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A calmodulin-binding transcription factor links
calcium signaling to antiviral RNAi defense in plants

Graphical abstract
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Plants recognize wounding-triggered Ca2* flux to prime
antiviral RNAi defense

CAMTAS activates RDR6/BN2 expression to enhance
antiviral RNAI

BN2 upregulates AGO1/2 and DCL1 RNA levels by degrading
miRNAs

Geminivirus proteins disrupt CaM-CAMTAS interaction to
suppress antiviral RNAi
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In brief

Little is known about the initial signal to
trigger RNAIi gene expression and how
RNAi is transcriptionally regulated during
virus infection. Wang et al. reveal that
wounding triggers Ca®* — CaMs —
CAMTA3 — BN2/RDRG6 signaling cascade
to induce RNAIi gene expression, priming
antiviral RNAi defense. Geminivirus V2
proteins suppress this pathway to
promote viral infection.
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SUMMARY

RNA interference (RNAI) is an across-kingdom gene regulatory and defense mechanism. However, little is
known about how organisms sense initial cues to mobilize RNAIi. Here, we show that wounding to Nico-
tiana benthamiana cells during virus intrusion activates RNAi-related gene expression through calcium
signaling. A rapid wound-induced elevation in calcium fluxes triggers calmodulin-dependent activation
of calmodulin-binding transcription activator-3 (CAMTAS), which activates RNA-dependent RNA polymer-
ase-6 and Bifunctional nuclease-2 (BN2) transcription. BN2 stabilizes mRNAs encoding key components
of RNAi machinery, notably AGONAUTE1/2 and DICER-LIKE1, by degrading their cognate microRNAs.
Consequently, multiple RNAi genes are primed for combating virus invasion. Calmodulin-, CAMTAS3-, or
BN2-knockdown/knockout plants show increased susceptibility to geminivirus, cucumovirus, and potyvi-
rus. Notably, Geminivirus V2 protein can disrupt the calmodulin-CAMTAS interaction to counteract RNAi
defense. These findings link Ca?* signaling to RNAi and reveal versatility of host antiviral defense and viral

counter-defense.

INTRODUCTION

Viral pathogens cause yield and nutritious losses in crops. To
counterattack, plants have evolved multilayered mechanisms
including physical barriers, R-gene-mediated defense, and
RNA interference (RNAI) (Soosaar et al., 2005). RNAi is an
across-kingdom innate immunity and gene regulatory machin-
ery; its molecular framework has been well characterized. Plants
employ dicer-like endoribonucleases (DCLs) to cleave structural
or double-stranded (ds) RNA derived from single-stranded (ss)
molecules by RNA-dependent RNA polymerase 6 (RDR6) into
small interfering RNAs (siRNAs). One strand of the siRNA duplex
is then loaded into an RNA-induced silencing complex (RISC),
which contains RNase H-like Argonautes (e.g., AGO1/2), and
guides AGO to cleave homologous target RNAs, such as viral
RNAs (Fang and Qi, 2016; Wilson and Doudna, 2013). Interest-
ingly, viral infection often activates and upregulates expression
of multiple RNAi-related genes in plants (Bai et al., 2012; Qin
et al.,, 2018; Vargas-Salinas et al., 2021), but its initial cue is
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largely unknown. Moreover, it also remains unclear how RNAI
genes are transcriptionally regulated, although posttranscrip-
tional control for some RNAi genes has been described (Allen
et al., 2005; Yang et al., 2020).

To overcome cellular physical barriers such as cuticle and cell
wall, plant viruses invade cells through touching of plants or
transmission by vectors including insects, nematodes, and fungi
(Nicaise, 2014). Plant cells respond to this abiotic wounding with
changes in cytosolic calcium (Ca®*) concentration and activation
of Ca*-signaling pathways (Toyota et al., 2018; Yan et al., 2018).
Such specific Ca2* change, so called “Ca®* signature,” is de-
coded and relayed by Ca®* sensors such as calmodulin (CaM).
CaMs consist of 4 EF-hand motifs that chelate Ca®*, which
causes conformational changes leading to interaction between
activated CaMs and their target proteins (Babu et al., 1988).
CaM exerts a regulatory role in plant immunity by interacting
with target proteins including CaM-binding transcription acti-
vator-3 (CAMTAS) (DeFalco et al., 2016; Galon et al., 2010).
CAMTAS regulates homeostasis of the plant-defense-associated
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hormone salicylic acid (SA) and plays a crucial role in stress re-
sponses (Du et al., 2009; Wang et al., 2009). Moreover, CAMTA3
binds to the rapid stress response element (RSRE) in the pro-
moters of stress-regulated genes and is a positive regulator of
early stress responses (Benn et al., 2016, 2014; Bjornson et al.,
2014; Walley et al., 2007). However, no link has been made
between the Ca?*-CaM-CAMTAS signaling cascade and RNAi
antiviral defense. Further, it is unknown whether and how the
wounding can act as the initial cue to prime antiviral RNAi to com-
bat viral infection during or/and just after a virus first enters a
plant cell.

RESULTS

CaM is a positive RNAi regulator

During our yeast two-hybrid screening of partners that may
interact with viral silencing suppressor (VSR) V2, we identified
CaM3, a Ca®"-binding protein in Nicotiana benthamiana (see
below). There is a very high amino acid sequence identity
among CaMs (Figure S1A). To investigate whether CaMs partic-
ipate in RNAI, we performed CaMs-knockdown (KD) using To-
bacco rattle virus (TRV)-induced gene silencing (VIGS) with a
CaM3 gene fragment (Figures S1B and S1C). CaMs-KD plants
displayed abnormal phenotypes including dwarfism and severe
leaf curling (Figure S1B) because multiple CaMs were silenced
in CaMs-KD plants as indicated by qRT-PCR assay (Fig-
ure S1C). 16¢c lines are transgenic N. benthamiana plants
constitutively and highly expressing green fluorescent protein
(GFP) and have widely been used to visualize the actions of
small RNAs and measure RNA silencing level (Ruiz et al.,
1998). We then tested whether CaM3-KD affected RNAI in
16¢ plants by co-delivering GFP dsRNA construct to induce
systemic GFP silencing. Expression of GFP transgene was sup-
pressed in upper young leaves of control versus CaM3-KD
plants (Figure S1D). GFP mRNA and protein levels were approx-
imately 2.58- or 1.75-fold higher in CaM3-KD plants, respec-
tively, while GFP siRNAs accumulated about 6.25 times higher
in control plants (Figures STE-S1G). These data suggest that
CaM3-KD impairs RNAI in plants.

To affirm the role of CaMs in RNAI, we co-expressed myelo-
cytomatosis (MYC)-tagged CaM3 (MYC-CaM3) or C-terminal
luciferase (MYC-cLUC) with GFP in N. benthamiana and 16¢c
plants. At 3 days post-agroinoculation, GFP fluorescence was
weaker in leaves overexpressing MYC-CaM3 versus MYC-
cLUC (Figure S1H), consistent with the levels of GFP mRNA,
siRNA and protein as well as CaM3 mRNA, which increased
in leaves overexpressing MYC-CaM3 compared with MYC-
cLUC (Figures S1I-S1L). Overexpression of MYC-CaM1 or
MYC-CaM®6 had a similar impact on GFP silencing (Figures
S1M and S1N). Hence, CaM3 and its homologs positively
regulate RNAI.

CAMTAS3-mediated upregulation of RNAi requires CaM

To understand how CaM3 functions in RNAi, we identified
CAMTAS as a CaM3-interacting partner through affinity purifica-
tion using MYC-Trap followed by mass spectrometry analysis
(Figure S10). CAMTA3 was further verified to interact with
CaM3 via the CaM-binding domain of CAMTAS (CaMBD) in vivo
and in vitro (Figures S1P-S1R). The in vitro pull-down assay also
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indicated that CAMTA3-CaM3 interaction was Ca®* dependent
and severely attenuated by ethylene glycol tetraacetic acid
(EGTA), a Ca®** chelator (Figure S1R), raising a question on
whether CAMTAS is required for RNAi. To address this, we
generated CAMTAS3-knockout (KO) camta3 plants via CRISPR-
Cas9 gene editing (Figures S2A-S2C). CAMTAS3-KO resulted in
increased GFP fluorescence, mRNA, and protein levels but
caused a decreased biogenesis of GFP siRNAs in plants after
transient GFP expression (Figures 1A-1D). Further, CAMTAS3-
KO impaired systemic GFP RNAI in upper leaves of 16¢ plants
after transient GFP expression in the infiltrated leaves (Figures
1E-1H). Meanwhile, GFP mRNA and protein levels were lower,
but siRNA level was higher when hemagglutinin (HA)-tagged
CAMTAS (HA-CAMTAS) was overexpressed in leaves compared
with controls (Figures 1I-1L). Moreover, the K979E mutation in
CAMTAS3 compromised its interaction with CaM3 (Figures
S1S-S1U) and its activity in mediating RNAi (Figure 11-1L), sug-
gesting that CaM3-CAMTAS3 interaction was required to regu-
late RNAI.

CAMTABS binds to and activates the RDR6 promoter
Considering that CAMTAS is a transcription factor, we per-
formed RNA-seq-based genome-wide transcriptional analysis
to identify potential CAMTAS3-regulated genes (Figure S2E).
We found that RDR6, AGO1/2, and DCL1 were downregulated
in camta3 (Figure S2E). qRT-PCR results confirmed that
RDR6, AGO1/2, and DCL1 were downregulated in camta3
and CaM3-KD plants, but upregulated in plants transiently
overexpressing CAMTA3 or CaM3 (Figures 2A, 2B, and
S2F-S2l). We hypothesized that CAMTAS controls expression
of these genes to modulate RNAI. Through analyzing the pro-
moter sequence of downregulated genes, we identified a
CGCG maotif in the RDR6 promoter, which might be a binding
site for CAMTA3 (Nie et al., 2012). This prediction was
confirmed by yeast one-hybrid assay, ChIP-gPCR and elec-
trophoretic mobility shift assay (EMSA) (Figures 2C-2E). We
co-expressed CAMTAS with a luciferase (LUC) reporter under
the control of the RDR6 promoter (RDR6,,,) or its CGCG box
mutant (RDR6M,,,) (Figures 2G-2I). CAMTAS3 enhanced tran-
scription from RDRG6,,, but not RDR6M,. Similar results
were obtained from LUC assays in N. benthamiana proto-
plasts (Figures 2K and 2L). These data demonstrate that
CAMTA3 binds to RDR6 promoter and activates RDR6
transcription.

CAMTAS3-mediated activation of BN2 transcription
intensifies RNAi

No CGCG box/motif was found in the promoter of AGO1/2 or
DCL1, implying CAMTAS does not directly regulate their tran-
scription. We combined our RNA-seq data with VIGS screen
and identified Bifunctional nuclease-2 (BN2), a potential small
RNA (sRNA) degradation enzyme as hinted (Ramachandran
and Chen, 2008), linked it to CAMTA3-mediated regulation of
AGO1/2 or DCL1 expression. BN2 was downregulated in
camta3, but upregulated in plants transiently overexpressing
HA-CAMTAS (Figures 2A, 2B, and S2E). The BN2 promoter
contains a CGCG box and CAMTAS stimulated transcriptional
activity of the BN2 promoter (BN2pro) but not a CGCG-box-
mutated promoter (BN2Mpro) (Figures 2C, 2D, 2F-2H, 2J, 2K,



Cell Host & Microbe

35S:GFP+

camta3-1 camta3-2

c
35S:GFP+

35S:GFP+

|-

<
o ———
1.00 1.89 1.98

camta3-1
camta3-2

WT

i-GFP

isco anti

siGFP

1.00 0.370.39

Rub

-.-

©
]

G

16¢
camta3-3

ok
ES

35S:GFP+

-
[é)]
1

]
=

16¢c
camta3-3
16¢
camta3-3

-
o
1

anti-GFP | «— quup SIP GNP

o
3
L

1.00 1.78 1.87 1.92

Rubisco

¢ CellP’ress

Figure
RNAI
(A-D) Transient expression of GFP in camta3-1,
camta3-2, or N. benthamiana (A). gRT-PCR anal-
ysis of relative GFP mRNA levels (B), small RNA
blot of GFP-derived siRNAs (C), and immunoblot
assay of GFP proteins (D).

(E-H) Camta3-3 or 16¢c N. benthamiana plants
were inoculated with 35S: GFP and the upper
systemic leaves were observed for GFP expres-
sion. Photographs were taken under UV light at
20 days post infiltration (dpi) (E). qRT-PCR assays
of the relative GFP mRNA levels (F). GFP protein
levels (G) and GFP-derived siRNAs (H).

(I-L) Transient co-expression of HA-nLUC, HA-
CAMTA3 or HA-CAMTA3X"%E with GFP in
N. benthamiana. Photographs were taken under
UV light at 3 days post infiltration (I). gRT-PCR
assay of relative GFP mRNA levels (J), immunoblot
assay of GFP protein levels (K), and small RNA blot
of GFP-derived siRNAs (L) in HA-nLUC, HA-
CAMTA3 or HA-CAMTA3KS7®E inoculated plants.
Data are mean = SD, asterisks in qRT-PCR data
panels indicate a significant difference (Student’s t
test, *p < 0.05; **p < 0.01). The ratios in protein or
siRNA levels were analyzed by ImagedJ and shown
under relevant blots. See also Figure S1.
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DCL1 by a sRNAs-mediated mechanism
based on the following information. First,
DCL1, AGO1, and AGO2 mRNAs are tar-
geted by miR162, miR168, and miR403 in
plants including N. benthamiana (Allen
et al., 2005; Pertermann et al., 2018; Vau-
cheret et al., 2004; Wu et al., 2015; Xie
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ported to degrade sRNAs in vitro and limit
their accumulation in vivo (Ramachan-
dran and Chen, 2008). To test whether
BN2 indeed degrades sRNAs including
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and 2M). CRISPR-Cas9-mediated BN2-KO plants (bn2)
showed more intense GFP fluorescence and higher GFP
mRNA and protein levels, but fewer GFP-derived siRNAs than
controls after transient GFP expression (Figures S2D and
S2L-S20). BN2 overexpression enhanced GFP RNAi (Figures
S2P-82S) and upregulated the mRNA levels of AGO1/2 and
DCL1 but not RDR6 (Figure S2J). AGO1/2 and DCL1 transcript
levels but not those of RDR6 were reduced in bn2 plants (Fig-
ure S2K). We suggest that CAMTAS indirectly influences

microRNAs, we performed sRNA-seq to
examine how BN2 affects microRNA
accumulation (Table S1). We found that
levels of miR162, miR168, and miR403 increased in bn2 sRNA-
seq. We confirmed this result by gRT-PCR and sRNA Northern
blots in bn2 and camta3 plants (Figures 3A, 3B, and 3E). On
the other hand, lysate and glutathione S-transferase (GST) alone
showed no nuclease activity (Figures 3C and 3D, lanes 1-2).
However, GST-tagged BN2 (GST-BN2) degraded mature miR-
NAs miR162, miR168, and miR403 (Figures 3C and 3D, lanes
4-6). The GST-BN2M with Ala-substitutions at Glu-143 and
Asp-144 in the putative nuclease motif partially lost the nuclease
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Figure 2. CAMTAS3 binds to and activates RDR6/BN2 promoter

Relative LUC/REN ratio

1

(A and B) gRT-PCR assays of RDR6 and BN2 mRNA levels in HA-nLUC, HA-CAMTAS transient overexpression or in wild-type and camta3-1 leaves.
(C) Yeast one-hybrid assay. Yeast cells were co-transformed with an effector vector containing the RDR6,,.,, RDR6M,,, or BN2,,,0, BN2M,, fused to a pHis2

vector and a prey vector encoding CAMTAS fused to pGADT7.

(D) In planta ChIP-gPCR. Chromatin from plants expressing HA-CAMTAS3 or HA-nLUC were immunoprecipitated and amplified with promoter-specific primers.
(E and F) In vitro EMSA. Hot or cold probe is the biotinlabeled or unlabeled CGCG box DNA of RDR6,,, (E), BN2,, (F), respectively.

(G-J) CAMTA3-mediated activation of transcription. Expression of luciferase reporter was under the control of the 35S promoter (G), wild-type (H), or mutant (I
and J) RDR6 and BN2 promoters respectively. The photographs were taken 30 h post infiltration (hpi).
(K) Schematic diagram of the transient luciferase reporter constructs in N. benthamiana protoplasts. (L and M) Transient luciferase measurement in
N. benthamiana protoplasts. Data are mean + SD, asterisks in data panels indicate a significant difference (Student’s t test, *p < 0.05; **p < 0.01). See also

Figure S2.
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Figure 3. BN2 degrades AGO1/2- and DCL1-targeting miRNAs

(A) Small RNA blot assay of miR162, miR168, and miR403 levels in camta3-1, bn2-1, and wild-type (WT) N. benthamiana plants.

(B) qRT-PCR detection of the relative miR162, miR168, and miR403 levels in bn2 and wild-type N. benthamiana.

(C) Immunoblot assay of recombinant proteins GST, different amount of GST-BN2, or GST-BN2M. The amount of GST and GST-BN2M were 160 and 60 ng,
respectively. The amount of GST-BN2 were 20 (lane 4), 40 (lane 5), and 60 ng (lane 6).

(D) Enzymatic activity assays on single-stranded (ss) microRNAs in vitro. RNA oligonucleotides were incubated with buffer alone (lane 1), purified GST (lane 2),
GST-BN2M (lane 3), or different amount of GST-BN2 (lanes 4-6) as shown in (C).

(E) gRT-PCR detection of the relative miR162, miR168, and miR403 levels in camta3 and wild-type N. benthamiana.

(F) ssDNA oligonucleotide, in vitro transcribed 5" end-labeled pre-miR168 and in vitro transcribed 5’ end-labeled ACTIN RNA were, respectively, incubated with
lysate buffer (L), GST (G), GST-BN2M (M), GST-BN2 (B, B1, or B2). The amount of GST and GST-BN2M were 160 and 60 ng, respectively. The amounts of GST-
BN2 were 20 (lane B or B1) and 40 ng (lane B2).

(legend continued on next page)
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activity (Figures 3C and 3D, lane 3). GST-BN2 had no effect on
ssDNA, pre-miR168 or longer (600 nt) ACTIN RNA (Figure 3F)
but was able to cleave miR159 and miR167 (Figure 3G), suggest-
ing that BN2 specifically targets and degrades mature miRNAs in
a miRNA non-specific manner in vitro. We transiently co-ex-
pressed BN2 or BN2M with pre-miRNA162, pre-miRNA168,
and pre-miRNA403 in plants. BN2 overexpression decreased
the amount of mature miR162, miR168, and miR403 by 44%-—
68%, but BN2M overexpression reduced these microRNAs by
only 14%-27% (Figure 3H). Thus, BN2 acts as a ribonuclease
to degrade microRNAs post-transcriptionally and indirectly reg-
ulates the level of DCL1 or AGO1/2 mRNA in plants.

CaM3, CAMTA3, and BN2 are required for plant antiviral
defense

To test the relevance of the Ca®*— CaMs— CAMTA3— BN2/
RDR6— RNAi signaling cascade to virus-plant interactions,
we inoculated camta3, bn2, RDR6-KD, and wild-type
N. benthamiana plants with Cotton leaf curl Multan geminivirus
(CLCuMuV). CLCuMuV caused more severe symptoms in camta3
and bn2 than wild-type plants (Figures 4A and 4C). More viral
genomic DNA and vsiRNAs accumulated in the camta3 and bn2
plants, as indicated by gel blot, respectively (Figures 4B and 4D).
CAMTA3-KO or RDR6-KD increased the accumulation of CLCu-
MuV genomic DNA and CLCuMuV-derived vsiRNAs (Figures
S3A-S3C), compromised CLCuMuV-mediated RNAi of an endog-
enous gene phytoene desaturase (PDS) and PDS-derived siRNA
accumulation (Figures S3A and S3D), suggesting that CAMTA3
and RDR6 are required for both geminivirus-induced gene
silencing and plant antiviral defense. We also tested the effect of
CaMs on CLCuMuV infection by using Cotton leaf curl Multan be-
tasatellite (CLCuMuB)-based VIGS plus CLCuMuV as a helper vi-
rus (Jia et al., 2016). CaMs-KD plants showed more severe viral
symptoms and more viral DNA accumulation than control plants
(Figures S3F-S3H). In contrast, transgenic plants overexpressing
MYC-CaM3 showed milder viral symptom with reduced viral
DNA accumulation than MYC-GUS plants (Figures S3I-S3L).

We further tested the role of CAMTAS3 and BN2 in RNA virus
infection by inoculating camta3, bn2, and wild-type
N. benthamiana plants with cucumber mosaic virus (CMV)
(Wang et al., 2011b) with 2byg; deficiency (retained N-terminal
81 amino acids of 2b, CMV-A2bygs) and Plum pox potyvirus
(PPV-GFP) (Ying et al., 2010). Similar to DNA viruses, both
CMV-A2byngs and PPV-GFP showed more severe symptoms,
increased levels of viral RNA, and changed quantity of vsiRNA
in camta3 and bn2 plants (Figures S4A-S4D and S5A-S5D).

To examine if CAMTA3 enhances antiviral defense by activating
one or more unknown genes unnecessary for RNAi-dependent
antiviral defense, we compared viral symptom, the accumulation
of both DNA and RNA viruses, and their cognate vsiRNAs be-
tween the rdr6/camta3 double mutants and single mutants. The
RDR6-KO (rdr6) plants were generated as described (Ludman
and Fatyol, 2019). For this purpose, we knocked down CAMTA3
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in wild-type and rdr6 mutant plants by TRV-based VIGS (Liu
et al., 2002b). It is worth noting that RDR6-KO has no effect on
TRV-mediated gene silencing as indicated by using PDS reporter
gene (Figure S3E) (Liu et al., 2002a; Vaistij and Jones, 2009). Like
camta3 mutant, CAMTAS3-KD showed more severe viral symptom
along with more virus accumulation of both DNA and RNA viruses,
suggesting that CAMTA3-KD mimics camta3 mutant plants (Fig-
ures 4, S3, S4, and S5). The camta3/rdr6 double mutant plants
and rdr6 single mutant plants showed no difference in viral symp-
tom, accumulation of both DNA and RNA viruses and their
cognate vsiRNAs (Figures 4E-4l, S4E-S4l, and S5E-S5I). These
altered vsiRNA profiles in rdr6 background were consistent with
previous reports (Aregger et al., 2012; Vaistij and Jones, 2009;
Wang et al., 2011b). These experiments indicate that CAMTA3
acts dependently on antiviral RNAi against virus.

Our results demonstrate that plant antiviral defense involves a
signal transduction pathway that begins with Ca?*, is sensed by
CaMs and the transcriptional activator CAMTAS, and affects
transcription of BN2 and RDR6 to intensify RNA.I.

Geminiviral V2 interferes with CaM3-CAMTA3
interaction to suppress RNAI
CaM3 was identified as a CLCuMuV V2-interacting protein (Fig-
ures S6A-S6D). We showed that (1) MYC-CaM3 co-immunopre-
cipitated with GFP-V2 but not GFP (Figure S6A), (2) bimolecular
yellow fluorescence complementation was visible only in V2-
nYFP/cYFP-NbCaM3 co-infiltration (Figure S6B), and (3) in vitro
pull-down assay showed a direct interaction between CaM3
and V2 (Figure S6C). Luciferase complementation imaging assay
indicated that V2 also interacted with other CaMs (Figure SED).

We found that the Arg52 residue in the viral V2 protein is key for
interaction with CaM3. The alanine substitution mutation, V2724,
reduced V2 interaction with CaM3 (Figures S6E-S6H) and weak-
ened the V2 ability to suppress RNA silencing (Figure S6I-S6L),
suggesting that the interaction between V2 and CaMs is required
for V2-mediated RNAi suppression. Further, GFP expression
levels are similar between camta3-1 plants co-expressing
V2R52A and V2 (Figures SEM-S6P). Additionally, no difference in
GFP expression level is observed between V2-expressing
camta3-1 and V2-expressing wild-type N. benthamiana leaves
(Figures S6M-S6P). These results suggest that V2 functions to
suppress RNAi by disrupting CAMTA3-CaMs interaction.
Furthermore, the CLCuMuV-V2752A mutant virus caused less se-
vere symptom and less viral DNA accumulation than wild-type
CLCuMuV (Figures S6Q-S6S). Moreover, camta3-1 plants sup-
ported higher accumulation of CLCUMuV-V27%2A and partially
complemented the effect of R52A mutation in V2 on viral accumu-
lation (Figure S6S), suggesting that V2 also functions to suppress
antiviral RNAiI regulated by CaMs and CAMTAS in the context of
the viral infection.

To gain insight into how the interaction between V2 and CaM
impacts suppression of RNAI, we expressed and purified MBP-
tagged V2, V27%2A GFP proteins, His-CaM3, and GST-CAMTA3

(G) Degradation of miR159 and miR167 by BN2 in vitro. RNA oligonucleotides were incubated with purified GST (G) or GST-BN2 (B1~3). The amount of GST was
160 ng, and the amounts of GST-BN2 were 20 (lane B1), 40 (lane B2), and 60 ng (lane B3).

(H) gRT-PCR detection of the relative miR162, miR168, and miR403 levels in HA-BN2 or HA-BN2M transient expression leaves. Data are mean + SD, asterisks in
qRT-PCR data panels indicate a significant difference (Student’s t test, *p < 0.05; **p < 0.01). The ratios in siRNA levels were normalized against U6 by ImageJ and

shown under relevant blots. See also Table S1.
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Figure 4. CAMTAS3 and BN2 are required for antiviral RNAi defense against CLCuMuV

(A and C) Viral symptoms in camta3, bn2, and N. benthamiana plants infected with CLCuMuV at 16 dpi.

(B and D) Viral-derived siRNAs and viral DNA accumulation in camta3-1, bn2-1, and N. benthamiana plants. A partial CLCuMuV V2 DNA was used as a template to
make siRNAs probes, partial CLCuMuV V7 DNA was used as a template to make southern blot probes.

(E-) Analysis of antiviral RNAi against CLCuMuV in camta3/rdr6 double and rdr6 single mutants. The effect of CAMTAS3-KD on viral symptoms in WT or rdr6 plants
infected with CLCuMuV (E), the level of CAMTA3 mRNA in wild-type (F) and rdr6 (G) plants, and the accumulation of CLCuMuV DNA (H) or siRNAs (I) in CLCuMuV-
infected systemic leaves of WT or rdr6 plants. CAMTAS3-KD was induced by TRV-CAMTAS3 to mimic camta3 mutant while the empty vector TRV was used as
negative control in these experiments. Plants were photographed at 16 days post inoculation. Data are mean + SD, asterisks in gRT-PCR and gPCR data panels
indicate a significant difference (Student’s t test, “p < 0.05; **p < 0.01). The ratios in siRNA levels were analyzed by ImageJ and shown under relevant blots. See
also Figures S3-S5.

CaMBD from E. coli. We found that less GST-CaMBD was pulled  assays showed that HA-tagged V2 (HA-V2), but not HA-nLUC
down by histidine-tagged CaM3 (His-CaM3) in the presence of  or HA-V2R%2A weakened the interaction of CaM3 with CAMTA3
myelin basic protein (MBP)-tagged V2 (MBP-V2) in a dose- (Figures S7Band S7C). A similar conclusion was also drawn from
dependent manner, but not MBP-GFP and MBP-V27%?A (Fig-  tomato yellow leaf curl China virus (TYLCCNV) V2 experiments
ure S7A). Bimolecular fluorescence complementation (BiFC) (Figures S7B-S7D). Thus, the V2 proteins from two different
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Figure 5. Calcium flux activates CAMTAS transcription factor function
(A) Impact of K979E mutation on CAMTAS function in luciferase report assay.

(B and E) Treatment with 2-mM LaClj3 for 4 h before observation reduced CAMTAR transcriptional upregulation of RDR6 and BN2 in luciferase reporter assays and

N. benthamiana protoplast transient expression assay. The photographs were taken 30 hpi.

(C and D) EMSA showing that Ca®*-coupled CaM3 interaction of CAMTA3 enhances CAMTAS binding to promoter of RDR6 (C) or BN2 (D). The “+” indicates 2.5-

mM CacCl,, “+ +” indicates 5-mM CaCl,. 10-mM EGTA was taken as treatment.

(F) An aphid feeding on the leaf caused a local [Caz*]cyt increase (outlined by white arrow). Ca®* levels were monitored using transgenic reporter line expressing

GCaMP3. The corresponding movie is available as Video S1.

(G) A mechanical wounding on the leaf caused a local [Caz"]cyl increase (outlined by white arrow). The corresponding movie is available as Video S2. Data are
mean + SD, asterisks in qRT-PCR data panels indicate a significant difference (Student’s t test, *p < 0.05; **p < 0.01).

geminiviruses interfere with the interaction between CaMs and
CAMTAS to suppress plant RNAI.

Wounding-triggered Ca2* flux activates antiviral RNAi in
plants

During virus attack, it is yet unknown how plants sense the very
first signal of virus invasion to prime the antiviral RNAi pathway.
Many plant viruses enter cells through insect feeding, fungal or
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nematode invasion, or mechanical wounding. Wounding and in-
sect feeding lead to Ca?* flux and trigger multiple responses
(Toyota et al., 2018; Vincent et al., 2017; Yan et al., 2018). In light
of our results, wounding-triggered Ca®* signaling could be the
initial cue for priming RNAi when a virus breaks into a plant
cell. This idea is supported by our results showing that CaMs
and CAMTAS3 positively participate in RNAI (see above). The rela-
tionship between Ca?* flux and antiviral RNAi was further



Cell Host & Microbe

¢? CellPress

A 0.8+ — control B o
—— aphid o 2
. e -.............-......_.... c§u 2.0- *k E 3
3 0.6 - JM T Q ** S **
T ) Mty 5 * o
o / ", = 1.57 5
S 044 JJJ -‘ % 3 24 *k o
w JJ < 1.04 2
S / % z 4.
0.2 Jj € 0.5- né
/ o AN, _qz) [
0.0t s APRASP AW i i it 0.0 £
g RS T QPR
20 ,40 ) 60 89 100 120 time post-settling ¥ time post-settling
0.2 time after insect wounding (s)
€3 3 3 2 S
8 5- - S 44 3 34 wok & 104 g 4 o
< < *% Q x *% u—
5 44 5 3 kS 5 84 2 3
T T *% T 2 *k ° [
5 3 *k 8 *k 8 = 8 6+ >
< o g 21 < < - S 21
¥ 24 g g 1 Z 44 *k & *
b €
E £ 1 S E , 1
[} 7 9 ) ) T g
T Q- T QA T (- T Q- o 04
2 RS & PRS2 PR S S S
time post-settling time post-settling time post-settling time post-settling time post-settling
D s — control E e
—— woundin ®
g 3 25- ';:2.0- -,
— it et e 1....1”_““ 5 2.0 ** S 151 .
t\(l“ “144 4\\J\qp..““."“ Il Ko} % (_3 .
O 04 JJ IS E 1.54 %
= it < — 1.0
= i Z 1.0- <
S 024 / £ %5l
’ JJJ o 0.54 E ’
/ % 0.0 £0
0.0 oot o e S e e A S ] 2N S 3N A
20 40 . 60 _80 100 120 time after wounding ®  time after wounding
0.2 time after wounding (s)
Fs 8 3 g
8 34 O 34 *k 3 3- *k g 15+ S 3
*% < Q x *% Q
I u u u “ *%
o o o o o *k
g 2. ¢ 2 ¢ 24 B ax 104 2 2
2 * 2 o *k 2 ° sk 2 *k
< < < < <
z & A & &
£ 11 £ 14 £ 1- £ 5- £ 11
2 2 2 2 2
g o S od 2 04 3 0- g 0
NI I A S T 2 N T T A TN S N SRS
time after wounding time after wounding time after wounding time after wounding time after wounding
G > SymmControl 79639 H 4+ mm Control I 41 = Control
= E Wounding — § I Wounding 61.29% > I Wounding
§ 4+ O 3 g 3 65.41%
o, S 5
Y -1 [] @
= 3 2 . 3 21 .
£>) 24 60.03% 2 42.15% ® 40.92%
) ®© =
= o T 1A
5 - &
[0)
& - 0- 0-
WT camta3-1 WT camta3-1 WT camta3-1

Figure 6. Wounding triggers calcium flux and bolsters RNAI in plants
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transgenic reporter line expressing GCaMP3.
(B and C) qRT-PCR showing the relative genes induction after aphid’s herbivory.

(legend continued on next page)
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investigated. First, compared with CAMTA3, CAMTA3X®7°E was
reduced for CaM-binding, less transcriptional upregulation of
RDR6 and BN2, and less activation of RNAi (Figures 1I-1L and
5A). Second, we found that spraying plant leaves with 2-mM
LaCls, an antagonist of Ca?*, weakened the transcription factor
activity of CAMTAS (Figure 5B). Third, using EMSA we evaluated
the effect of Ca®* and CaM3 on the CAMTA3 DNA-binding activ-
ity and found that Ca®*-dependent CaM3-CAMTA3 interaction
enhanced CAMTAS binding to RDR6 or BN2 promoter (Figures
5C and 5D). N. benthamiana protoplast transient expression
assay displayed the same trend (Figure 5E). These data suggest
that Ca®*-bound CaM3 interacted with CAMTAS to activate the
CAMTAS3 transcriptional function in upregulating the RDR6 and
BNZ2 transcription. Fourth, we revealed that both aphid herbivory
and mechanical wounding triggered Ca?* signaling in GCaMP3
overexpressing transgenic N. benthamiana (DeFalco et al.,
2017) by inducing Ca?* flux, followed by CAMTA3-dependent in-
creases in MRNA levels for RDR6, BN2, AGO1, AGO2, and DCL1
(Figures 5F, 5G, 6A-6F, 7A, and 7B; Videos S1 and S2). These
observations are consistent with previous reports that different
abiotic stresses trigger Ca®* signaling and induce expression
of CaMs and their downstream genes (Braam and Davis, 1990;
van Der Luit et al., 1999; Yang and Poovaiah, 2000, 2002). We
further evaluated the effect of wounding on viral accumulation
by infecting camta3 or wild-type N. benthamiana plants with
PPV-GFP, CLCuMuV, or CMV-A2bngy, respectively, and
clamp-wounding half of them by forceps once a day on the
lateral blade edge of upper systemic leaves. We examined viral
accumulation in the wounded systemic leaves and systemic
leaves at the same leaf position without wounding treatment
and found that wounding impaired viral accumulation and
camta3 compromised the effect of wounding on viral accumula-
tion (Figures 6G-6l). These findings suggest that CAMTAS is
required for wounding-mediated suppression of viral accumula-
tion. Taken together, wounding-triggered Ca®* flux activates
CAMTAS function to prime RNAi for antiviral defense.

DISCUSSION

As sessile organisms, plants have evolved multilayered mecha-
nisms to survive under diverse stresses including pathogens. It
is well established that RNAI plays a crucial role in antiviral de-
fense via the coordinated activities of RDRs, DCLs, AGOs, and
RISC (Garcia-Ruiz et al., 2015; Morel et al., 2002; Qu et al.,
2008; Wang et al., 2011a, 2010). RNAi can be controlled by mi-
croRNAs in a feedback manner (Allen et al., 2005; Vaucheret
etal., 2004; Wu et al., 2015; Xie et al., 2003). However, two ques-
tions remain: (1) how is RNAi transcriptionally regulated to initiate,
maintain, and enhance cellular RNAi machinery under normal
and stress conditions and (2) what is the signal to prime RNAi
at the onset of virus invasion? For most plant viruses, the first
event in infection is wounding. In this work, we uncovered that
when plants encounter mechanical damage or insect penetra-
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tion, the wounding triggers Ca®* fluxes to activate CaM-depen-
dent CAMTAS transcriptional function, leading to increased
mRNA levels of RDR6, BN2, and several other RNAi core genes,
supporting intensified antiviral RNAi response. CAMTAS3 can
directly bind to the RDR6 and BN2 promoters and activate their
transcription (Figure 2). BN2 acts as a ribonuclease to degrade
miRNAs, resulting in upregulation of AGO1, AGO2, and DCL1
mRNA levels (Figures 3, S2J, and S2K). Impaired response of
RNAI core genes to wounding in camta3 or bn2 (Figures 7A and
7B), the effect of CAMTAS3-KD on viral infection/replication and
vsiRNA accumulation in RDR6-KO mutant (Figures 4E-4l, S4E-
S4l, and S5E-S5I), the dependence of V2-mediated RNAI sup-
pression on the CAMTAS3-CaM s interaction (Figures S6M-S6P),
and the suppression effect of wounding on viral accumulation
and its requirement for CAMTARS (Figures 6G-6l) support the ge-
netic epistasis of Ca®* signaling over antiviral RNAi. These results
demonstrate that Ca®* signaling promotes RNAi and insect her-
bivory or mechanical wounding is an initial signal to prime RNAi at
the onset of virus invasion (Figure 7C). Ca* and mobile RNA sig-
nals may spread to adjacent cells to trigger intercellular and sys-
temic Ca®*— RNAI signaling (Chen et al., 2018). Further, virus
infection itself could result in cellular stress and alter the Ca®*
pools and further cause Ca2* fluxes in all virus-infected cells in
both local and systemic tissues (Lecourieux et al., 2006; Zhao
etal., 2016) (Figure 7C). A low basal level of Ca2* exists in all cells
and could also contribute to basic transcription of RNAi-related
genes (Figure 7C). Our findings link the Ca®* signaling triggered
by wounding to antiviral RNAi defense, providing insights into
how plants prime RNAIi on the onset and during virus invasion.
Moreover, although geminiviral V2 is not predicted to have the
known CaM-binding domain based on the Calmodulin Target
Database (http://calcium.uhnres.utoronto.ca/ctdb/flash.htm), it
suppresses antiviral RNAi by interacting with CaMs to interfere
with CaM-CAMTARS interaction and impair CAMTA3-mediated
transcriptional activation of both RDR6 and BN2, a distinct
counter-defense strategy (Figure S7) (Li and Wang, 2019).
Because of the important roles of DCL1 and AGO1 in miRNA
pathway, it is possible that there also exists a positive regulation
of miRNA pathway by wounding, which is involved in antiviral
defense.

Tobacco rgsCaM has a conflicting role during virus infection
(Anandalakshmi et al., 2000; Nakahara et al., 2012). In contrast,
we showed that authentic CaMs promote RNAi and enhance
plant defense against virus infection. On the other hand, the roles
of CAMTARS as a negative regulator of fungal and bacterial resis-
tance in plants and as a guardee of NLRs are well established
(Galon et al., 2008; Lolle et al., 2017; Rahman et al., 2016). How-
ever, CAMTAS is induced upon wounding and multiple physical
stimuli (Yang and Poovaiah, 2002). The CAMTAS3-dependent in-
duction of RSRE suggests that CAMTAS is a positive regulator of
early stress responses (Benn et al., 2016). We now extend the
functionality of CAMTAS3 and CaMs to plant antiviral RNAi immu-
nity and offers significant conceptual advance in how plants

(D) A mechanical wounding on the leaf caused a local [Caz"]Cyt increase. The [Caz"]cyt signature variation in leaf mechanical wounding process. Ca®* levels were

monitored using transgenic reporter line expressing GCaMP3.
(E and F) gRT-PCR assays of genes induction after mechanical wounding.

(G-1) The effect of wounding on viral accumulation in camta3-1 or N. benthamiana plants infected with CLCuMuV (G), CMV-A2bysg+ (H), or PPV (l). Data are mean +
SD, asterisks in qRT-PCR data panels indicate a significant difference (Student’s t test, *p < 0.05; **p < 0.01).
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Figure 7. Effect of CAMTA3 and BN2 on wounding induced RNAi genes expression and working model
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asterisks in gRT-PCR data panels indicate a significant difference (Student’s t test, *p < 0.05).
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sense the initial cue of wounding to modulate RNAI in response
to viral, and perhaps bacterial, fungal, or pest insect infestation
during plant-pathogens arms-race. Plants recognize Ca®* flux
triggered by injuries to plant cells as the common molecular
pattern of different viral infections to prime antiviral RNAi de-
fense. Moreover, RNAIi primed by Ca?* signaling may also regu-
late plant development and response to abiotic stresses and
other biotic stresses.

Limitations of the study

Our results suggest that Ca®*-CaM-CAMTAS signaling cascade
primes RNAIi defense against viruses in plants. A limitation of the
study is that while we have shown that wounding-dependent cal-
cium signaling occurs during the early stage of virus infection
and CaM/CAMTAS positively regulate antiviral silencing, it re-
mains to be elucidated whether virus infection plays a specific,
wounding-independent role in the induction of RNAi pathway
genes. Additional studies will be required to understand the
role of wounding-independent calcium signaling in antiviral
silencing, in particular during later stages of systemic infection
of plants by viruses.
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Anti-MBP monoclonal antibody
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Wang et al., 2019
Lietal.,, 2017

Ying et al., 2010
Wang et al., 2011b
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Chemicals, peptides, and recombinant proteins
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EGTA Sigma-Aldrich Cat#E4378
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Complete protease inhibitor cocktail Roche Cat#4693116001
Glutathione Sepharose 4B GE Healthcare Cat#17-0756-01
Ni-NTA Agrose Qiagen Cat#30210
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Critical commercial assays

Dual-Luciferase Reporter Assay System Promega Cat#E1910
Chemiluminescent EMSA Kit Beyotime Cat#GS009
Hieff® gPCR SYBR® Green Master Mix YEASEN Cat#11201ES08
RiboMAX™ Large Scale RNA Production Promega Cat#P1300

Systems

TransScript One-Step gDNA Removal and
cDNA Synthesis SuperMix

SimpleChIP(R) Plus Kit (Magnetic Bead)

miRcute miRNA First-Strand cDNA
Synthesis Kit

miRcute miRNA gPCR detection Kit (SYBR)
Biotin Decalabel DNA Labeling Kit
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BcaBEST™ Labeling Kit TaKaRa Cat#6046
North2South Chemiluminescent Pierce Cat#17097
Hybridization and Detection Kit

Deposited data

SRA sRNA-seq of Nicotiana benthamiana PRJNA611704
SRA sRNA-seq of bn2-1 transgenic plants PRJNA611711

Raw data of EMSA, western blots, northern
blots and southern blots

Mendeley Data

https://data.mendeley.com/datasets/
k5r6z5zkpk/draft?a=379ee2d9-9261-
4541-8fd1-15ef39af9af5

Experimental models: Organisms/strains

Nicotiana: 16¢ Ruiz et al., 1998 N/A
Nicotiana: 35S:MYC-GUS This paper N/A
Nicotiana: 35S:MYC-CaM3 This paper N/A
Nicotiana: camta3-1 (WT background) This paper N/A
Nicotiana: camta3-2 (WT background) This paper N/A
Nicotiana: camta3-3 (16c background) This paper N/A
Nicotiana: bn2-1 (WT background) This paper N/A
Nicotiana: bn2-2 (WT background) This paper N/A
Nicotiana: 35S:GCaMP3 DeFalco et al., 2017 N/A
Nicotiana: rdr6 (WT background) Ludman and Fatyol, 2019 N/A
Nicotiana: RDR6i (NT background) Schwach et al., 2005 N/A
Oligonucleotides

See Table S2 N/A
Recombinant DNA

HA/GFP/GST/MBP/BD-V2 This paper N/A
V2-nYFP/nLUC This paper N/A
HA/GFP/GST/MBP/BD-V2R%24 This paper N/A
V2 RS2AnYFP This paper N/A
HA/MBP-TYLCCNV V2 This paper N/A
cLUC/AD/cYFP/nYFP/MYC/His-NbCaM3 This paper N/A
cYFP/HA/GST/ pGADT7-NbCAMTAS3 This paper N/A
pGreenll 62-SK-NbCAMTAS3 This paper N/A
MYC/cLUC -NbCaM1 This paper N/A
MYC/cLUC -NbCaM6 This paper N/A
GST/cYFP-CaMBD This paper N/A
CYFP/GST/HA-NbCAMTAZKO79E This paper N/A
RDR6pro/RDR6Mpro-Luciferase This paper N/A
pHIS2-RDR6pro/RDR6Mpro This paper N/A
pGreen |l 800-RDR6pro/RDR6Mpro This paper N/A
BN2pro/BN2Mpro-Luciferase This paper N/A
pHIS2-BN2pro/BN2Mpro This paper N/A
pGreen Il 800-BN2pro/BN2Mpro This paper N/A
HA/GST-BN2 (BN2M) This paper N/A
35S:Pri-miR162 This paper N/A
35S:Pri-miR168 This paper N/A
35S:Pri-miR403 This paper N/A
35S:GFP Ying et al., 2010 N/A
MBP-GFP This paper N/A
T7Pro:Pri-miR168 This paper N/A
T7Pro:ACTIN 2 partial This paper N/A
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BM2-NbPDS Jiaet al., 2016 N/A

BM2-NbCaM3 This paper N/A

CMV-A2byg, This paper N/A

CLCuMuV-V2 R52A This paper N/A

TRV-NbCaM3 This paper N/A

TRV-CAMTAS3 This paper N/A

TRV-NbPDS Liu et al., 2002a N/A

Software and algorithms

ClusterX Version 2 www.clustal.org
Prism7 GraphPad www.graphpad.com
LAS X Leica www.leica-microsystems.com
ZEN Zeiss Www.zeiss.com

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yule Liu
(yuleliu@mail.tsinghua.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and code availability

All data and materials needed to replicate the work are available. Accession numbers: Sequence data from this article can be found in
the GenBank/EMBL databases under the following accession numbers: CaM1 (MN746380); CaM3 (MN746379); CaM6 (MN746381);
CAMTA3 (MN746383); BN2 (MN746382); CLCuMuV (GQ924756). WT and bn2 sRNA sequencing data have been deposited in Na-
tional Center for Biotechnology Information (NCBI) under Bioproject PRUINA611704 and PRJNA611711. Original data have been
deposited to Mendeley Data: https://data.mendeley.com/datasets/k5r6z5zkpk/draft?a=379ee2d9-9261-4541-8fd1-15ef39af9af5.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions

16c lines were GFP-expressing Nicotiana benthamiana plants as described (Ruiz et al., 1998). MYC-CaM3 or MYC-GUS transgenic
lines are N. benthamiana lines overexpressing CaM3 or GUS with N-terminal fusion to a MYC tag. The camta3-1 and camta3-2 were
CAMTAB-edited KO mutant N. benthamiana lines, and camta3-3 was CAMTAS3-edited KO mutant line with 16c background. The bn2-
1 and bn2-2 were BN2-edited KO mutant N. benthamiana lines. The CRISPR/Cas9 plants construction was described in generation
of transgenic plants section performed as (Ma et al., 2015). RDR6-RNAI line (rdr6i) was kindly provided by Baulcomble’s group
(Schwach et al., 2005). The RDR6-KO (rdr6) plants were described (Ludman and Fatyol, 2019). All seeds were surface-sterilized
and plated on MS medium (Murashige and Skoog medium, Sigma-Aldrich), and grown at 26°C with a 16 h/8 h light/dark photoperiod.
For adult plants, 10-day-old seedlings were planted in soil and grown under the same conditions. For insect and mechanical wound-
ing, plants were grown for 20 days in soil. For virus infection, plants were grown in soil for 3-4 weeks.

METHOD DETAILS

Generation of transgenic plants

The full-length CaM3 or GUS gene was PCR-amplified and cloned into pCambia1300-based binary vector under the control of CaMV
35S promoter by ligation-independent cloning assay to generate the MYC-tagged construct (35S:MYC-CaM3 or 35S:MYC-GUS). All
constructs were verified by sequencing and transformed into N. benthamiana leaf discs by Agrobacterium. Leaf discs were plated on
MS medium with 0.1 mg/mL NAA (Solarbio, N8010), 1.0 mg/mL 6-BA (Solarbio, IB0O100) and 0.025 mg/mL Hygromycin B (Merck milli-
pore, 400052). The T2 generation transgenic lines of 356S:MYC-CAM3 or 35S:MYC-GUS were identified by western blotand gRT-PCR,
and then used for virus infection. The camta3 and bn2 Cas9-edited mutant lines were generated as described (Ma et al., 2015). Briefly,
the fragment containing two sgRNAs (CAMTAS3_LacZ/AtU3d-sgRNA1-At3b-sgRNA2) or single sgRNA (BN2_LacZ/AtU3d-sgRNA)
were cloned into pYLCRISPR/Cas9-DH respectively to generate pYLCRISPR/Cas9-DH-CAMTAS and pYLCRISPR/Cas9-DH-BN2.
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The sgRNA sequences are listed in Table S2. These two CRISPR constructs were transformed into wild-type or 16c N. benthamiana
leaf discs by Agrobacterium. The camta3-1/3 transgenic lines were edited at Target 1 and camta3-2 transgenic line was edited at
Target 2. The editing target sites were characterized by PCR sequencing to select homozygous transgenic lines. The progenies of ho-
mozygous camta3 and bn2 lines showed no marked developmental phenotype and were used as experimental materials.

Mass spectrometry analysis

Agrobacterium strains containing 35S:MYC-CaM3 or 35S:MYC-GUS control construct were infiltrated into 4-week-old
N. benthamiana leaves respectively. At 48 h post agroinfiltration, the leaves were collected and ground into fine powder in liquid ni-
trogen. Total proteins were subsequently extracted in Co-IP buffer [50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 0.5 mM
EDTA, 0.5% NP-40, and freshly added 5 mM DTT, 1 mM PMSF and 1 X protease inhibitor cocktail (Roche)]. After incubation on
ice for 40 min, the extracts were centrifuged twice at 12,000 g for 20 min at 4°C. Protein extracts were immunoprecipitated by
MYC-Trap beads (Abmart, Cat#M20012L). The mixture was incubated for 3 h at 4°C. The precipitated samples were washed 5 times
with Co-IP buffer and then immunoprecipites were denatured using 2 X protein loading buffer contains B-mercaptoethanol at 95 °C
for 10 min and separated by 10% SDS-PAGE. The gel was silver stained and gel-embedded protein samples were digested and LC-
MS/MS analyzed.

Yeast two hybrid (Y2H) assay

For the Y2H assay, V2, V27%?A and Calmodulin3 were cloned into pGBKT7 (BD) or pGADT7 (AD) vectors by ligation-independent
cloning assay. Y2H assays were performed as described (Wang et al., 2019). The SKP1 and SC1 were cloned into AD and BD as
positive controls (Jia et al., 2016). Primers used for the vector construction are presented in Table S2. The yeast strain AH109 (Clon-
tech) co-transformed with identical combinations were spotted on selective media (minus (-) His, Leu and Trp) contained 2 mM
3-amino-1, 2, 4-triazole (3-AT). Images were taken at 3 days after incubation at 28°C. Experiments were repeated at least three times.
The Y2H prey library containing tomato cDNA (Liu et al., 2002b) was used to screen V2-interacting proteins. The Y2H screening as-
says were performed as described (Liu et al., 2002b).

Yeast one hybrid (Y1H) assay

The full-length cDNA sequences of CAMTAS3 was amplified and fused in frame with the GAL4 activation domain of pPGADT7-Rec2
(Clontech) by ligation-independent cloning assay. The fusion construct was co-transformed with the reporter vector (pHIS2-cis/pro-
moter of RDR6/ RDR6M or BN2/ BN2M) into Y187 yeast cells (Clontech) by ligation-independent cloning assay. The empty vector
pGADT7-Rec2 and the pHIS2-cis/35S promoter were transformed as negative controls. Co-transformed yeast strain Y187 were
spotted on selective media (minus (-) His, Leu and Trp) contained 0.5 or 2 mM 3-AT. Images were taken at 3 days after incubation
at 28°C. Y1H experiments were repeated at least three times.

BiFC and LCI

Bimolecular fluorescence complementation (BiFC) and firefly luciferase complementation imaging (LCI) methods were described as
(Wang et al., 2019). For BiFC assays, the full-length coding sequences of CaM3, CAMTA3, CLCuMuV V2 and CLCuMuV V27?4 were
cloned into the binary nYFP or cYFP vector by ligation-independent cloning assay. Primer pairs for constructs are listed in Table S2.
These constructs were transformed into Agrobacterium strain GV2260 and transiently co-expressed with indicated combinations in
N. benthamiana |leaves. The YFP fluorescence signal for each combination was detected after 48 h infiltration by an inverted confocal
microscope (Zeiss LSM780). The expression level of nYFP-CaM3 and cYFP-CAMTARG fusion proteins in tobacco leaf was detected by
western blotting using rabbit polyclonal anti-GFP antibody (Abcam, Cat# ab290) and Goat anti-Rabbit antibody (Abcam, Cat#
ab205718). For LCI assays, the full-length coding sequences of V2 and CaMs were cloned into nLUC vector and cLUC vector by
ligation-independent cloning assay. These constructs were then transformed into GV2260 and co-expressed in N. benthamiana
leaves for 48 h. The luciferase substrate (luciferin) was sprayed onto the surface of leaves and images were taken using a low-light
cooled imaging apparatus (Andor iXon). All of these experiments were independently repeated at least 3 times and produced similar
results.

Co-immunoprecipitation (Co-IP) assay

Agrobacterium strains constructs were mixed and co-infiltrated into 4-week-old N. benthamiana leaves. 48 hours post agroinfiltra-
tion, the leaves were collected for protein extraction. Protein extracts were immunoprecipitated by MYC-Trap beads (Abmart,
Cat#M20012L) in Co-IP buffer. The mixture was incubated for 3 h at 4°C. The precipitated samples were washed 5 times with
Co-IP buffer and then eluted by the addition of SDS protein loading buffer. After boiling for 10 min, the clear supernatant was sepa-
rated in a 10% SDS-PAGE gel followed by immunoblot analysis. Anti-HA (CST, Cat#2999S), anti-MYC (Abmart, Cat#M20002M), anti-
GFP (ChromoTek, Cat#3h9-100) or anti-Rat (ABclonal, Cat#AS028) antibodies were used for immunoblot analysis. All antibodies
were used at a 1:3000 dilution. StarSignal Chemiluminescent Assay Kit (GeneStar, Cat#E171-01) was used for signal detection
following the manufacturer’s protocol. These experiments were repeated three times and generated similar results.
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In vitro pull-down assay

V2R52A site-directed mutagenesis was made by pClone007 Vector Kit (Tsingke). We expressed histidine-tagged CaM3 (His-CaM3),
GST, GST-CaMBD, GST-CAMTA3K%7°E GST-v2, GST-V2™%?A myelin basic protein (MBP)-GFP, MBP-V2, MBP-V27%2A and MBP-V2
(TYLCCNV) in E. coli strain BL21 (DE3) (ZOMANBIO) by inducing with 0.3 mM isopropyl b-D-thiogalactoside (IPTG) for 16 h at 16°C.
E. coli cells were collected and sonicated in ice-cold lysis buffer (100 mM NaCl, 50 mM Tric-HCI, pH 8.0) for protein purification. GST-
tagged recombinant proteins were purified by Glutathione Sepharose 4B (GE Healthcare) affinity chromatography and eluted by
10 mM GSH. MBP-tagged recombinant proteins were purified by Amylose Resin (New England Biolabs) and eluted by 20 mM
maltose. His-CaM3 was purified by Ni-NTA Agarose (Qiagen) affinity chromatography and eluted by imidazole. The recombinant pro-
teins in elution buffer were then purified by size exclusion chromatography (Superdex 200 10/300, GE Healthcare). The purified pro-
teins were used to perform pull-down assay. For analysis of the effect of V2 proteins on CaM-CaMBD interaction, purified His-CaMs
were captured with Ni-NTA, and then incubated with GST-CaMBD along with an increasing gradient of MBP-GFP, MBP-V2R524,
MBP-V2 or MBP-V2 (TYLCCNV) at 4°C for 1 h. For analysis of Ca®* effect on CaM3-CAMTAS3 interaction in vitro, His-CaM3 were
purified from E. coli lysate by Ni-NTA Agarose (Qiagen) affinity chromatography and eluted by imidazole. The elution buffer containing
His-CaM3 was divided into three parts. Two parts were adjusted to have 10 mM EGTA and 5 mM CaCl, respectively and the third part
was used as control, incubated at 4°C for 1 h, followed by size exclusion chromatography (Superdex 200 10/300, GE Healthcare) to
remove the EGTA or CaCl, and collect the purified protein respectively. Purified His-CaM3 was then captured with Ni-NTA again. The
Ni-NTA was washed with lysis buffer five times, and then incubated with purified GST or GST-CAMTARS at 4°C for 1 h. The precipitated
prey proteins were released by boiling in SDS sample buffer for 10 min and checked by immunoblot analysis using anti-GST (ABclo-
nal, Cat#AE001), anti-His (Abcam, Cat#ab18184) or Anti-MBP (New England Biolabs, Cat#E8038) antibodies.

Electrophoretic mobility shift assay (EMSA)

GST, GST-CaM3 and GST-CAMTAS proteins were purified by Glutathione Sepharose 4B (GE Healthcare) affinity chromatography
and eluted by 10 mM GSH followed by size exclusion chromatography (Superdex 200 10/300, GE Healthcare). Oligonucleotide
probes were synthesized and labeled with the biotin by RUIBIO Technology Company. EMSA was performed using the Chemilumi-
nescent EMSA Kit (Beyotime, GS009). Briefly, 10 ug of the indicated protein was incubated with 20 fmol biotinlabeled oligos in bind-
ing buffer (Beyotime, GS009) for 10 min at room temperature. For competitive EMSA, 4 pmol of unlabeled oligos were added into the
reaction mixture at 20 min prior to the addition of a constant amount of the labeled positive oligos. For testing Ca®*-CaM effect on
CAMTAS binding of RDR6 and BN2 promoter, reaction mixtures were adjusted to have 2.5 mM/5 mM CaCl, (indicated as “+”/“+ +”)
or 10 mM EGTA respectively. The reaction mixtures were resolved on 1 mm-thick 5% non-denaturing polyacrylamide gels and trans-
ferred to Hybond TM-N* membranes (Beyotime, FFN13). The DNA oligomers were UV crosslinked to the membrane and the labeled
probes were detected by the LightShift Chemiluminescent EMSA Kit (Beyotime, GS009). Experiments were repeated at least
three times.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA was extracted with TransZol reagent (Transgen Biotech) and 5 png of RNA was reverse-transcribed into cDNA with Trans-
Script One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen Biotech, Cat#AU311-02) according to the manufacturer’s
instructions. Total DNA was isolated from virus-infected N. benthamiana leaves as described (Jia et al., 2016). 50 ng/uL DNA was
used as template to perform gRT-PCR for analysis of CLCuMuV virus amount. gRT-PCR was performed in a BIORAD gPCR instru-
ment using Hieff® gPCR SYBR® Green Master Mix (YEASEN, Cat#11201ES08). Data was normalized to ACTIN expression by the
cycle threshold (CT) 2-AA°T method, as described (Livak and Schmittgen, 2001) and analyzed by Prism7 software (Graphpad). MiR-
cute miRNA First-Strand cDNA Synthesis Kit and miRcute miRNA gPCR detection Kit (TIANGEN, Cat#KR211, Cat #FP401) were
used for analysis of plant miRNAs. All experiments were repeated at least three times. Primers used in this study are in Table S2.
Data are mean + s.d., asterisks in qRT-PCR data panels indicate a significant difference (Student’s t-test, *P<0.05; **P<0.01).

Southern blot analysis

3 ug DNA was separated on a 20cm x 20cm x 0.8cm 1% agarose gel by electrophoresis at 100 V/cm for 100 min. Downward alkaline
gel blotting was then performed using Immobilon-NY* Charged Nylon (Merck Millipore) for 10 h as described (Koetsier et al., 1993).
After transmembrane, Cross-link DNA onto nylon using UV cross linker. The V1 DNA fragment was labelled by Biotin DecalLabel DNA
Labeling Kit (Pierce, Cat#K0651) and used as probes for DNA hybridization. The primer pairs for V1 sequence are in Table S2. Hy-
bridization and DNA membrane detection were performed by North2South Chemiluminescent Hybridization and Detection Kit
(Pierce, Cat#17097). Experiments were repeated at least three times.

Wounding

Many plant viruses enter cells associated with insect feeding, fungal or nematode invasion, or mechanical wounding. Wounding and
insect feeding lead to Ca2* flux and trigger multiple responses. To analyze the effect of wounding on mRNA levels of CaM3, CAMTA3
and other genes, leaves of 20-days-old N. benthamiana, camta3-1 or bn2-1 plants in soil were first detached, cut in half along the
midrib and cultivated on MS plate for 24 h before wounding treatment. For mechanical wounding, the half leaf was clamp-wounded
once by a forcep. The leaf was sampled at different time points after wounding along with another half leaf without wounding as a
control. For insect wounding, 5 aphids were placed on half of leaves and samples were taken at different time points all along
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with aphids on the surface of leaves. Another half of leaves without aphid treatment was sampled at the same time as controls.

Real-time [Caz"]cyt imaging and analysis

N. benthamiana plants expressing the GFP-based Ca?* indicator, GCaMP3, were imaged with a motorized fluorescence stereo mi-
croscope (M205FCA, Leica) equipped with a 1 X objective lens (NA = 0.17, Leica) and a sCMOS camera (Leica). The green fluorescent
signal passing through the ET GFP - M205FA Filter was acquired with the sCMOS camera using LAS X software (installed with THUN-
DER Imager Model Organism). The green fluorescent signal in figures were analyzed by LAS X software. To calculate the fractional
fluorescence changes (AF/F), the equation AF/F = (F - FO)/FO was used, where FO denotes the average baseline fluorescence deter-
mined by the average of F over the first 5 frames of the recording before the wounding treatment (Toyota et al., 2018).

Virus infection

PPV-GFP is provided as a kind gift from Prof. Huishan Guo. CMV-Fny infectious clone was kindly provided by Prof. Xianbing Wang.
CMV-A2byg; (retained N-terminal 81 amino acids of 2b) was generated by deleting partial sequence of CMV-2b of CMV-Fny infec-
tious clone. For testing the effect of CAMTA3 and BN2 on virus infection, camta3-1, bn2-1 and N. benthamiana plants were grown in
soil for 3-4 weeks and infected with CLCuMuV, PPV-GFP or CMV-A2byg; through agro-infiltration. Viral symptoms were photo-
graphed at 16 days post inoculation (dpi) for CLCuMuV, 7 dpi for PPV-GFP or 8 dpi for CMV-A2byg respectively. For performing
virus infection in silenced plants, 20-day-old plants were first agro-infiltrated with TRV-CAMTAS3 or TRV, and the upper leaves
were then infected with CLCuMuV, PPV-GFP or CMV-A2byg, at 14 days after VIGS treatment. Viral symptoms were photographically
recorded at 16 dpi for CLCuMuV, 8 dpi for PPV-GFP or 11 dpi for CMV-A2bysg1 respectively. For analysis of effect of CaM3 silencing
on virus infection, 3 weeks old N. benthamiana was agro-inoculated with CLCuMuV along with M2-nLUC or BM2-CaM3. Photo-
graphs of viral symptoms were taken at 16 dpi. For analysis of effect of CaM3 overexpression on virus infection, 3-week-old
MYC-CaM and MYC-GUS transgenic lines were infected with CLCuMuV. Photographs of viral symptoms were taken at 20 dpi.
For analysis of geminivirus-induced gene silencing, 3-week-old camta3-1, rdr6i or wild-type N. benthamiana plants were agroinocu-
lated with CLCuMuV and BM2-PDS, photographs were taken at 20 dpi. For testing the effect of RDR6 on TRV-mediated VIGS, 3-
week-old wild-type or rdr6i N. benthamiana plants were agroinfiltrated with TRV-NbPDS and photographs were taken at 16 dpi.
For mutant virus assays, 3-week-old plants were agroinfiltrated with CLCUMuV or mutant virus CLCuMuV-V2R%%* and samples
were collected for southern blot at 16 dpi. For analysis of CAMTAS3 effect on mutant virus infection, camta3-1 or N. benthamiana
plants were agroinfiltrated with CLCuMuV or CLCuMuV-V2F%2A and upper systemic leaves were collected at 6 dpi. For analysis of
wounding effect on viral accumulation, 3-week-old wild-type or camta3-1 plants were infected with CLCuMuV, PPV-GFP or
CMV-A2bpgs. These infected plants were then divided into the test (wounding) and control (without wounding) group. Plants in
the test group were clamp-wounded by forceps on upper systemic leaves once a day up to sample collection, the wounded systemic
leaves were collected at 6 dpi (PPV-GFP and CMV-A2byg,) or 14 dpi (CLCuMuV) for the analysis of viral accumulation against the
leaves of plants at the same leaf position in the control group.

Gene promoter binding site prediction

The 2000 base pairs (bp) of putative promoter sequences of candidate N. benthamiana genes were downloaded from https://
solgenomics.net/. The PlantRegMap program (http://plantregmap.gao-lab.org) was applied for scanning the candidate transcription
factors of target promoters as described (Tian et al., 2020).

ChIP-gPCR analysis

ChIP-gPCR (Chromatin immunoprecipitation-quantitative) was performed following a published protocol with minor modifications
(Saleh et al., 2008). N. benthamiana leaves over-expressing HA-CAMTAS3 or HA-nLUC were collected and chromatin was isolated
from 2 g of frozen leaf tissue and sonicated with a Bioruptor sonicator for 6 min. Immunoprecipitation was performed by incubating
chromatin with 50 pL anti-HA magnetic agarose bead for 3 h at 4°C. SimpleChIP(R) Plus Kit (CST, Cat#9005S) was used to perform
the experiment. The protein-chromatin immuno-complex was washed 4 times to remove non-specific binding. Enrichment of pro-
moter DNA was measured using the % input method by gRT-PCR analysis (Yamaguchi et al., 2014). Amplification of ACTIN2 pro-
moter sequence served as negative control. Primers for the ChIP-qgPCR assays are in Table S2. The experiments were repeated for
three biological repeats with similar results.

Small RNA extraction and gel blot analysis

Small RNAs were extracted as described (Qi et al., 2006). 3 g ground leaf powder was mix up with 8 mL Trizol (Takara, Cat#9108) and
3 mL chloroform. Then the supernatant was separated and collected by centrifugation followed by isopropanol precipitation. The
RNAs in sediment were rinsed by 75% ethanol and dissolved in DEPC H,0. To remove the mRNA, 30% PEG8000 and 5 M NaCl
were used to deposit the mRNA, retaining the small RNAs in supernatant. Finally, these small RNAs were collected by ethanol pre-
cipitation. Gel blot analysis of SRNAs was performed as described (Qi et al., 2005). Briefly, 15 ng sRNA samples were separated by
15% denaturing gel electrophoresis and transferred onto Hybond-N* membranes (Amersham). DdH,O was purified by Milli Q direct
water purification system (Merck Millipore). Membranes were UV cross-linked and hybridized to 32P-end-labeled oligonucleotide
probes. The sequences of the probes are listed in Table S2. For detection of GFP/CLCuMuV/PPV derived siRNA, DNA fragments
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were amplified by PCR with respective primers and labeled with BcaBest labelling kit (Takara, Cat#6046). For detection of CMV
derived siRNA, oligo nucleotide probes are listed in Table S2. Experiments were repeated at least three times.

Protoplast transient expression assay

For transient transcriptional activity assay, the coding sequence of CAMTAS3 was cloned into pGreenll 62-SK vector under the control
of the CaMV 35S promoter by ligation-independent cloning assay to generate effector construct. The upstream 2000-bp promoter
sequences of RDR6 and BN2 were PCR-amplified by M5 Magic High-Fidelity DNA Polymerase (Mei5Bio, Cat#MF740) from genomic
DNA and cloned into pGreenll 0800-LUC vector by ligation-independent cloning assay to generate the RDR6p,,-LUC and BN2p,,-LUC
reporter construct. The “CGAT” mutant promoter sequences of RDR6 and BN2 were PCR-amplified from genomic DNA and cloned
into pGreenll 0800-LUC vector to generate the RDR6Mp,,-LUC and BN2Mp,,-LUC reporter constructs. The Fast Mutagenesis Kit (ZO-
MANBIO, Cat#2C401) was used to construct mutants. The pGreenll 62-SK vector and pGreenll 0800-LUC vector were described as
(Hellens etal., 2005). All primers used for constructing these constructs are in Table S2. Protoplasts preparation and subsequent trans-
fection were performed as described (Yan et al., 2018; Yoo et al., 2007). Firefly luciferase (LUC) and renillia luciferase (REN) activities
were measured using the Dual-Luciferase Reporter Assay System (Promega, Cat#E1910) with a 96-well luminescence spectrometer
(PerkinElmer EnVision). Relative LUC activity was calculated by normalizing against the REN activity. For all assays, 10 ng of reporter
plasmid and effectors were used. All the experiments were repeated more than 3 biological times to calculate the Mean + s.d. of rela-
tive ratio of LUC/REN.

In vitro enzymatic assay for BN2

To demonstrate miRNA-degrading activity of BN2, we expressed and purified glutathione S-transferase (GST)-tagged versions of
BN2 (GST-BN2) and its mutant (GST-BN2M) with Ala-substitutions at Glu-143 and Asp-144 in the putative nuclease motif. The re-
combinant proteins were tested for nuclease activity in vitro using miRNA, ssDNA and RNA substrates. sRNA oligonucleotides cor-
responding to miR159, miR162, miR167, miR168 and miR403 with a 2'-O-methyl group and a 5’end-label was incubated with GST,
GST-BN2, or GST-BN2M. The single-stranded miRNAs used in the assays were synthesized by Tsingke Technology Company.
Following phenol/chloroform extraction they were 5’-end labeled with v-32P-ATP using T4 polynucleotide kinase (PNK; NEB) and
subjected to enzymatic assays. Exonuclease activity assays were performed as described (Ramachandran and Chen, 2008). Reac-
tions were carried out in a 20 pL mixture containing 32P-labeled RNA or DNA substrates, 50 mM Tris-HCI pH 8.0, 135 MM KCI, 2.5 mM
MgCl,, 2.5% glycerol, BSA (1 ng/uL), RNasin (40 units; Promega), and purified GST-BN2, GST-BN2M protein or GST alone at 37°C
for 1 hour. The amount of GST and GST-BN2M used in the reaction was 160 ng and 60 ng respectively. The amount of GST-BN2 was
20 ng (lanes 4 and B1), 40 ng (lanes 5 and B2) and 60 ng (lanes 6 and B3). Reactions were stopped by the addition of 20 pL loading dye
as described (Qi et al., 2005). After denaturation at 95°C for 5 min, samples were resolved on denaturing polyacrylamide gels. For
miRNAs gel blot analysis of Figures 3D and 3G, the reactions were analyzed on 15% denaturing polyacrylamide gels. For pre-
miR168, the predicted pre-miR168 sequence from sRNAanno (http://plantsrna.org/) was PCR amplified with the forward primer en-
compassing a T7 promoter sequence. Following in vitro transcription by T7 RNA polymerase (Promega, Cat#P1300), the RNA was
gel-purified, de-phosphorylated with alkaline phosphatase (CIP; NEB), and 5’-end labeled with T4 PNK prior to the enzymatic assay.
For ACTIN mRNA, fragment of ACTIN cDNA was amplified by PCR with the forward primer encompassing a T7 promoter sequence
and transcribed in vitro. The RNA was extracted with phenol/chloroform and precipitated. The RNA was de-phosphorylated using
alkaline phosphatase (CIP; NEB), and 5’-end labeled with y—32P—ATP by T4 PNK prior to the enzymatic assays. For RNA gel blot anal-
ysis of Figure 3F, the reactions were analyzed on an 8% denaturing polyacrylamide gel. The single-strand DNA was synthesized by
RUIBIO Technology Company with 3‘-end labeled with biotin. DNA samples were separated on 1% agarose gel by electrophoresis
and transferred onto Immobilon-NY* Charged Nylon (Merck Millipore) by downward alkaline gel blotting for 10 h. Hybridization and
DNA membrane detection were performed by Chemiluminescent Hybridization and Detection Kit (Pierce, Cat#17097). Experiments
were repeated at least three times.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance of relative LUC/REN ratio, quantitative real-time PCR analysis were examined by Student’s t-test (*P<0.05;
**P<0.01). All of the statistical details of experiments can be found in the figure legends. All values for quantitative analysis was pre-

sented with means + s.d. The number (n) of biological replicates was at least three. For quantification analysis, the intensities of bands
were quantified with Imaged.
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« Plants recognize wounding-triggered CaZ* flux to prime antiviral RNAi
defense

* CAMTAS3 activates RDR6/BN2 expression to enhance antiviral RNAi
» BN2 upregulates AGO1/2 and DCL1 RNA levels by degrading miRNAs

* Geminivirus proteins disrupt CaM-CAMTA3 interaction to suppress
antiviral RNAi

Summary

RNA interference (RNAi) is an across-kingdom gene regulatory and defense mechanism. However, little is known about how organisms

sense initial cues to mobilize RNAi. Here, we show that wounding to Nicotiana benthamiana cells during virus intrusion activates RNAi-
related gene expression through calcium signaling. A rapid wound-induced elevation in calcium fluxes triggers calmodulin-dependent
activation of calmodulin-binding transcription activator-3 (CAMTA3), which activates RNA-dependent RNA polymerase-6 and Bifunctional
nuclease-2 (BN2) transcription. BN2 stabilizes mRNAs encoding key components of RNAi machinery, notably AGONAUTE1/2 and DICER-
LIKE1, by degrading their cognate microRNAs. Consequently, multiple RNAi genes are primed for combating virus invasion. Calmodulin-,
CAMTA3-, or BN2-knockdown/knockout plants show increased susceptibility to geminivirus, cucumovirus, and potyvirus. Notably,
Geminivirus V2 protein can disrupt the calmodulin-CAMTA3 interaction to counteract RNAi defense. These findings link Ca?* signaling to
RNAIi and reveal versatility of host antiviral defense and viral counter-defense.
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