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As sessile organisms, plants have to accommodate to rapid changes
in their surrounding environment. Reactive oxygen species (ROS) act
as signaling molecules to transduce biotic and abiotic stimuli into
plant stress adaptations. It is established that a respiratory burst
oxidase homolog B of Nicotiana benthamiana (NbRBOHB) produces
ROS in response to microbe-associated molecular patterns to inhibit
pathogen infection. Plant viruses are also known as causative agents
of ROS induction in infected plants; however, the function of ROS in
plant-virus interactions remains obscure. Here, we show that
the replication of red clover necrotic mosaic virus (RCNMV), a plant
positive-strand RNA [(+)RNA] virus, requires NoRBOHB-mediated ROS
production. The RCNMV replication protein p27 plays a pivotal role in
this process, redirecting the subcellular localization of NbRBOHB and
a subgroup Il calcium-dependent protein kinase of N. benthamiana
(NbCDPKiso2) from the plasma membrane to the p27-containing in-
tracellular aggregate structures. p27 also induces an intracellular ROS
burst in an RBOH-dependent manner. NbCDPKiso2 was shown to be
an activator of the p27-triggered ROS accumulations and to be re-
quired for RCNMV replication. Importantly, this RBOH-derived ROS is
essential for robust viral RNA replication. The need for RBOH-
derived ROS was demonstrated for the replication of another (+)
RNA virus, brome mosaic virus, suggesting that this characteristic is
true for plant (+)RNA viruses. Collectively, our findings revealed a
hitherto unknown viral strategy whereby the host ROS-generating
machinery is diverted for robust viral RNA replication.
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lants have evolved complicated and sophisticated strategies

to survive environmental changes. The rapid generation of
reactive oxygen species (ROS) is one of the hallmarks of plant
responses to various biotic and abiotic stresses (1). Plant NADPH
oxidase, termed RBOHs (respiratory burst oxidase homologs),
localize at the plasma membrane (PM) and intracellular com-
partments including the Golgi apparatus (2, 3) and play a key role
in ROS production upon the perception of environmental stresses
(4). In Nicotiana benthamiana, an RBOHB (NbRBOHB) plays
important roles in ROS production triggered by microbe-associated
molecular patterns (MAMPs), such as bacterial flagellin and fungal
chitin, and facilitates plant immunity against biotrophic pathogens
including an oomycete pathogen Phytophthola infestance and to-
bacco mosaic virus (5-8). RBOH activity is tightly and coordinately
regulated posttranslationally [e.g., activation by Ca®*, phosphatidic
acid (PA), G proteins, or protein kinases] (9-12). It has recently
been shown that receptor-like cytoplasmic kinases and calcium-
dependent protein kinases (CDPKs) regulate RBOHs activity via
direct phosphorylation or through modulating regulators of RBOHs
during recognition of MAMPs via corresponding surface-localized
pattern recognition receptors (13-16). RBOH-derived ROS induce
stomatal closure to keep out invading bacteria, cross-linking the
plant cell wall to block pathogen entry, and trigger local and sys-
temic transcriptional reprogramming to activate plant immunity (1,
4,9, 10). However, the function of ROS in plant-virus interactions
remains largely unknown.
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Plant viruses are obligate intracellular pathogens, and their rep-
lication cycle completely depends on host cells, thus requiring many
host factors for completion (17-20). Positive-strand RNA [(+)RNA]
viruses are the most abundant plant viruses and include many
pathogens economically important in agriculture. They encode only
a limited number of genes owing to their relatively small-sized ge-
nomes. However, they have evolved ways to use a number of host
factors including proteins, lipids, and metabolites to meet their de-
mands and reprogram host cell metabolism for their robust repli-
cation. Successful infection also involves efficient counterdefense
imposed by the host (21). To achieve this, plant viruses use a variety
of strategies to suppress or circumvent host defense systems and
promote their infection. These include the formation of virus-
induced miniorganelles like membranous structures to increase
the local concentration of proviral factors and viral RNA tem-
plate and to sequester newly synthesized viral genomes from host
nucleases (22, 23), the exploitation of viral suppressors of RNA
silencing to block the degradation or translation repression of
viral RNAs, and interference with the phytohormone signaling
involved in antiviral defense (21). Despite a number of recent
advances that unveil mechanisms underlying plant-virus molec-
ular arms race (reviewed in refs. 17-23), our current under-
standing of how (+)RNA viruses coordinate the host cell is far
from complete.

Red clover necrotic mosaic virus (RCNMV) is a plant (+)RNA
virus and a member of the genus Dianthovirus in the family
Tombusviridae (24). The genome of RCNMV consists of RNA1
and RNA2. RNA1 encodes auxiliary replication protein p27,
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RNA-dependent RNA polymerase (RdRp) p88P°, and a coat
protein. RNA2 encodes a movement protein that is required for
viral cell-to-cell movement. p27 and p88P°! target the endoplasmic
reticulum (ER) membranes and form a viral replicase complex
with co-opted multiple host factors (24-26). Among them are host
heat shock proteins, small GTPase ADP ribosylation factor 1
(Arfl), and a PA-generating enzyme phospholipase D (PLD)
hijacked by RCNMYV for robust viral replication (27-29). Inter-
estingly, affinity-purifited RCNMYV replicase complex from a
model plant N. benthamiana (30) contains several key players in
plant stress responses such as RBOH proteins and CDPK (29),
suggesting that these host proteins have direct regulatory functions
during a plant virus infection. Here, we present evidence that the
host ROS-generating machinery is diverted by RCNMV and
possibly by a well-established model plant (+)RNA virus, brome
mosaic virus (BMV) (31, 32), for robust virus replication.

Results

NbRBOHB Is Required for RCNMV Replication in N. benthamiana. Our
previous proteomics analysis has identified RBOH as being as-
sociated with RCNMYV replication proteins in N. benthamiana
leaves (29). Most of the identified peptides by liquid chromato-
graphy (LC)-MS/MS analysis were matched with previously
reported NbRBOHB (GenBank accession no. AB079499.1) (Fig.
S1) except for one peptide (LGAAVPFDDNLNFHK) that was
LGVAVPFDDNLNFHK in AB079499.1. We cloned NbRBOHB
coding sequences from our N. benthamiana cDNA library and
identified a homolog of AB079499.1 (GenBank accession no.
LC156098, containing LGAAVPFDDNLNFHK sequences and
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showing 98.5% amino acid sequence identity to AB079499.1). Blastp
search using LC156098 sequences as a query against N. benthamiana
Genome v1.0.1 predicted proteins (https:/solgenomics.net/organism/
Nicotiana_benthamiana/genome) showed 99.47% identity between
them. These slight changes may be due to differences in the
N. benthamiana used for genome sequencing and this study.
NbRBOHB-derived ROS play a positive role in plant immu-
nity against several plant pathogens including fungi, bacteria, and
viruses (5-8). Therefore, we first expected that RCNMV repli-
cation proteins would be recognized by RBOHs to trigger ROS
production to inhibit viral infection, or that RCNMYV replication
proteins act as a suppressor of RBOHs to counteract RBOH-
mediated antiviral immunity. To examine the function of NoRBOHB
in RCNMYV infection, we down-regulated NbRBOHB expression in
N. benthamiana by tobacco rattle virus (TRV)-mediated virus-
induced gene silencing (VIGS) and tested plants for susceptibility to
RCNMYV infection by analyzing viral RNA accumulation by North-
ern blotting. We also investigated the effects of VIGS of an
NDRBOHB homolog, NbRBOHA, on RCNMV infection, because
NbRBOHA is required for ROS production in response to
P. infestance infection (6). Significant morphological defects such
as chlorotic and stunted phenotypes were not observed in either
NBRBOHA- or NbRBOHB-silenced plants (Fig. S24). To our sur-
prise, RCNMV RNA accumulations were significantly inhibited in
NDRBOHA- and NbRBOHB-silenced plants, an unexpected phe-
nomenon (Fig. 14). In Arabidopsis thaliana, rbohD knockout mutant
plants accumulate high levels of the defense hormone salicylic acid
(SA) and show increased expression of the SA marker gene PR-1
upon pathogen challenge (33, 34). However, it has been reported that

C

plants

sNbRBOHA sNbRBOHB

P x® P ®
7 & &0 8
N N° N A0 A\ -
’ : A Y 0 S
& KT <& 23
- [0
4 RNA1 5L
. 4 RNA1 53
23
CsgRNA Lt « sgRNA §5
TRV:00 TRV: TRV:
NbRBOHA NbRBOHB
R1f
M -— « SR1f
protoplasts
°+/°SD 190 gg % i/° SD 12 aNbRBOHA sNbRBOHB
+ : ;
RNA2 S _
4 RNA2 -— = < 22 o8
o
100 51 31 % 100 113 2 % g 0.6
11 11 +SD 13 1 *SD 05 04
= m
sx 02
rRNA rRNA ©
TRV:00 TRV: TRV:

NbRBOHA NbRBOHB

Fig. 1. NbRBOHB is essential for robust RCNMV RNA replication. (A) Accumulations of RCNMV RNA in N. benthamiana leaves silenced for NbRBOHA and

NbRBOHB. Total RNA was extracted from the mixture of three independent inoculated leaves 2 d after RCNMV inoculation and used for Northern blot
analysis. (B) Accumulations of RCNMV RNAs in protoplasts isolated from N. benthamiana leaves silenced for NbRBOHA and NbRBOHB. Total RNA was
extracted at 16 h postinoculation and used for Northern blot analysis. Ethidium bromide-stained rRNAs are shown below the Northern blots, as loading
controls. The numbers below the blots represent the relative accumulation levels (means + SD) of viral RNAs (RNA1 and RNA2, respectively) using ImageJ
software (NIH), which were calculated based on three independent experiments. sgRNA, subgenomic RNA; SR1f, a small RNA fragment that derived from
noncoding region of RNA1. (C) Efficiencies of gene silencing as assessed by RT-gqPCR analysis. Graphed data are means + SE from three independent ex-
periments. PP2A was used as an internal control.
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no enhancement of PR-1 expression is observed in NbRBOHA- or
NbRBOHB-silenced N. benthamiana upon MAMPs treatment (35).
Consistent with the latter finding, the expression of another SA-
marker gene (PR-5) was not increased in NbRBOHA- and
NDRBOHB-silenced N. benthamiana compared with control plants
at 2 d after RCNMYV inoculation (Fig. S2B). The results indicated
that both NbRBOHA and NbRBOHB were required for RCNMV
leaf-level infection.

We next examined whether protoplasts isolated from NbRBOHA-
or NbRBOHB-silenced N. benthamiana can support RCNMV rep-
lication. RCNMV RNA accumulation was significantly lower in
NDRBOHB-silenced protoplasts compared with that in control
protoplasts (Fig. 1B). In contrast, RCNMV RNA accumulation in
NbRBOHA-silenced protoplasts was comparable to that in control
protoplasts, suggesting that whereas NoboRBOHB is essential for
RCNMV cellular-level replication NbRBOHA is involved in
postreplication step(s) in RCNMV infection. Reverse transcription
quantitative PCR (RT-qPCR) analyses confirmed the specific re-
duction of NDRBOHA or NbRBOHB mRNAs in NbDRBOHA- or
NbRBOHB-silenced plants, respectively (Fig. 1C).

RCNMV p27 Replication Protein Associates with NbRBOHB. To inves-
tigate whether RCNMYV replication protein p27 interacts
with NbRBOHA and NbRBOHB we performed a coimmunopre-
cipitation (co-IP) assay in cell lysates prepared from evacuolated to-
bacco BY-2 protoplasts (BYL) (29, 36). C-terminally HA-tagged p27
was coexpressed with N-terminally FLAG-tagged NbDRBOHs from in
vitro synthesized transcripts in BYL, and the extracts were subjected
to IP using FLAG-affinity resin. Consistent with our previous LC-MS/
MS analysis (29), p27-HA was copurified with FLAG-NbRBOHB or
FLAG-NbRBOHA but not with C-terminally FLLAG-tagged firefly
luciferase (FLuc-FLAG), which was used as a negative control (Fig.
24). The p27-NbRBOH interaction was confirmed in transfected
protoplasts using a co-IP assay (Fig. S34). Furthermore, p88P°
interacted with NbRBOHB in vitro and in protoplasts (Fig. S3 4 and
B). Deletion analysis indicated that p27 and p88P®' interacted with
different regions of NbDRBOHB (Fig. S3 C-F). We also tested the
p27-NbRBOHB interaction in plants with a bimolecular fluorescent
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complementation (BiFC) assay. A BiFC signal was detected as an
aggregated structure in an intracellular space (Fig. 2B), which was
reminiscent of the sites of RCNMV replication (26). The fluores-
cence of N-terminally GFP-fused NbRBOHB showed its localization
at the cell periphery in N. benthamiana epidermal cells (Fig. 2C).
However, coexpression of C-terminally mCherry-fused p27 (p27-
mCherry) caused redistribution of the fluorescence of GFP-
NbRBOHB from the cell periphery to the intracellular aggre-
gated structure, in which they colocalized (Fig. 2C).

RCNMV Triggers an Intracellular ROS Burst via the p27 Replication
Protein in an RBOH-Dependent Manner. We next asked whether
RCNMYV induces ROS production in an infected cell using an
intracellular ROS staining dye CM-H,DCFDA and a recombinant
RCNMYV that expresses mCherry serving as an infection marker
(37). RCNMV-infected cells showed extremely high ROS signal
compared with uninfected cells (Fig. 34). In contrast, RCNMV
infection did not promote DAF-FM-DA (4-amino-5-methylamino-
2, 7-difluorofluorescein diacetate) signaling, which indicates the
presence of intracellular reactive nitrogen species (RNS) (Fig. S4).
These results indicate that RCNMYV infection promotes intracel-
lular ROS production. Furthermore, the expression of p27-
mCherry but not ER-retention signal-containing mCherry
(ER-mCherry) induced high intracellular ROS production (Fig.
3B). Importantly, this p27-induced high ROS accumulation was
canceled by diphenyliodide (DPI), a well-known inhibitor of
RBOH activity (Fig. 3B). These results were confirmed in N.
benthamiana leaves infected by RCNMYV or transiently expressing
p27-GFP, using the DAB (3,3’-diaminobenzidine) assay for ROS
staining. Again, DPI inhibited, albeit incompletely, the ROS ac-
cumulation induced by p27-GFP (Fig. 3 C and D). We also found
that p27-induced ROS generation was inhibited in NORBOHB-si-
lenced leaves (Fig. 3E). The accumulations of p27-GFP were
comparable between control and NbRBOHB-silenced leaves, thus
excluding the possibility that lower p27-induced ROS production in
silenced leaves was due to absence of the viral protein (Fig. 3F).
These results strongly suggest that p27 induces high intracellular
ROS accumulations in an RBOH-dependent manner. Importantly,
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Fig. 2. RCNMV p27 replication protein associates with NoRBOHB. (A) A co-IP of p27 and NbRBOHs in BYL (evacuolated tobacco BY-2 cell extracts). After in
vitro translation, the extract was solubilized and subjected to immunoprecipitation by anti-FLAG antibody, and immunoprecipitates were probed with anti-
FLAG and anti-HA immunoblots after gel electrophoresis. (B) A BiFC of p27 and NbRBOHB in N. benthamiana epidermal cells. The coexpression of p27-nYFP
and p27-cYFP was used as a positive control. (Scale bars, 30 pm.) (C) Confocal laser scanning microscopy of N. benthamiana epidermal cells transiently
expressing GFP-NbRBOHB alone or coexpressing GFP-NbRBOHB with p27-mCherry. The superimposition of the green (GFP) and red (mCherry) fluorescence is
shown as a yellow color. (Scale bars, 30 um.)
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Fig. 3. RCNMV promotes ROS production in an infected cell via the p27 replication protein in an RBOH-dependent manner. (A) The H,DCFDA-stained to-
bacco BY-2 protoplasts inoculated with recombinant RCNMV that expresses mCherry. RCNMV-infected cells are marked by arrows. H,DCFDA-positive and
H,DCFDA-negative cells were counted for mCherry-positive (about 40 cells per experiment) and mCherry-negative (about 300 cells per experiment) cells,
respectively. Graphed data are means + SD from three independent experiments; *P < 0.005, **P < 0.001, Student’s t test. (B) The H,DCFDA-stained tobacco
BY-2 protoplasts inoculated with p27-mCherry-expressing plasmids. Protoplasts were treated with DMSO or 10 pM RBOH inhibitor DPI for 16 h postinocu-
lation. A plasmid expressing mCherry containing ER-targeting signal (ER-mCherry) was used as a negative control. (C and D) DAB-stained N. benthamiana
leaves transiently expressing RCNMV or p27-GFP by Agrobacterium-mediated infiltration. Leaves were treated with DPI (50 uM) at 1 d after infiltration and
photographed at day 4. GFP or p19 was used as a negative control. (E) DAB-stained leaves of NbRBOHB-silenced and control N. benthamiana plants (TRV:00)
expressing p27-GFP. (F) Accumulation of p27-GFP in N. benthamiana leaves silenced for NbRBOHB. Total protein was extracted and analyzed by immunoblot
using an anti-GFP antibody. (G) Accumulation of RCNMV RNA in N. benthamiana protoplasts. The protoplasts were inoculated with in vitro synthesized RNA1
and RNA2 and incubated at 17 °C for 16 h in the presence of various concentrations of DPI. Ethidium bromide-stained rRNA is shown below the Northern
blots, as loading controls. The numbers below the images represent the relative accumulation levels (means + SD) of viral RNAs (RNA1 and RNA2, respectively)
from three independent experiments.
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treatment of N. benthamiana protoplasts with the RBOH inhibitor
DPI led to the dose-dependent inhibition of RCNMYV replication
(Fig. 3G), suggesting that RCNMV replication depends on
RBOH-derived ROS, which are highly induced by RCNMV p27.

NbCDPKiso2 Is Required for p27-Induced ROS Burst and RCNMV RNA
Replication. Our previous proteomics analysis showed that
NbCDPKiso2 was present in the affinity-purified fraction of
RCNMYV replication complex (29). CDPK is a calcium sensor
protein and comprises a multigene family (e.g., 34 members in
A. thaliana and 29 members in tomato), which is divided into four
subgroups (38-40). Phylogenetic analysis revealed that NbCDPKiso2
belongs to subgroup II CDPK (Fig. S5). Tobacco CDPK1 (NtCDPK1),

Hyodo et al.

a close relative of NbCDPKiso2, regulates the function of a
transcription factor in response to a phytohormone, gibberellin
(41). Interestingly, it has been proposed that A. thaliana subgroup
II CDPK (AtCPK3) may be involved in MAMP responses (38).
Furthermore, it is known that some isoforms of CDPK phos-
phorylate and activate RBOH (13-15). Therefore, we investigated
whether NbCDPKiso2 is involved in RBOH-dependent ROS
production triggered by p27. We found that NbCDPKiso2 phos-
phorylated an N-terminal fragment of NbRBOHB in a Ca*'-
dependent manner in an in vitro kinase assay (Fig. S64) and
enhanced NbRBOHB activity in mammalian cells in response to
the calcium ionophore ionomycin (Fig. S6B). These results suggest
that NbCDPKiso2 can phosphorylate and activate NbRBOHB.
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Therefore, we predicted that NbCDPKiso2 is co-opted by RCNMV
to activate NbRBOHB during viral infection. Unexpectedly, in
these in vitro and mammalian systems p27 failed to promote
NbCDPKiso2-mediated NbRBOHB phosphorylation and activa-
tion (Fig. S6 A4 and B). Nevertheless, importantly, we found that
silencing NbCDPKiso2 expression inhibited p27-induced ROS
generation without affecting the accumulation of the viral replica-
tion protein (Fig. 4 A and B). Furthermore, RCNMYV accumulation
was inhibited in NDCDPKiso2-silenced leaves and protoplasts (Fig. 4
C and D). RT-qPCR analyses confirmed the specific reduction of
NbCDPKiso2 in the NbCDPKiso2-silenced plants (Fig. 4F). No
morphological defects were observed in these plants (Fig. S24).
These results suggest that NbCDPKiso2 mediates p27-induced
ROS generation and that it plays a positive role in the RNA rep-
lication of RCNMYV in a plant cell.

Next, we asked whether NbCDPKiso2 is incorporated into the
p27-NbRBOHB complex. We found that NbCDPKiso2 formed
complexes with NbRBOHB in a co-IP assay (Fig. 54). In addition
to NbRBOHB, NbCDPKiso?2 also interacted with and colocalized
with p27 (Fig. 5B and Fig. S7 4 and B). Using BiFC, we showed
that the NbRBOHB-NbCDPKiso2 interaction, which typically
occurred at the cell periphery (Fig. 5C), was redistributed to the
intracellular aggregated structure by coexpression with p27 (Fig.
5D). Furthermore, the intracellular NbRBOHB-NbCDPKiso2
signal was colocalized with p27-mCherry (Fig. SE). We also found
that NbCDPKiso2 was copurified with the N-terminal short
fragments of NbDRBOHB, which were not associated with p27 in
co-IP assays in N. benthamiana protoplasts (Figs. S3E and S7C),
suggesting that NbCDPKiso2 and p27 bind to different regions of
NbRBOHB. These results suggest that p27 can form a ternary
complex with NbRBOHB and NbCDPKiso2, which is required to
activate NbRBOHB to generate ROS in the cytoplasm.

Each CDPK consists of a kinase domain, an autoinhibitory pseu-
dosubstrate domain, multiple Ca®*-binding EF-hand motifs, and an
N-terminal variable domain (V domain) (38). It is proposed that the
V domain determines the substrate specificity of CDPKs (42, 43).
Deletion analysis indicated that the N-terminal variable domain of
NbCDPKiso2 is required for the p27-NbCDPKiso2 interaction
(Fig. S7D).

RNA Replication of BMV Depends on RBOH-Derived ROS. The results
described above suggest that RCNMV hijacks the host’s ROS-
generating machinery for viral RNA replication. To investigate
whether this phenomenon is also observed in other plant (+)RNA
viruses, we tested BMV, another (+)RNA plant virus, for its de-
pendency on host ROS-generating enzyme. We found that BMV
replication protein 2a was efficiently copurified with NbRBOHA
and NbRBOHB but not with NbCDPKiso2 in a co-IP assay in
N. benthamiana protoplasts (Fig. 64). BMV failed to accumulate
in NbRBOHA- or NbDRBOHB-silenced N. benthamiana leaves (Fig.
6B), and DPI inhibited BMV replication in N. benthamiana pro-
toplasts in a dose-dependent manner (Fig. 6C). These results,
similar to those observed for RCNMYV (Figs. 24 and 3E), indicate
that BMV replication depends on RBOH-derived ROS.

Discussion

It is known that ROS play a critical role in stress acclimation in
animals and plants. During pathogen infection plants rapidly
produce ROS to induce local or systemic signaling through the
activation of cell surface-localized RBOH proteins. ROS signaling
mediates systemic resistance against plant viruses (7, 8) and is
therefore considered to be a positive regulator of plant antiviral
defense. However, the precise function of ROS in plant-virus in-
teraction has not been extensively studied. In this study, we showed
that RBOH-derived ROS production is required for robust RNA
replication of RCNMV. Because ROS have generally short half-
lives and high reactivity within cells, spatial control of ROS gen-
eration sites is important for physiological ROS signaling (44).
Here, we showed that the p27 replication protein of RCNMV in-
teracts with and redistributes NbDRBOHB from the PM to intra-
cellular aggregate structures to induce ROS production in an
RBOH activity-dependent manner (Figs. 2 and 3). Because most, if
not all, p27-containing perinuclear ER aggregate structures are
believed to be the sites of de novo viral RNA synthesis (28), the
presented data suggest that a large proportion of NbRBOHB
molecules are retargeted to the viral replication site from the PM
through interaction with p27. The ER membrane is known to as-
sociate with the PM (45), and therefore it is possible that p27
recognizes NbDRBOHB at or near the ER-PM contact sites and
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Fig. 4. NbCDPKiso2 is required for p27-induced ROS bursts and RCNMV RNA replication. (A) DAB-stained leaves of NbCDPKiso2-silenced and control
N. benthamiana plants (TRV:00) expressing p27-GFP. (B) Accumulation of p27-GFP in N. benthamiana leaves silenced for NbCDPKiso2. Total protein was
extracted and analyzed by immunoblot using an anti-GFP antibody. (C) Accumulations of RCNMV RNAs in N. benthamiana leaves silenced for NbCDPKiso2.
(D) The accumulation of RCNMV RNAs in protoplasts isolated from N. benthamiana leaves silenced for NbCDPKiso2. The relative accumulation levels of viral
RNAs were determined as described in the legend to Fig. 1. (E) Efficiencies of gene silencing as assessed by RT-qPCR analysis. NbCDPK7 expression was also
analyzed to evaluate silencing specificity. Graphed data are means + SEs from three independent experiments. PP2A was used as an internal control.
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then recruits it to sites of viral RNA replication. Alternatively, p27
may recruit RBOH proteins from the Golgi apparatus, where a
population of RBOH molecules resides (3). In this context, it
should be noted that p27 binds to Arfl, which is a key regulator of
vesicle trafficking from the Golgi apparatus, and interferes with host
secretory pathways (28, 37).

The data presented here suggest that BMV, another plant
(+)RNA virus, also uses the host ROS-generating machinery for
viral RNA replication (Fig. 6). Recently, it has been shown that
RBOH proteins are also copurified with bamboo mosaic virus RARp
(46). Generation of ROS is a common response during pathogen
infection, and RBOH is highly conserved in plants. Therefore, plant
(+)RNA viruses may have evolved a sophisticated strategy to co-opt
this highly conserved plant immune system. Recent findings have
suggested that ROS play a positive role in mammal and algal viral
infections. The production of influenza A virus particles in lung
epithelial cells depends on NOX4-derived ROS (47). Emiliania
huxleyi virus, a large dsDNA virus, which infects coccolithophores,
induces ROS production and uses it for successful viral lytic infec-
tion (48). Collectively, these studies suggest that the host ROS-
generating machinery may be a common target shared by diverse
viruses, regardless of their hosts.

ROS can mediate a diverse array of reversible or irreversible
modifications on biomolecules, including proteins and lipids. They
govern the functions of various proteins, including redox-sensitive
chaperone Hsp33 and calcium/calmodulin-dependent protein ki-
nase CaMKII, through regulation of disulfide bond formation or
oxidation of methionine residues (49, 50). Oxidizing agents en-
hance the guanyltransferase activity of flavivirus NS5 or alphavirus
nsP1 in vitro (51). Therefore, it is possible that ROS-mediated
oxidation of viral and/or co-opted host factors would facilitate viral
replication. However, the mode of action of ROS in viral repli-
cation in vivo remains unexplored. Further studies are needed to
understand how ROS boost plant viral RNA replication.

RBOH activity is regulated posttranslationally by a number of
factors, such as Ca**, PA, G proteins, and a number of kinases (9-
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13). Several CDPKs are involved in biotic and abiotic stresses as
positive or negative regulators of RBOH proteins. For example,
several A. thaliana subgroup 1 CDPKs, in particular AtCPK1 and
AtCPK2, phosphorylate AtRBOHD and AtRBOHF and are re-
quired for the ROS accumulation induced by pathogen effectors
such as avrRpm1 and avrRpt2 (14). The A. thaliana subgroup IV
CDPK, AtCPK28, phosphorylates and regulates the turnover of
receptor-like cytoplasmic kinase BIK1 (16), which acts upstream
of AtRBOHD during MAMPs-triggered immunity and is required
for ROS bursts (34, 52). However, their involvement in plant-virus
interactions has not been reported previously. In this study, we
identified the N. benthamiana subgroup II CDPK, NbCDPKiso2,
which phosphorylates and enhances NboRBOHB activity (Fig. S6).
Interestingly, NbCDPKiso2 was shown to be co-opted by RCNMV
and essential for robust viral RNA replication (Fig. 4). Impor-
tantly, NbCDPKiso2 is required for p27-induced ROS accumula-
tion. Therefore, our findings suggest that RCNMV indirectly
activates NbRBOHB with the help of NbCDPKiso2. In contrast,
the BMV replication protein 2a was not efficiently copurified with
NbCDPKiso2 (Fig. 64), suggesting that BMV and RCNMYV use
different strategies to harness RBOH enzymes.

In in vitro and mammalian cell assays we failed to detect further
enhancement of NbCDPKiso2-mediated NbRBOHB activation by
p27 (Fig. S6). Although we do not exclude the possibility that p27 is
not functional in vitro or in the heterologous in vivo system, this
may imply that an additional host factor could be involved in virus-
mediated NbRBOHB activation in plant cells. Recently, it has been
reported that NtCDPK1 can act as a kinase and also as a scaffold
protein to bridge a transcription factor, repression of shoot growth
(RGS), and 14-3-3 protein (53). Phosphorylation and 14-3-3 bind-
ing cooperatively regulate the function of RGS in response to
gibberellins (41). Our proteomics analysis identified several known
RBOH activators, such as PA-generating enzyme PLD and heter-
otrimeric G protein subunit § (29). Recently, it was reported
that A. thaliana heterotrimeric G protein forms complexes with
AtPLDal (54) and AtRBOHD (12) and is required for AtRBOHD
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phosphorylation and ROS bursts triggered by the flagellin epitope.
In addition to NbCDPKiso2, RCNMV may also co-opt these
RBOH activators for optimal activation of RBOH proteins.

Plant RNA viruses must interact and use host factors at every
step of the replication cycle (e.g., RNA synthesis, virus assembly,
movement, counterdefense, and transmission). Examples include
eukaryotic translation initiation factors, RNA-binding proteins,
membrane trafficking machinery, and lipid-generating enzymes
(17, 19, 20, 55, 56). These host factors simultaneously serve as
virus restriction determinants if they have mutations that are un-
favorable for virus replication (56). This study represents an ex-
ample of the hijack of a host defense-associated pathway by a
plant virus and provides an interesting insight into the coevolution
of viruses/hosts (i.e., the endless arms race between them).

Experimental Procedures

Plant Growth Conditions. N. benthamiana plants were grown on soil at 22 +
2 °C and 12 h light/12 h dark per day.

Gene Cloning. RNA extraction from N. benthamiana leaves was performed
using an RNeasy Plant Mini-Kit (Qiagen). Reverse-transcription PCR (RT-PCR)
was carried out as described earlier (28). Superscript Il reverse transcriptase
(Invitrogen) and oligo (dT) were used for RT. Primers to amplify coding se-
quences (CDSs) of NbRBOHA, NbRBOHB, and NbCDPKiso2 were designed
based on the N. benthamiana RNA sequencing data (Transcriptome version 5:
benthgenome.qut.edu.au/) (57). The full-length CDSs of NbRBOHA, NbRBOHB,
and NbCDPKiso2 were amplified from N. benthamiana cDNA and cloned into
pBYL2 (25) (Table S1). All plasmids constructed in this study were verified
by sequencing.

Transient Expression in N. benthamiana. Agrobacterium tumefaciens strain
GV3101 carrying various binary constructs was used for transient expression.
The CDSs of NbRBOHA, NbRBOHB, and NbCDPKiso2 were amplified from
corresponding pBYL vectors and inserted into binary vector pBICP35S (with the
35S promoter and HA, nYFP, cYFP, or GFP fusion tag) using an in-fusion
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cloning kit (TaKaRa Bio, Inc.). Standard electroporation was used for trans-
formation of A. tumefaciens GV3101. Transformed bacterial cells were grown
in liquid Luria broth medium supplemented with appropriate antibiotics for
24 h. Cells were harvested and resuspended in infiltration buffer (10 mM
MgCl,, 10 mM MES, and 150 pM acetosyringone, pH 5.7). Suspensions were
mixed at final ODggo of 0.05 for each construct for the BiFC experiments and an
ODggo of 0.2 each for subcellular localization or co-IP experiments with the
RNA silencing suppressor of tomato bushy stunt virus, p19. Four- to five-week-
old N. benthamiana plants were infiltrated with 1-mL needleless syringes. The
infiltrated N. benthamiana leaves were taken off 4 d postinfiltration (dpi) and
used for subsequent analysis.

VIGS in N. benthamiana. The partial sequences of CDSs from NbRBOHA (a 499-bp
fragment), NbRBOHB (a 500-bp fragment), or NbCDPKiso2 (a 333-bp frag-
ment) were amplified from corresponding pBYL plasmids and inserted into
pTVO0O (58) (Table S1). Appropriate combinations of silencing vectors were in-
oculated via Agrobacterium infiltration into N. benthamiana plants at 2-3 wk
postgermination. At 18 dpi, the leaves located above the infiltrated leaves
were challenged with in vitro synthesized RCNMV RNA1 and RNA2 (0.5 pg
each). At 2 d after inoculation, inoculated leaves from three different plants
infected with the same inoculum were pooled, and total RNA was extracted
using plant RNA purification reagents (Invitrogen), treated with RQ1 RNase-
free DNase (Promega), purified by phenol-chloroform extraction, and precip-
itated with ethanol. Viral RNAs were detected by Northern blotting, as
described previously (27, 28).

Protoplast Experiments. Young expanded leaves from 5- to 6-wk-old
N. benthamiana were used for protoplast preparation. N. benthamiana
protoplasts were inoculated with RCNMV RNA1 and RNA2 (0.5 pg each) and
incubated with 0, 2.5, 5, or 10 uM DPI (diphenyleneiodonium; Sigma-Aldrich)
at 17 °C for 16 h. For the BMV replication assay, N. benthamiana protoplasts
inoculated with BMV RNA1, RNA2, and RNA3 (1.5 ug each) were incubated
with 0, 2.5, 5, or 10 pM DPI at 17 °C for 24 h. DPI was dissolved in DMSO
(Sigma-Aldrich). Total RNA was extracted and subjected to Northern blot-
ting, as described previously (28). Each experiment was repeated at least
three times using different batches of protoplasts.
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For VIGS experiments, protoplasts isolated from TRV-infected N. benthamiana
plants at 21 dpi were used for viral RNA inoculation. Total RNA was extracted at
16 h postinoculation and subjected to Northern blotting. Each experiment was
repeated at least three times using different batches of protoplasts.

Quantitative RT-PCR. Total RNA was isolated from leaves or protoplasts after
treatment with plant RNA purification reagents (Invitrogen). cDNA was synthe-
sized from 0.5 pg of total RNA with a ReverTra Ace gPCR RT kit (Toyobo). RT-
qPCR analysis was carried out using the StepOnePlus Real-Time PCR system
(Applied Biosystems) with THUNDERBIRD SYBR gPCR Mix (Toyobo) using specific
gene primers (Table S2). The relative expression values of genes were de-
termined using the comparative Ct method (24<%) with PP2A as a reference gene.

Co-IP Experiments. For a co-IP assay using evacuolated tobacco BY-2 proto-
plast lysate (BYL), FLAG- or HA-tagged proteins were expressed in BYL by
adding capped in vitro synthesized transcripts. After incubation at 25 °C for
120 min, a 10-pL bed volume of ANTI-FLAG M2-Agarose Affinity Gel (Sigma-
Aldrich) was added to the BYL and further incubated for 1 h with gentle
mixing. The resin was washed three times with 200 uL of TR buffer [30 mM
Hepes, 100 mM KOAc, 2 mM Mg(OAc),, 2 mM DTT, 150 mM Nadl, and 0.5%
Triton X-100, pH 7.4].

For a co-IP assay in protoplasts, fragments or full-length CDSs of NbRBOHA,
NbRBOHB, and NbCDPKiso2 were amplified from corresponding pBYL vec-
tors and inserted into pUBP35S (with the 35S promoter and HA or FLAG
fusion tag) using an in-fusion cloning kit (TaKaRa Bio, Inc.). N. benthamiana
protoplasts were transfected with 10 pg of the indicated plasmids then in-
cubated for 16 h at 17 °C. Total protein was extracted with buffer A [S0 mM
Hepes, 150 mM NaCl, 0.1% 2-mercaptoethanol, 0.5% Triton X-100, and 5%
(vol/vol) glycerol, pH 7.5], incubated with 20 uL ANTI-FLAG M2-Agarose Af-
finity Gel (Sigma-Aldrich) at 4 °C for 2 h with gentle mixing, and washed
with 1 mL of buffer A three times.

Details of a co-IP experiment following Agrobacterium-mediated tran-
sient expression in N. benthamiana were described previously (29). Total
protein was extracted from 0.33 g of leaves in 1 mL of buffer A containing a
mixture of protease inhibitors (Roche), incubated with GFP-Trap agarose
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beads (10 pL) (ChromoTek) at 4 °C for 1 h with gentle mixing. The beads
were washed three times with 1 mL of buffer A. The bound proteins were
eluted by addition of 1x SDS gel loading buffer, followed by incubation at
95 °C for 3 min. Protein samples were subjected to SDS/PAGE, followed by
immunoblotting with anti-FLAG M2 (Sigma-Aldrich), anti-HA 3F10 (Roche),
or anti-GFP JL8 (Clontech).

Subcellular Localization Assays. Appropriate combinations of fluorescent
protein-fused proteins were expressed in N. benthamiana leaves by
Agrobacterium infiltration. The fluorescence of GFP and mCherry was visual-
ized with confocal laser scanning microscopy at 4 dpi as described previously (59).

Detection of ROS Production. For ROS staining assays with CM-H,DCFDA
[5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate; Invitrogen],
tobacco BY-2 protoplasts were inoculated with in vitro synthesized RCNMV-
mCherry transcripts or plasmids expressing ER-mCherry or p27-mCherry, as
described previously (60). After 16 h, the protoplasts were incubated for 10 min
at room temperature in 500 nM CM-H,DCFDA. Fluorescence was observed by
fluorescent microscopy (Olympus).

For histological H,O, production in N. benthamiana leaves upon infiltration
with Agrobacterium, the leaves were excised and immersed in DAB solution
[1 mg/mL DAB (Wako), 10 mM NaHPO,, and 0.01% Nonidet P-40] with vacuum
infiltration, followed by an overnight incubation at room temperature in the
dark. The stained leaves were cleared in boiled 70% (vol/vol) ethanol.

The measurement of ROS production in HEK293T cells was performed
essentially as described previously (11, 61). See SI Experimental Procedures
for details.
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