— ‘*—tCPE‘“W‘-His
.\% .\%
Q‘éﬁ@‘j\
<

Input

Fig. 4. Evaluation of viral particle assembly of Odontoglossum ringspot virus wild type (ORSVY") and ORSVF!?°A A, The capsid protein (CP) size

distribution of ORSVW™T and ORSVE'%4 in planta was analyzed using size-exclusion chromatography. The total protein extracts from ORS

VWV and

ORSVE!'"infected Nicotiana benthamiana were size-fractionated on a gel filtration column. Fractions were analyzed by Western blot analysis with an anti-
ORSYV CP antibody. The numbers on the top of the panel indicate the fractions. The molecular sizes of the standards are indicated with arrows. B, In vitro CP-
CP interaction assay of ORSV CPVTand CPE!%4, Glutathione S-transferase (GST)-CPV" or GST-CPE'%°A and CPY™-His or CPE!°°A_His were assayed for in
vitro CP-CP interaction using a pull-down assay. The bait CP (CP™'-His or CP*'°°*-His) was pulled down with Ni-NTA, and Western blot analysis was
performed with an anti-GST polyclonal antibody. Different stringencies were created using various concentrations of Triton X-100 (0.25%, 0.5%, or 1%). The
inputs (CPV™-His, CP%'*°A_His, GST, GST-CP"", and GST-CP*'%*) used in this study were verified by Western blot analysis with anti-His or anti-GST
antibodies. The numbers indicate the relative fold change of pulled-down CP to the CP™" or CPF'%* of inputs.
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Table 3). In contrast, NbNPC2 (NBOR6197), whose orthologs in ORSV-infected plants, whereas NDNPC2 and NbIILI were
in Arabidopsis have been shown to be involved in the biotic up-regulated. These results are consistent with the in silico
stress response (Slaughter et al. 2012; Pokotylo et al. 2013), profiles (Fig. 7B and D). The NbGOX1 gene was not detected
was up-regulated in ORSV-infected plants (Fig. 7Bv and D; by semiquantitative RT-PCR.

Table 3). Moreover, NbPIP1;4 (NBOR145), which is a member Moreover, the CPV™-IP were evaluated for their interaction
of the plasma membrane-intrinsic protein (PIP) family in with CPVT. The pEXP5-CT/TOPO TA expression system
Arabidopsis and involved in the response to chilling stress (Lee (Invitrogen) and the Expressway Cell-Free E. coli Expression
et al. 2012), was down-regulated in ORSV-infected plants (Fig. system (Invitrogen) were used for cloning of CP""-IP genes
7Bvi and D; Table 3). and in vitro recombinant protein expression. The NbGOXI,

In addition to the in silico expression of cP"IP, in vivo NbIILI, NbNPC2, and NbRCA genes (partial ORF; sequence
RNA transcript expressions between mock and ORS V-infected refers to the amino acids 129 to 270 of AtRCA) were successfully
plants were also confirmed by semiquantitative RT-PCR (Fig. cloned and expressed by in vitro transcription and translation (Fig.

7D). NbRCA, NbSHM1.1, and NbPIP1;4 were down-regulated 9A). Except for NbRCA-His, the CP TIP showed interaction
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Fig. 5. Next-generation sequencing was used in the proteomics workflow and whole-transcriptome assays. A, Whole-transcriptome analysis pipeline. Healthy
and Odontoglossum ringspot virus wild type (ORSV™ N—infected Nicotiana benthamiana plants at 10 day postinoculation were used for whole-transcriptome
analysis by deep sequencing. The de novo assembly utilized mixed reads from two samples to generate N. benthamiana transcript contigs. Gene annotation and
open reading frame finding was predicted using the Comi%Views web server (Liu et al. 2014), and the amino acid sequences of these genes were used for
protein mass prediction by MASCOT. B, Healthy, ORSVV'-, and ORSVF!®infected N. benthamiana plants were used for proteomics analysis. The ORSV
CP-interacting proteins (CP-IP) were isolated by immunoprecipitation with anti-ORSV CP antibodies from the total protein extracts. These co-immunoprecipitated
proteins were separated by gel electrophoresis and were stained with the silver straining method. These elutes were analyzed using liquid chromatography-tandem
mass spectrometry methods. C, The mass results were compared with the specific N. benthamiana mass database by MASCOT for the protein identification. The
CP-IP were verified using the transcriptome database to identify the candidate genes involved in ORSV infection. D, The candidate CP-IP were evaluated for
CP-binding ability and gene function through experimental approaches, including in vitro binding assay and virus-induced gene silencing (VIGS).
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with CP"" in vitro, confirming the coimmunoprecipitation pro-
teomics results (Fig. 9B). In addition, variations of the prey signal
intensities of the coimmunoprecipitation imply different bind-
ing affinities between CP™' and CPV™IP (Fig. 9B). However,
green fluorescent protein (GFP) + GST-CPY" did not show an
interaction and was used as a negative control (Fig. 9C). The lack
of interacting signal between GST-CP™T and NbRCA-His
(Fig. 9B) may have been caused by the lower input of Nb-
RCA-His (Fig. 9A) or the lack of a CP" ™-interacting domain
in the partial NbRCA protein.

The other CPV™-IP, such as NbIBSI (NBOR22975), NbFIB4
(NBORG6354), NbCNGCI (NBOR12131), NbAGT1 (NBOR316),
NbVCLI (NBOR48019), and NbSK21 (NBOR4906) are listed
in Table 3. Their orthologous genes in Arabidopsis have been
reported to be involved in biotic stress response, photosystems,
ion channels, nutrition transport, vacuole development, and
protein degradation (Hicks et al. 2004; Pokotylo et al. 2013;
Singh et al. 2010; Slaughter et al. 2012; Wang et al. 2013;
Zhang et al. 2013; Zhao et al. 2003). NbFLN1 (NBOR16452)
and NPORC2 (NBOR45173) interact with CP" " and their mRNA
expressions were up-regulated in infected plants (Table 3).
Moreover, a helicase-SANT-associated domain protein (NBOR6246)
was identified and shown to interact with CPV' (Table 3).
These orthologous genes in Arabidopsis play a role in RNA
expression, cell division, and nucleic acid binding, respectively
(Bell and Dutta 2002; Gilkerson et al. 2012). The remaining
15 CP™™- and 13 CP*'°°A.IP that have not been characterized
or have unclear functions are listed in Supplementary Table 2.
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NbPI2 was enriched in CPF1904
coimmunoprecipitation products.

A 24-kDa protein was observed in the coimmunoprecipita-
tion reaction of CPEmOA, whereas a weak band was found in
the reaction of CPWT (Fig. 8A). After protein identification of
the single band using LC-MS/MS, NbPI2 (NBOR2273), a
N. benthamiana protein similar to a putative proteinase inhib-
itor of N. glutinosa (AAF15901) (Park et al. 2000), was iden-
tified (Table 2). A homologous gene, NbPI1 (NBOR2375), was
identified from the transcriptome database based on NbPI2
sequence similarity, and both genes were up-regulated in
ORSV-infected plants (Fig. 7C and D). This band was not ob-
served in the input extracts of either CP, suggesting that it was
enriched during the coimmunoprecipitation process. Further-
more, the results of the in vitro binding assay indicated that
ORSV CP has a strong binding affinity to NbPI2 (Fig. 9D).
However, a weak coimmunoprecipitation signal of NbPI1 was
observed at longer exposure times (Fig. 9D), suggesting that
ORSYV CP prefers to bind NbPI2 rather than NbPI1.

Based on the results of the large-scale protein identification,
the divalent 472.25 m/z peptide of NbPI2 was enriched in the
CP®'%%4 sample on the extracted ion chromatogram (Fig. 8B,
the bottom-right panel shows a peak at a retention time of
27.12 min for CPEIOOA), whereas it was present in smaller
amounts in the CP" " sample and was absent in the mock control
sample (Fig. 8B, the middle and upper right panels show
a peak at a retention time of 27.30 min for CP™" and none for
mock sample), indicating that NbPI2 is associated with ORSV
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Fig. 6. Statistical analysis of gene similarity between Nicotiana benthamiana and Arabidopsis. A, Pie chart shows the percentages of complete genes, partial
genes, and undefined contigs. B, Scatter plot of the coding sequence (CDS) lengths of N. benthamiana versus those of Arabidopsis. C, The length distribution
comparison and D, amino acid similarity of the CDS of Arabidopsis and N. benthamiana are shown.
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Fig. 7. Comparison of the gene expression patterns between healthy and Odontoglossum ringspot virus wild type (ORSVY "—infected Nicotiana benthamiana
plants using next-generation sequencing. A, The gene expression patterns of healthy and ORSV™ -infected N. benthamiana. B, Comparison of the gene
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CP and especially with CP*'°°* The appearance of the di-
valent 493.25 m/z peptide of ORSV CP in both the CPV ' and
CP®!'%94 samples (Fig. 8B, middle and bottom left panels) but
not the mock controls also ensured that the coimmunopreci-
pitation and LC-MS/MS procedures were successful. These
data confirmed the tight association between CPE'%°* and
NbPI2 of N. benthamiana in vivo.

To evaluate the association between NbPI2 and ORSV in-
fection, we first examined the expression pattern of NbPI2
in healthy and ORSV-infected plants. The results of a semi-
quantitative RT-PCR analysis with NbPI2 gene-specific primers
showed that NbPI2 mRNA was highly expressed in ORSVWT
and ORSVF'Alinfected N. benthamiana at 10 dpi compared
with the healthy or mock-inoculated plants (Fig. 8C). A weaker
signal was detected in mock-inoculated plants, which was most

Table 1. Significant gene ontology (GO) terms from the gene set enrichment
analysis for the 12,135 genes that showed twofold differential expression
during Odontoglossum ringspot virus (ORSV) infection (false discovery rate
[FDR] < 10719

GO accession Type?® Term FDR
GO0:0009987 P Cellular process 8.30E-40
GO:0009791 P Postembryonic development 9.20E-38
GO0:0008152 P Metabolic process 6.70E-32
GO0:0044237 P Cellular metabolic process 7.80E-24
GO:0050896 P Response to stimulus 1.00E-23
G0:0044238 P Primary metabolic process 2.20E-22
GO0:0032501 P Multicellular organismal process 4.20E-20
GO0:0007275 P Multicellular organismal 2.30E-19
development
GO:0051179 P Localization 3.00E-18
GO:0051234 P Establishment of localization 1.40E-17
GO0:0032502 P Developmental process 2.30E-17
GO:0006810 P Transport 4.10E-17
GO:0048856 P Anatomical structure development ~ 9.20E-16
GO0:0006950 P Response to stress 5.30E-15
G0O:0044262 P Cellular carbohydrate metabolic 2.20E-13
process
GO0:0034641 P Cellular nitrogen compound 8.00E-13
metabolic process
G0:0009628 P Response to abiotic stimulus 8.20E-13
GO0:0042221 P Response to chemical stimulus 1.40E-12
GO:0051716 P Cellular response to stimulus 5.20E-12
G0:0003006 P Reproductive developmental 9.80E-11
process
G0:0033036 P Macromolecule localization 1.60E-10
GO0:0005623 C Cell 1.10E-81
GO:0044464 C Cell part 1.10E-81
G0:0005622 C Intracellular 8.70E-67
GO0:0044424 C Intracellular part 2.10E-66
GO0:0005737 C Cytoplasm 1.80E-57
G0:0043229 C Intracellular organelle 3.30E-56
GO0:0043226 C Organelle 3.30E-56
G0:0044444 C Cytoplasmic part 2.00E-54
G0:0016020 C Membrane 3.10E-52
GO0:0043227 C Membrane-bounded organelle 1.30E-48
G0:0043231 C Intracellular membrane-bounded 3.50E-48
organelle
GO:0005886 C Plasma membrane 4.60E-39
G0:0044422 C Organelle part 1.00E-23
GO0:0044446 C Intracellular organelle part 1.30E-23
G0:0032991 C Macromolecular complex 2.40E-14
GO0:0009536 C Plastid 9.30E-14
GO0:0043232 C Intracellular non—-membrane 1.50E-13
bounded organelle
G0:0043228 C Non—-membrane bounded organelle  1.50E-13
GO0:0043234 C Protein complex 1.30E-12
GO:0005739 C Mitochondrion 4.00E-12
GO0:0005829 C Cytosol 1.20E-11
GO:0009507 C Chloroplast 1.20E-11
GO:0005634 C Nucleus 4.50E-10

% P = biological processes, C =
functions.

cellular components, M = molecular

likely because NbPI2 was also induced by wounding (Fig. 8C),
indicating that NbPI2 is an ORSV- or wound-induced gene.

Knock-down of NbPI1 and NbPI2 by VIGS.

For the NbPI1 and NbPI2 functional assay, TRV-NbPI®,
which is Tobacco rattle virus containing the conserved
sequences of NbPIl and NbPI2, was used for VIGS of
NbPII and NbPI2 expression in N. benthamiana plants. The
TRV-NbPI°~infected plants did not induce NbPII and
NDPI2 expression when infected with ORSV, whereas
ORSV-infected or TRV + ORSV mix—infected plants had
highly induced NbPII and NbPI2 expression (Fig. 10A),
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Fig. 8. Identification of Odontoglossum ringspot virus (ORSV) capsid
protein-interacting host proteins (CP-IP) by coimmunoprecipitation. A, Silver
staining of the coimmunoprecipitation products from the extracts of healthy,
ORSV™™. or ORSVE!'infected plants (right panel). The arrow indicates
the NbPI2 protein, which is specifically associated with CPE'°A. The
original plant extracts were also stained as input controls (left panel). B,
Extracted ion chromatograms of ORSV CP (m/z = 493.25) (left panels) and
NbPI2 (m/z = 472.25) (right panels). The horizontal axis represents the
retention times in liquid chromatography, and the vertical axis indicates the
signal intensity. C, Expression of the NbPI2 gene was induced during
ORSV infection. The semiquantitative reverse transcription-polymerase
chain reaction of RNA from healthy, mock-, ORSVV'™-, and ORSVE'?A.
inoculated Nicotiana benthamiana at 10 days postinoculation. The ACTIN
gene served as an internal control. Numbers refer to signal intensity of
NbPI2 expression levels after normalization against the loading control.
The NbPI2 level in mock sample was arbitrarily set as 1.0.
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suggesting that NbPI1 and NbPI2 were silenced by TRV-NbPI”.
However, the amount of ORSV did not significantly change in
TRV-NbPI® VIGS plants compared with TRV-infected plants
(Fig. 10B), suggesting that the loss-of-function of NbPI1 and
NbPI2 did not interfere with ORSV infection. However, we
cannot exclude the synergistic effects produced by TRV and
ORSYV coinfection in the same plants because they resulted in
the high amounts of ORSV in TRV-NbPI® VIGS plants. In
summary, these data indicated that NbPII and NbPI2 might be
involved in the plant defense response against ORSV infection.
Determining the precise function of NbPI1 and NbPI2, how-
ever, will require further investigation.

DISCUSSION

E'% is essential for the CP-CP interaction

in particle assembly.
In this study, we created an ORSVE'%A mutant virus that lost
its systemic movement ability in N. benthamiana, and this virus

also contained a distinct Mscl RFLP marker and a unique
CPE!%%4 gize. The E'® residue of the ORSV CP is a conserved
amino acid in the genus Tobamovirus, suggesting that the E'%
reside plays an important role in the virus life cycle. The data
from ISEM and size-exclusion chromatography analyses
revealed the defective assembly of viral particles in
ORSVE!00A, indicating that an intact virus particle is necessary
for ORSV systemic movement. This finding is consistent with
previous studies in which the encapsidation of tobamoviruses
was shown to be important for viral systemic movement
(Dawson et al. 1988; Saito et al. 1990; Siegel et al. 1962;
Takamatsu et al. 1987). In addition, the CP""-CP™" self-
interaction is much stronger than the CPY'-CPF!'%* or
CPB190A_CpPEI09A interaction. In TMYV, the CP™VY mutant
showed an altered CP-CP interaction, which resulted in the
abnormal aggregation of virus particles in vivo (Bendahmane
et al. 1997). Therefore, the E'® residue of the ORSV CP might
affect the structure of viral particles by changing the CP-CP
interaction affinity.

Table 2. Wild-type capsid protein (CPWT)- and CPE!%A_interacting proteins

Score® FPKM*®
Gene Contigs ID? Ref ID Description WT  E!%A  Mass (Da)? Mock ORSV
NbPSAE2 NBOR690 AT2G20260  Photosystem I subunit E-2 46 33 14782 2064.2 1859.0
NbGRFS NBOR9061 AT5G16050  GRF5 22 39 29526 56 80
NbPI2 NBOR2273 ABX76298 Kunitz family trypsin and protease inhibitor 64 181 26843 394 2975
protein

NbRBCSIA.1 NBOR92 AT1G67090  Rubisco small subunit 1A 52 30 15623 14465 12930
NbRBCSIA.2 NBORS58 65 N/A 9774 5855 2414
NbPSAF.1 NBOR390 AT1G31330  Photosystem I subunit F 25 N/A 9719 1477 651
NbPSAF.2 NBOR392 N/A 39 2655

NbPSADI NBOR676 AT4G02770  Photosystem I subunit D-1 23 44 22471 1971 1683

# The transcriptome contig of the Nicotiana benthamiana sequence indentification number.

b The Arabidopsis Genome Initiative and European Molecular Biology Laboratory reference identification numbers.

¢ The liquid chromatography-tandem mass spectrometry score.

4 The mass of the identified peptide

¢ Fragments per kilobase of transcript per million mapped reads (FPKM) of transcriptome from the healthy plants (mock) and from Odontoglossum ringspot
virus (ORSV)-infected plants.

Table 3. Odontoglossum ringspot virus wild-type interacting capsid proteins (ORSV-CPWT) that were identified by MASCOT, using the ContigViews
Nicotiana benthamiana database

Score® FPKM*®

Gene Contigs ID? Ref ID? Description WT  E'"WA  Mass (Da)¢ Mock ORSV
NbFIB4 NBOR6354 AT3G23400 FIBRILLIN 4 35 N/A 14845 211.7 291.5
NbGOX1 NBOR1162 AT3G14420 Glycolate oxidase 1 35 N/A 21998 113 83
NbSHM 1.1 NBOR327 AT4G37930 Serine transhydroxymethyltransferase 1 31 N/A 19214 633 245
NbCNGC1 NBOR12131 AT5G53130 Cyclic nucleotide gated channel 1 21 N/A 75186 15 42
NbPIP1;4 NBOR145 AT4G00430 Plasma membrane intrinsic protein 1;4 22 N/A 12145 83 57
NbFLNI NBOR16452 AT3G54090 FRUCTOKINASE-LIKE 1 30 N/A 55196 26 43
NbIILI NBOR18678 AT4G13430 Isopropyl malate isomerase large subunit 1 21 N/A 19023 46 123
NbIBS1 NBOR22975 AT1G18670 Impaired in baba-induced sterility 1 42 N/A 77365 7 12
NbAGTI NBOR316 AT2G13360 Alanine:glyoxylate aminotransferase 40 N/A 22684 1325 471
NbORC2 NBOR45173 AT2G37560 Origin recognition complex second largest 20 N/A 9810 9 18

subunit 2
NbRCA NBOR457 AT2G39730 Rubisco activase 26 N/A 15745 13481 4900
NbVCLI NBOR48019 AT2G38020 Vacuoleless 1 25 N/A 8655 4 2
NbSK21 NBOR4906 AT3G61415 SKP1-like 21 26 N/A 40372 24 21
NbNPC2 NBORG6197 AT2G26870 Nonspecific phospholipase C2 33 N/A 11207 4 9
NAf NBOR6246 AT3G24880 Helicase/SANT-associated DNA binding 31 N/A 102850 4 4

protein

# Sequence identification number from the transcriptome contig of N. benthamiana.

b The Arabidopsis Genome Initiative reference identification number.

¢ The liquid chromatography-tandem mass spectrometry score.

4 The mass of the identified peptide

¢ Fragments per kilobase of transcript per million mapped reads (FPKM) of transcriptome from the healthy plants (mock) and from Odontoglossum ringspot
virus (ORSV)—infected plants.

f Not available from its common name in The Arabidopsis Information Resource database.
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The integrated omics approach and experimental
validation for improving protein identification.

Traditional proteomics analysis uses the National Center for
Biotechnology Information nonredundat (NCBI nr) database
for protein identification. Currently, the high-throughput NGS
technique provides an advantage for sequencing whole tran-
scriptomes of nonmodel organisms, using a de novo assembly
approach to bypass the requirement for genomic information
(Liu et al. 2014). Through appropriate gene annotation, the
integrated omics approach uses ORF information to provide
a precise spectrum for protein identification. This organism-
specific spectrum increases the accuracy of protein identifica-
tion. Both the identification and expression of these IP can be
evaluated using transcriptome assays. Therefore, the integrated
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omics approach provides a comprehensive view of systems
biology to understand the virus-host interaction.
High-throughput data must be validated by experimental
approaches to confirm the effectiveness of the high-throughput
strategy. Liu et al. (2014) used customized microarrays to
verify transcript expressions in a nonmodel organism. To assess
proteomes, gene cloning and soluble recombinant protein pu-
rification are limiting factors in the validation of protein-protein
interactions. In this study, we used the pEXP5-CT/TOPO TA
technology with the Expressway Cell-Free E. coli expression
system to perform quickly cloning and recombinant protein
expression in vitro. The candidate genes in the expression
plasmid can be used to directly express the recombinant pro-
teins by in vitro transcription and translation. The soluble
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Fig. 9. Experimental validation of the physical interaction between Odontoglossum ringspot virus (ORSV) capsid protein (CP) and CP-interacting
proteins CP-IP. A, In vitro transcribed or translated CPV'-IP that fused with the His-tag were examined by Western blot analysis with an anti-His
antibody. B, Evaluation of the protein-protein interaction between glutathione S-transferase (GST)-CP™ T and CP™™-IP by coimmunoprecipitation. The
GST-CPV" was used as bait protein, whereas His-tag fused recombinant CP™ "-IP were used as prey. C, The coimmunoprecipitation of GST-CP™T + GFP
was used as a negative control. D, Evaluation of the protein-protein interaction between GST-CP™" and NbPI1 and NbPI2 by coimmunoprecipitation.
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recombinant proteins can be used as a prey for in vitro binding
assay to validate high-throughput proteomic data. Moreover,
VIGS provides an advantage by quickly knocking down the
gene expression for loss-of-function assays. Thus, combining
omics and experimental approaches has provided a new di-
rection in functional genomic studies of nonmodel organisms.

Photosystem components aid in virus infection.

Many reports have indicated that several photosystem com-
ponents are involved in virus infection (Li et al. 2008; Manfre
etal. 2011; Pineda et al. 2010; Zhang et al. 2008). In ToMV, CP
was shown to colocalize with the IP-L protein on chloroplast
thylakoid membranes and caused chlorosis symptoms (Li et al.
2008; Zhang et al. 2008). In addition, chloroplast impairment
increases the susceptibility of the plant to Turnip mosaic virus
infection (Manfre et al. 2011). Moreover, protein related to
photosynthesis pathways, such as the electron-transport chain
and the Benson-Calvin cycle, have been shown to be decreased
in virus-infected tissue (Pineda et al. 2010). These results in-
dicated that viral proteins might control chloroplast function to
aid virus infection. Our LC-MS/MS results are consistent with
the observation that most of the CP-IP were plant photosystem
subunits, e.g., NbDPSAE2, NbPSAF.1, NbPSAF.2, and NbPSAD].
One of the CPV™-IP, NbIIL1, was highly expressed in ORSV-
infected plants. AtIIL1 (AT4G13430) is a chloroplast-localized
protein, and the expression levels of A#/ILI affect leaf de-
velopment (Sureshkumar et al. 2009; Zybailov et al. 2008).
AtRCA (AT2G39730) is ancillary to CO, fixation by Rubisco
in photosynthesis (Boex-Fontvieille et al. 2014; Portis 2003),
whereas the CP™ -interacting NbRCA was down-regulated in
ORSV-infected plants. We suggest that CP targets and interacts
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Fig. 10. Evaluation the Odontoglossum ringspot virus (ORSV) infectivity
on NbPI1/2 VIGS plants. A, The relative expression levels of NbPI1 and
NbDPI2 and B, ORSV CP on plants inoculated by various Tobacco rattle
virus (TRV) constructs and then challenged by ORSV were detected by
real-time reverse transcription-polymerase chain reaction. The bars repre-
sent standard errors (n = 14). Relative expression levels were normalized
with the NbEFIa level. “H” indicates the healthy plants. Relative ex-
pression levels were significantly different (P values < 0.01) from those of
TRV+ORSYV or H plants in each RNA sample, based on a Student’s ¢ test.
The letter a indicates differentially expressed (DE) to TRV+ORSV and
b indicates DE to H plants.
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with chloroplast proteins to control chloroplast function during
virus infection, replication, or movement.

CPY"specific IP in response to stresses
and DNA replication.

The putative role of the nonspecific phospholipases C of
Arabidopsis in signal transduction of the plant defense system
may be attributable to diacylglycerols that generate reactive
oxygen species (ROS) (Pokotylo et al. 2013; Scherer et al.
2002; Yamaguchi et al. 2005). Furthermore, AtGOX1 and
AtSHM1.1 also control ROS production in Arabidopsis (Chern
et al. 2013; Fahnenstich et al. 2008; Zhou et al. 2012). In ad-
dition, the plasma membrane intrinsic protein of Arabidopsis
(AtPIP) is a type of aquaporin that controls transmembrane
water flow to overcome chilling tolerance (Lee et al. 2012). The
AtPIP1;4 aquaporin was up-regulated in roots exposed to low
air temperatures (Jang et al. 2004). In the transcriptome data,
NbGOX1, NbSHMI.1, and NbPIPI;4 were down-regulated
following ORSV infection, whereas NbNPC2 was up-regulated
in ORSV-infected plants, suggesting that the two forces from
virus and host counteract each other.

Moreover, the expression levels of NbFLNI and NbORC2
were induced by ORSV infection, and both proteins interact
with ORSV CP™T (Supplementary Fig. 2). The Arabidopsis
ortholog of AtFLNI1 is involved in the function of the plastid-
encoded RNA polymerase in the transcriptionally active chro-
mosomes of chloroplasts (Gilkerson et al. 2012). Furthermore,
the Arabidopsis origin recognition complex (ORC) is composed
of six subunits that form a prereplication complex (pre-RC) in
endoreplicating cells (Diaz-Trivino et al. 2005). The pre-RC
facilitates the formation of DNA replication complexes, re-
sulting in DNA polymerase and other accessory factors to
provide access to the activated origins of replicating DNA (Bell
and Dutta 2002). Therefore, we hypothesize that ORSV CP™"
might interfere with gene expression in chloroplasts and disrupt
cell division. Because these genes are components of the nu-
clear complex, we cannot exclude the possibility that ORSV
might recruit these components for viral replication.

NbPI1 and NbPI2 might play a role in plant immunity.

The Kunitz type of proteinase inhibitor gene of N. glutinosa
(NgPI) has been shown to be highly induced in a TM V-infected
susceptible variety (SR1) and a resistant variety (N. tabacum cv.
Xanthi nc) (Park et al. 2000). The rapid and transient accu-
mulation of NgPI within 24 h of TMV infection implies that
NgPI is involved in a signaling process that leads to defense
responses (Park et al. 2000). The ortholog of NgPI in Arabidopsis,
AtPI (AT1G17860), was shown to be up-regulated in response
to stress and geminivirus infection (Ascencio-Ibafez et al.
2008; dit Frey et al. 2010). In N. benthamiana, two homologous
genes, NbPIl and NbPI2, were highly induced in ORSV-
infected plants, but only NbPI2 had high binding affinity with
ORSV CP. Furthermore, our mass spectrometry data indicated
that CPF'%°* has a stronger interaction with NbPI2 than CP™™-
NbPI2. NbPI2 did not evolve a strong interaction with CP*!04
via natural selection because the CP is a laboratory-created mu-
tant. Our explanation for this phenomenon is that the substitution
(E'A) on CP resulted in a strong interaction with NbPI2 and
that the NbPI2-CP interaction prevents viral particle assembly
or prevents the systemic movement of the virus. However, the
synergistic effect of coinfection resulted in an absence of dif-
ferences in ORSV amounts between TRV and TRV-NbPI® VIGS
plants. Stable NbPI RNAI transgenic plants might provide better
evidence to determine whether both NbPI are important in host
defense or in ORSYV infection.

In conclusion, we demonstrated that viral particle assembly
is associated with ORSV systemic movement in N. benthamiana.



Several CP-IP were identified using an integrated omics and
experimental approach, which suggested several new research
directions to further elucidate the systemic movement of ORSV
and its interactions with the host plant. Finally, whether NbPI1
and NbPI2 play important roles in plant immunity requires fur-
ther investigation.

MATERIALS AND METHODS

Tobamovirus CP sequence analysis and protein
structure prediction.

The CP sequences of ORSV and other tobamoviruses were
obtained from GenBank. The sequence comparison was per-
formed using the Align X program of the Vector NTI Suit 10.0
(Invitrogen). The amino acid sequence of ORSV CP was in-
vestigated using the Protein Structure Prediction Server (Chen
et al. 2006) for protein structure prediction. The results of the
prediction were further refined using PyMOL.

Construction of infectious clones and protein
expression clones.

To construct the single amino acid mutation E'”°A of ORSV
CP, pET29a(+)-ORCP (Lee and Chang 2008) containing the
ORSV CP"" gene was mutated by PCR-mediated site-directed
mutagenesis with the following set of primers, mORCPF (5'-
GAATAATCGAGGTGGCCAATCCGCAGAAT-3") and mORCPR
(5’-ATTCTGCGGATTGGCCACCTCGATTATTC-3") (bold indi-
cates the point mutation site; underlining indicates the Mscl
restriction enzyme site). The amplicon was used to replace the
CP gene of the full—len%th infectious clone pPORSV™" (Lee 2008)
to generate pORSVEm A,

For protein expression, the 6xHis-tagged gene was
cloned into pET29a(+) (Novagen) to generate pET29-CPE]OOA.
The GST-tagged CP"" and CP*'?* genes were cloned into
pGEX-4T-1 (GE Healthcare) to generate pGEX-CP™T and
pGEX-CPElOOA, respectively.

C PE] 00A

Plant materials and virus inoculation.

ORSYV in vitro infectious clones harboring a wild-type ge-
nome (pORSV™T) or a mutant CP gene (pORSVE'%?) were
expressed from a T7 promoter. For plant inoculation, capped
RNA transcripts were generated by T7 RNA polymerase (New
England BiolLabs) and were inoculated on fully expanded
leaves of N. benthamiana or C. quinoa (0.3 to 0.5 pg of tran-
script RNAs per leaf). The inoculated plants were housed in the
greenhouse with a 16-h light period.

RNA extraction, RT-PCR, and RNA
deep-sequencing analysis.

The plant total RNA extraction miniprep system (Viogene)
was used for the preparation of plant total RNA. The ORCP-F1
and ORCP-R1 primers were used for RT-PCR analysis of the
ORSV CP gene (Lee and Chang 2006). Mscl digestion (New
England BioLabs) was performed to discriminate ORSVF'%°*
from ORSVY™. The PCR products and the digested products
were analyzed by 1.5% agarose gel electrophoresis. For RNA
deep sequencing, total RNA was prepared from healthy or
10-dpi ORSVWLinfected N. benthamiana plants, according to
the manufacturer’s instructions. Deep sequencing was per-
formed using an Illumina Hiseq 2000 instrument (Genomics
BioSci & Tech Co.). The transcriptomes were obtained using
the de novo assembler in CLC Genomics Workbench 5.1 (CLC
bio). The transcriptome expression profiles and database are
available on the ContigViews web server. Name-calling and ORF
annotations were determined using the rule-based predictor of
ContigViews. The FPKM were calculated using Bowtie2 and
eXpress-D software (Langmead and Salzberg 2012; Roberts

et al. 2013). Differential expression analysis between healthy and
ORSVWYLinfected plants was performed with BioConductor
(Gentleman et al. 2004) and the DESeq2 package (Love et al.
2014). Gene set enrichment analysis for annotated contigs with
at least twofold change of expressions between healthy and
ORSVWYLinfected plants was accomplished by agriGO toolkit
(Du et al. 2010).

Western blot analysis.

Protein samples were extracted with 10 mM sodium phosphate
buffer (pH 7.2), were separated in a 12.5% sodium dodecyl
sulfate (SDS) -polyacrylamide gel electrophoresis mini-gel and
transferred to polyvinylidene diflouride membranes (GE
Healthcare). Western blot analysis was conducted with rabbit
anti-ORSV CP antiserum (Lee and Chang 2008), an anti-His
polyclonal antibody (LTK BioLaboratories), or an anti-GST
polyclonal antibody (LTK BioLaboratories). Gels or mem-
branes were stained with Coomassie brilliant blue R250, and
the expression level of Rubisco was used as a loading control.

ISEM.

A carbon-coated Formvar copper grid (200 mesh) was in-
cubated with an anti-ORSV CP antibody solution that was di-
luted in 10 mM sodium phosphate buffer (pH 7.2) for 15 min at
room temperature. The antibody-coated grid was incubated
with a virion solution derived from leaf extracts prepared in 10
volumes of (vol/wt) 10 mM sodium phosphate buffer (pH 7.2)
and were centrifuged at 10,000 rpm (Eppendorf Centrifuge
5424) for 3 min to discard the cell debris. The grid was further
incubated with an anti-ORSV CP antibody for 15 min at room
temperature. Excess liquid was carefully removed from the
edge of the grid, using a deckle-edged paper. Two percent
phosphotungstic acid (pH 7.0) was dripped onto the semidry
grid, and the sample was negative stained for 1 min. The liquid
was removed using deckle-edged paper, and the grid was
allowed to air dry for at least 2 days before observation through
a transmission electron microscope. Photographs were taken at
a magnification of 80,000, and the size of the viral particle was
calculated using the detector on the real-time images.

Size-exclusion chromatography.

Plant tissues were homogenized in 2 to 4 volumes of extrac-
tion buffer (200 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM
dithiothreitol [DTT], protease inhibitor cocktail [Roche Applied
Science] and proteasome inhibitor set II [Calbiochem]) and were
centrifuged twice at 10,000 rpm (Eppendorf Centrifuge 5424) for
10 min at 4°C to remove the cell debris. The plant extracts were
loaded onto a HiPrep 16/60 Sephacryl S-200 HR column (GE
Healthcare), using the AKTA Explorer Fast protein liquid
chromatography (FPLC) system. The FPLC system was run at
a constant flow rate at 0.5 ml/min and fractions were collected
every 2 ml. A 10-ul aliquot of each fraction was analyzed by
Western blot analysis with anti-ORSV CP antiserum. The excess
unloading plant extract was saved as input control, and additional
FPLC runs with given size markers were conducted to mark the
relative sizes of the FPLC fractions.

In vitro CP-CP interaction assay.

Protein coprecipitation was performed by incubating GST,
GST-CP™", or GST-CP"'%* with CP""-His or CP*'?°*-His in
coprecipitation buffer (50 mM Tris, pH 7.5, 100 mM NaCl,
1 mM EDTA, 3 mM DTT plus 0.25, 0.5, or 1% Triton X-100) at
4°C for 1 h. PureProteome nickel magnetic beads (Millipore)
were added at 4°C for 1 h to capture the target proteins. A
magnetic stand for a 0.2-ml tube (DYNAL MPC-9600; Invi-
trogen) was used to pull down the magnetic protein complex.
After five washes with coprecipitation buffer, the pulled-down
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product was resuspended in 2x sample buffer (2% SDS, 10%
glycerol, 1% B-mercaptoethanol, 0.005% bromophenol blue,
50 mM Tris-HCI, pH 6.8), was boiled at 96°C for 10 min, and
was loaded onto a 12% SDS polyacrylamide gel. Western blot
analysis was performed with an anti-GST polyclonal antibody
to detect the existence of the GST fusion protein.

Coimmunoprecipitation and LC-MS/MS identification.

The Pierce crosslink immunoprecipitation kit (Thermo Sci-
entific) was used to pull down the protein complex with
affinity-purified anti-ORSV CP immunoglobulin G. After SDS-
polyacrylamide gel electrophoresis, silver staining was per-
formed. In brief, the gel was fixed overnight in fixing solution
(50% methanol, 10% acetic acid, 0.05% formalin), was washed
twice in 35% ethanol for 20 min for each wash, was sensitized
in 0.02% Na,S,05 for 2 min, and finally, was washed in double-
distilled (dd)H,O three times for 5 min each. The gel was
stained with staining solution (0.2% AgNO; and 0.076% for-
malin) for 30 min and was washed in ddH,O for 1 min. Finally,
the silver color was developed in developing solution (6%
Na,CO3, 0.05% formalin, and 0.0004% Na,S,0;) for approxi-
mately 1 min. All incubations were performed at room temperature.

Coomassie blue staining was used instead of silver staining
to decrease the incompatibility of the LC-MS/MS analysis. The
gel pieces were destained with 25 mM ammonium bicarbonate
(ABC) and 50% acetonitrile, were reduced with 10 mM DTT
and 25 mM ABC at 56°C for 1 h, and were alkylated with
55 mM iodoacetamide and 25 mM ABC at room temperature
for 45 min. Trypsin (Promega) was used to digest the proteins
into peptides at 37°C for 16 h (trypsin/total proteins = 1:50).
The extracted peptides were desalted using C18 ZipTIP (Mil-
lipore) prior to LC-MS/MS analysis. The LC-MC/MC analyses
were performed using a quadrupole time-of-flight mass spec-
trometer (Synapt G1; Waters) coupled with a nano ultrahigh
performance liquid chromatography (nanoUHPLC) system
(nanoACQUITY; Waters) and a tunnel frit nanoUHPLC col-
umn, as described in a previous study (Chen et al. 2012). The
acquired MS/MS spectra were processed by UniQua (Chang
et al. 2013), using the SynaptG1l preset parameter to obtain
a fragment monoisotopic peak list, and were searched against
the ContigViews N. benthamiana transcriptome database and
NCBI nr protein database, using the MASCOT algorithm
(Matrix Science) with previously described search parame-
ters (Chen et al. 2010).

The proteins that were identified in the healthy sample were
subtracted from the list of CP"™- and CP*'?°_IP. The detailed
identification scores of the CP" " and CP*'*°A_IP are listed in
Supplementary Table 3.

In vitro transcription and translation for rapid validation
of protein interaction.

The CP""-IP genes were amplified by RT-PCR with Tag
DNA polymerase (Ampligon) to obtain an extra “A” at the 3’
ends for TA cloning. The primers used for RT-PCR are listed in
Supplementary Table 4. The pEXP5-CT/TOPO TA expression
kit (Invitrogen) was used for cloning cP"Ip genes, which
were fused with a 6xHis-Tag at the C-terminus of the recombi-
nant protein. One microgram of the plasmid was used for in vitro
cell-free transcription or translation for the recombinant protein
production by Expressway Cell-Free E. coli expression system
(Invitrogen). Each 5 ul of lysate containing CP-IP recombinant
protein was incubated with 2 ug of GST-CP™' recombinant
protein in coprecipitation buffer (50 mM Tris, pH 7.5, 100 mM
NaCl, 0.2% glycerol, 0.6% Triton X-100, and 0.5 mM
B-mercaptoethanol) at room temperature for 1 h and was then
applied with 10 pg of anti-ORSV CP polyclonal immunoglobulins
and 30 pl of balanced suspension of Protein G PLUS-agarose beads
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(Santa Cruz Biotechnology) for protein-capturing at room
temperature for another 1 h. The protein-captured beads were
washed twice with wash buffer (50 mM Tris, pH 7.5, 100 mM
NaCl, 0.6% Triton X-100). Final precipitant was suspended in
20 pl of 2x sample buffer (2% SDS, 10% glycerol, 1%
B-mercaptoethanol, 0.005% bromophenol blue, 50 mM Tris-HCI,
pH 6.8) and was analyzed by Western blot for prey detection with
anti-His (C-term)-horseradish peroxidase antibody (Invitrogen)
or anti-GFP monoclonal antibody (GeneTex). The captured
bait was measured by anti-GST monoclonal antibody (Bioman
Scientific).

VIGS for NbPII and NbPI2.

The 485-bp coding region (30 to 514 bp) of NbPI2 was
amplified with NbPIVIGSF1 and NbPIVIGSR1 primers by RT-
PCR because the region is highly conserved with NbPII. The
RT-PCR product was cloned into pCR8/GW/TOPO vector
(Invitrogen) to generate pCR8-TOPO-NBPI. The 485-bp frag-
ment of NbPI2 (NbPI°) was transferred into the TRV2-pYL279
plasmid (Liu et al. 2002) by a Gateway recombination system
(Invitrogen) to generate pTRV2-NbPI®. Agrobacterium tumefaciens
(strain GV3101) was used to express pTRV1 (TRV RNAT1) and
pTRV2-NbPI® following agroinfiltration to generate the TRV-
NbPIC virus in N. benthamiana plants for virus inoculum. TRV
was used as a negative control.

For VIGS of NbPII and NbPI2, the 3-week-old N. benthamiana
plant was used and the first to fifth leaves (counted from the base)
were used for TRV-NDbPI inoculation. After 7 dpi, NbPI1/2-VIGS
plants were challenged with ORSV on the seventh and eighth
leaves by mechanical inoculation. After 7 days of ORSV chal-
lenging inoculation, the twelfth and thirteenth leaves were
collected for RNA extraction with the plant total RNA isolation
kit (Viogene). Reverse transcription was performed using the
SuperScript III first-strand synthesis system (Invitrogen) with
oligo-dT and ORSV CP-specific reverse primers. NbPI1 and
NbPI2 expression were evaluated for VIGS efficiency by
detecting the conserved region with real-time RT-PCR, using
a LightCycler 480 instrument (Roche). In addition, the ORSV
CP RNA amounts were evaluated by real-time RT-PCR. The
NDEF I« level was used as internal control. The NbPI, ORSV
CP, and NbEF I o transcripts were quantified via a relative cycle
threshold (Ct) method. All of the experiments were performed
with three independent replicates to compensate possible
loading errors. The relative expression levels were calculated
based on the AACt value, and each sample was normalized
according to the expression level of NbEF I «.
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