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Mitogen-activated protein kinase (MAPK) cascades are evolutionarily con-

served in both plants and animals and play critical roles in activating innate
immunity to defend against various pathogens. However, the role of MAPK
cascades in positively regulating or enhancing viral infections in plants is
unclear. In this study, we investigate the involvement of MAPK cascades in

infection by the positive-strand RNA virus tomato chlorosis virus (ToCV). Our
findings reveal that ToCV infection activates MAPK cascades, promoting virus
spread within plants. Specifically, ToCV P7, a pathogenicity determinant pro-
tein, localizes to the plasma membrane and recruits NbMPK3/6 from the

nucleus. Subsequently, P7 is directly phosphorylated on serine 59 by NbMPK3/
6. Phosphorylated P7 interacts with NbREML.1 and inhibits its ability to induce

callose deposition at plasmodesmata. These results demonstrate that
NbMPK3/6 directly phosphorylate ToCV P7, modulating antiviral defence
mechanisms by downregulating callose deposition at plasmodesmata and
thereby enhancing ToCV transmission in N. benthamiana. This study sheds
light on the intricate arms race between host defence and viral counter-

defence strategies.

Unlike animals, plants cannot escape the inevitable threat posed by
diverse pathogens, including viruses, fungi and bacteria. In the process
of coevolution with pathogens, plants have evolved sophisticated
multilayered defences against pathogen infection, such as calcium
flux, activation of several mitogen-activated protein kinases (MAPKs),
production of reactive oxygen species (ROS), and induction of phy-
tohormone biosynthesis' . A typical MAPK cascade is composed of at
least one MAPK (MPK), one MAPK kinase (MAPKK, MKK, or MEK), and

one MAPKK kinase (MAPKKK, MKKK, or MEKK)*. The MAPK pathway is
divided into two branches according to the substrates combined with
kinases in Arabidopsis: MEKK1-MKK1/MKK2-MPK4 and MEKKs-MKK4/
MKK5-MPK3/MPK6*°. In Solanaceae plants, there are orthologues to
the three tiers of kinases in Arabidopsis; for example, two MKKs, MEK1
and MEK2, and two MPKs, NTF6 and wounding-induced protein kinase
(WIPK), are involved in stress signal transduction in tomato®. Both
branches of the MAPK cascade transduce stress signals to downstream
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targets and induce defence mediated by the hypersensitive-like
response (HR), reactive oxygen species (ROS), extensive transcrip-
tional reprogramming and phytohormones’. The upstream effectors
that activate MAPK cascades and downstream targets collectively
constitute a sophisticated and intricate defence network in plants.
Although the molecular basis of the MAPK cascade is relatively clear,
the downstream targets of the MAPK cascade and its molecular
mechanisms mediating plant defence are largely unknown.

Plant defence responses against bacterial and fungal pathogens
involve activation of the MAPK cascade through various mechanisms.
Extensive research has focused on upregulation of defence responses
mediated by the MEKKs-MKK4/MKK5-MPK3/MPK6 branch of the
MAPK cascade®®. For instance, the flagellin peptide flg22 triggers
phosphorylation of the SUPPRESSOR OF NPR1-1 CONSTITUTIVE 1
(SNC1) protein by activating MPK3/MPK6, leading to enhanced sal-
icylic acid (SA)-mediated resistance’. In Arabidopsis and Oryza sativa,
certain bacterial pathogens, such as Xanthomonas oryzae pv. oryzae
(Xoo) and Xanthomonas campestris pv. campestris (Xcc), activate
the MAPK phosphatase 1 (MKP1)-mediated MAPK cascade. This acti-
vation downregulates transcription factor MYB4-mediated vascular-
specific lignification immunity by inhibiting lignin biosynthesis™.
Moreover, MPK3 and/or MPKé6 directly phosphorylate two 1-
AMINOCYCLOPROPANE-1-CARBOXYLIC ACID SYNTHASE (ACS) iso-
forms, ACS2 and ACS6, preventing their degradation in the 26S pro-
teasome and thereby enhancing ethylene biosynthesis'". In response
to the fungal pathogen Botrytis cinerea, MPK3 and MPK6 phosphor-
ylate the transcription factor WRKY33, which upregulates pathogen-
induced camalexin biosynthesis in Arabidopsis®. Furthermore, the
transcription factors ETHYLENE RESPONSE FACTORI1 (ERF1) and
WRKY?33 integrate the ethylene and JA pathways to induce camalexin
biosynthesis by directly upregulating camalexin biosynthetic genes™.
In addition, the MEKK1-MKK1/MKK2-MPK4 branch in the MAPK cas-
cade has also been found to downregulate plant defence responses.
For instance, the flagellin peptide flg22 activates MPK4, inhibiting SA
biosynthesis and ROS accumulation but having no effect on callose
biosynthesis, thus negatively regulating plant defence responses.
Recent reports have also revealed that MPK3 downregulate plant
defence responses, as the rice blast pathogen Magnaporthe oryzae
subverts the rice Blast Disease Resistance 1 (OsBDR1)-MPK3 cascade to
negatively regulate the JA-related defence response”’.

While extensive research has been conducted on the role of MAPK
cascades in defence responses against bacterial and fungal pathogens,
few studies have documented their effects on virus-host interactions.
However, it is known that the plant DNA virus geminivirus 3C1 protein
suppresses MAPK cascade-mediated defence by targeting MKK2 and
MPK4 to promote viral infection'. Moreover, the interaction of beet
black scorch virus (BBSV) coat protein with 14-3-3a protein results in
degradation of MAPKKKa, suppressing MAPKKKa-activated MAPK
cascade antiviral defence”. As a strategy to defend against viruses,
plants defend against viral infections by utilizing MAPK cascades to
phosphorylate viral proteins. For example, in barley (Hordeum vul-
gare), the HYMPK3 kinase phosphorylates nucleoprotein of barley
yellow striate mosaic virus (BYSMV), limiting the spread of the virus
within the plant®. Furthermore, some studies have shown that human
or animal viruses can activate MAPK cascades to enhance their own
infection in the host. The MAPK pathway positively regulates virus
replication in diverse groups of viruses, such as encephalomyocarditis
virus, influenza A viruses and herpes simplex virus”. MAPK pathway
activation is also required for multiplication of viruses, such as Junin
virus and Vaccinia virus®. Hepatitis C virus (HCV) infection triggers
TABI-dependent p38 MAPK activation to phosphorylate the HCV core
protein, promoting HCV replication”. Compared with studies of
human or animal viruses, there is little evidence to show that MAPK
cascades can be utilized by plant viruses to enhance viral infection.
Nonetheless, the soybean (Glycine max) homologues of MPK4 and

GmMPK4s negatively regulate SA accumulation and the defence
response against downy mildew and soybean mosaic virus (SMV)*.
Overall, the detailed molecular mechanisms by which viruses manip-
ulate MAPK cascades to promote their infection require further
investigation.

Tomato chlorosis virus (ToCV) is an important disease-causing
virus that was first identified in tomatoes and has been found to infect
a wide range of economically important vegetable crops and a large
number of wild plants®. ToCV was first identified in the mid-1990s
from greenhouse-grown tomato plants in north-central Florida,
USA?*?, The typical symptoms of ToCV-infected tomato plants include
interveinal bright yellowing beginning on the lower leaves and gra-
dually progressing to the upper part of the plant, reduced fruit growth
and delayed ripening; severe growth reduction occurs if ToCV infects
at the seedling stage”. The ToCV genome has the typical organization
of bipartite rhinoviruses, with two molecules of linear, positive-sense,
single-stranded RNA, namely, RNA1 (8593-8596 nt) and RNA2 (8242-
8247 nt), separately encapsulated in long, flexuous, rod-like virions?>?’.
The genome map of ToCV is shown in Supplementary Fig. 3. RNA1L
contains four open reading frames (ORFs) encoding proteins asso-
ciated with virus replication, suppression of gene silencing, and auxin
signalling-mediated defence; RNA2 contains nine ORFs (ORF4 to
ORF12) possibly encoding proteins putatively involved in virus
encapsulation, cell-to-cell movement, membrane association, whitefly
transmission and suppression of gene silencing”*°. The presence of
the unique P7 protein gene at the 3’-end of TOCV RNA2 distinguishes it
from all members of the family Closteroviridae®. The ToCV P7 was a
transmembrane protein, but its function remains unknown’.

In this work, we confirm that plant MPK3/6 pathway can positively
regulate ToCV infection. Our research reveals that activating MAPK
cascades in Nicotiana benthamiana enhances ToCV infection. The
small protein P7 encoded by ToCV acts as a pathogenicity determi-
nant, recruiting NbMPK3/6, which translocates from the nucleus to the
plasma membrane or cytoplasm and phosphorylates the P7 protein at
serine 59. The phosphorylated P7 inhibits the ability of NbREM1.1 on
callose-dependent antiviral defence, leading to promote viral spread in
cells. These findings provide novel insights into the role of MAPK
cascades in mediating plant-virus interactions and highlight the sig-
nificance of P7 as a key player in ToCV infection and pathogenicity.

Results
The MAPK cascade positively regulates ToCV infection
To investigate whether ToCV infection can activate the MAPK cascade,
we infiltrated N. benthamiana plants at 4-leaf stage with Agrobacterium
containing a ToCV infectious cDNA clone, and we analysed phos-
phorylation of MAPK pathway components in the systemic leaves at 7
to 30 days post infiltration (dpi). As the mock treatment, N. ben-
thamiana plants were infiltrated with Agrobacterium containing empty
vector (EV). Western blot analysis revealed that the phosphorylation
level of MPK3/6 and accumulation of ToCV CP gradually increased in
systemic leaves of infected plants from 7 to 30 dpi (Fig. 1a). To further
assess the impact of the MAPK pathway on ToCV infection, we utilized
tobacco rattle virus (TRV)-based virus-induced gene silencing (VIGS) to
silence key components of the MAPK cascade, including NboMAPKKKa,
NbMKK2, NbMPK3 and NbMPK6. The silencing efficiency was confirmed
by quantitative RT-PCR (qRT-PCR) and western blot analysis at 7 dpi
(Supplementary Fig. 1), in which the protein level of NbMAPKKKa was
not assessed, because there was no specific antibody for NoMAPKKKa.
The silenced plants were infiltrated with Agrobacterium containing the
ToCV infectious cDNA clone for 30 days. Compared with control TRV-
00-inoculated plants, silencing of NboMAPKKKa, NbMKK2, NbMPK3, and
NbMPK6 resulted in reduced ToCV CP and RNA accumulation and
reduced phosphorylation of two MAPKs: MPK3 and MPK6 (Fig. 1b, c).
To further determine the role of MPK3/6 pathway in ToCV
infection, Agrobacterium harbouring ToCV infectious cDNA was
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infiltrated into different N. benthamiana leaves for 27 days. Then,
we transiently overexpressed MAPKKKa with an HA-tag and the
kinase-inactive mutant MAPKKKa236m With an HA-tag'”* in the
ToCV-infected plants. At 3 dpi, phosphorylation levels of MPK3 and
MPK6, which act downstream of MAPKKKa'*??, were higher in
leaves overexpressing MAPKKKa than in those overexpressing
MAPKKKak236m OF the EV (empty vector) control. Furthermore,
accumulation of ToCV CP and RNA was greater in leaves over-
expressing MAPKKKa than in those overexpressing EV. However,
overexpression of MAPKKKay»36m had no significant effect on ToCV
CP or RNA accumulation (Fig. 1d, e). Expression of MAPKKKa-HA
and MAPKKKoak,36m-HA was confirmed by western blot analysis
(Fig. 1d, e). These results collectively indicate that the MPK3/6
pathway positively regulates ToCV infection.

P7 promotes ToCV infection by activating the MAPK pathway
and is associated with membrane localization of P7

To investigate the role of P7 during ToCV infection in plants, we
obtained P7-overexpressing (OE-P7) plants (Supplementary Fig. 2).
Subsequently, RNA-seq analysis was conducted on wild-type (WT) and
OE-P7 plants. Our analysis revealed 508 deferentially expressed genes
(DEGs) induced in OE-P7 plants, with 300 genes upregulated and 208
genes downregulated according to a log2 FC change threshold of >1
and <-1 and a one-sided t-test p-value < 0.05 (Supplementary Data 1).
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment ana-
lysis revealed significant enrichment of DEGs involved in plant-
pathogen interaction and the MAPK signalling pathway (Fig. 2a).
These results suggest that the P7 protein likely activates the plant
MPK3/6 pathway.
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Fig. 1| The MAPK cascade positively regulates ToCV infection. a MAPK activa-
tion in ToCV-infected N. benthamiana. Four-leaf-stage N. benthamiana plants were
infiltrated with Agrobacterium containing empty vector (EV) (Mock) or a ToCV
infectious cDNA clone. Systemic leaves were collected at the indicated time points.
The accumulation levels of ToCV and that of MAPK phosphorylation were detected
by western blot analysis with an anti-CP or anti-phospho-p44/42 MAPKs (anti-
pTEpY) antibody. Actin served as the loading control. Each lane represents a sample
from an individual experiment. Each treatment included three biological replicates.
The molecular weights of pMPK6, pMPK3, CP and Actin are 44, 42, 30 and 43 kDa,
respectively. b Western blot analysis of ToCV CP accumulation and MAPK phos-
phorylation in N. benthamiana plants inoculated with TRV-00 control, TRV-MPK3,
TRV-MPK6, TRV-MKK2 and TRV-MAPKKKa. Actin served as the loading control.
Each lane represents a sample from an individual experiment. Each treatment
included three biological replicates. ¢ Accumulation of ToCV RNAL and RNA2 in N.
benthamiana plants inoculated with TRV-00 control, TRV-MPK3, TRV-MPK6, TRV-
MKK2 and TRV-MAPKKKa, as determined by qRT-PCR using P22 and CP gene-
specific primers. Data are presented as means + SDs and were analysed using Stu-
dent’s t-test (one-sided, P=0.0022, 0.0023, 0.0004, 0.0021, 0.0038, 0.0016,

0.0015, 0.0024, respectively). Each treatment included three biological replicates.
*P<0.01, **P<0.001. d Overexpression of MAPKKKa enhances ToCV infection.
Agrobacterium harbouring ToCV infectious cDNA was infiltrated into different N.
benthamiana leaves for 27 days. Then, Agrobacterium containing MAPKKKa-HA,
MAPKKKoak236m-HA or empty vector (EV) was infiltrated into ToCV-infected leaves.
After 3 days, accumulated levels of ToCV or MAPK phosphorylation were detected
by western blot analysis with an anti-CP or anti-pTEpY antibody. MAPKKKa-HA and
MAPKKKoak236m-HA protein levels were determined by western blot analysis with an
anti-HA antibody. Actin served as the loading control. Each lane represents a
sample from an individual experiment. Each treatment included three biological
replicates. The molecular weights of MAPKKKa-HA and MAPKKKo236m-HA are
75 kDa. e Accumulation of ToCV RNAs in N. benthamiana plants coinfected with
ToCV and EV, ToCV and MAPKKKoaz36m-HA or ToCV and MAPKKKa-HA deter-
mined by qRT-PCR using P22 and CP gene-specific primers. Data are presented as
means + SDs and were analysed using Student’s ¢-test (one-sided, P=0.1472,
0.0036, 0.4097, 0.0001, respectively). Each treatment included three biological
replicates. **P < 0.01, **P < 0.001, ns, not significant. Source data are provided as a
Source Data file.

Nature Communications | (2024)15:10548


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-024-54467-9

o
]

a Photosynthesis ° bo ¢ kDa WT OE-P7
beta—Alanine metabolism . i jad 554 L PMPK6
Pyruvate metabolism o Quale 58 I Mock =3 OE-P7 20 = ! | MPK3
Ribosome biogenesis in eukaryotes . 00z D5 109 * A anti-pTEpY
MAPK signaling pathway - plant{ e R - 2 o Y 15,20 £003561+0.08
Plant-pathogen interaction . %g_ anti-P7
Carbon metabolism ° 2 <§E 5+ % ;g
Protein processing in endoplasmic reticulum{ e Count 2% i -
Ubiquitin mediated proteolysis{ - ; ;E % ° ﬁ ‘& &7 404 - - anti-Actin
Biosynthesis of secondary metabolites [ 4 0= T T T
0825 0550 0075 0100 0125 MPK3 MKKK17 MKKK3 MKKK18
d 4 dpi 8 dpi 12 dpi
PVX:GFP PVX:P7 PVX:GFP PVX:P7 PVX:GFP PVX:P7

. . . — 4=
e 4 dpi 8 dpi 12 dpi f % = PVX:GFP
kpa PVX:GFP _ PVX:P7 PVX:GFP _PVX:P7  PVX:GFP _PVX:P7 c a3 TPVXPT
3 s o
;:I- - - ---|.....'|..‘... anti-CP §><2_
Q_> **.
1.00£0.10 1.60+0.03 1.00+0.06 1.97%0.16 1.00+0.02 1.96 + 0.04 s
o o
70 ERE
Q
04 0 T T T
4dpi 8dpi 12dpi
P7-GFP AtPIP2A-mcherry Merge
—P7-GFP
4000 __ AtPIP2A-mcherry
P7-GFP
3000~ -
f\ kba T M C N

Al 33 anti-GFP
[ 140
/ \ anti-H*-ATP
J \ 95

oo n S N

5 10 15
Distance (um)

Relative intensity
¢

o
ol

i mP7-GFP AtPIP2A-mcherry Merge j mP7-GFP
—mP7-GFP

—AtPIP2A-mcherry kba T M C N

4000

2
K 40
= 2000 Jh 55
2 N \ N s - anti-Actin
= |
= 1000 25
N & d‘ | 15 - ** anti-H3
o
5 10 15
Distance (um)
K np7 il m kba Mock ToCV_ToCV™?
Mock ToCV ToCV™7 30 dpi 15
: 35 .
anti-CP
25.
1.00£0.01 0.630.02
1.0
50

s RS
k% 354 anti-pTEpY
1.00£0.03 2.460.07 2.00£0.05

40

Relative expression
level of ToCV CP
o
P

o
1=}

ToCV ToCV™7

To further explore the MAPK signalling pathway affected by the pathway in plants. To corroborate these findings, we assessed the
P7 protein, we conducted qRT-PCR analysis on the enriched DEGs. phosphorylation status of proteins in the MAPK pathway in OE-P7
Among the 11 DEGs enriched in the plant MAPK signalling pathway, 10  plants using an anti-pTEpY antibody at 5 weeks after planting. The
were upregulated (Supplementary Fig. 4). Notably, expression of key results indicated a notable increase in phosphorylation levels of pro-
genes in the MAPK pathway, such as MPK3, MKKK17, MKKK3, and teins related to the MAPK pathway (Fig. 2c).
MPKKK18, was significantly upregulated, consistent with the RNA-seq To investigate the role of P7 during ToCV infection in plants, we
data (Fig. 2b). These findings suggest that P7 may activate the MAPK  constructed a PVX expression vector carrying the P7 (PVX:P7) or P7
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Fig. 2 | P7 promotes ToCV infection by activating the MAPK pathway and is
associated with membrane localization of P7. a Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses of all differentially expressed genes in OE-P7
N. benthamiana plants. b The key genes in the MAPK signalling pathway verified by
gqRT-PCR. Nbactin was used as the internal reference gene to normalize relative
expression. Each treatment included three biological replicates. Values are

means + SDs of three biological replicates (one-sided ¢-test, P=0.0095, 0.0308,
0.0494, 0.0326, respectively). *P < 0.05, **P< 0.01. ¢ The phosphorylation level of
the MAPK pathway was detected by western blot using an anti-pTEpY antibody.
Expression of P7 was detected by western blot analysis with an anti-P7 antibody.
Actin served as the loading control. Each lane represents a sample from an indivi-
dual experiment. Each treatment included three biological replicates. The mole-
cular weight of P7 is approximately 10 kDa. d Symptoms of P7-enhanced PVX-
infected N. benthamiana plants (scale bar =1 cm). e Accumulation of PVX CP in the
assayed N. benthamiana samples was determined through western blot analysis
using a PVX CP-specific antibody. Coomassie blue (CBB) staining was used to assess
protein loading. The molecular weight of the PVX CP is 30 kDa. f The CP expression
level was quantified by qRT-PCR using PVX CP gene-specific primers. Data were
presented as means + SDs and were analysed using Student’s ¢-test (one-sided,
P=0.0037, 0.0096, 0.0010, respectively). Each treatment had three biological
replicates. **P < 0.01. g The subcellular location of P7 tagged with GFP in mesophyll
cells was determined by laser scanning confocal microscopy (scale bar =50 pm).
The first and second columns show the subcellular localization of P7 and AtPIP2A
determined by the GFP and mCherry channels, respectively. The third column
shows the subcellular localization of P7 and AtPIP2A determined by merging the
GFP and mCherry channels, with a magnified view inserted. The fourth column
shows overlapping fluorescence spectra analysis of P7-GFP and AtPIP2A-mCherry

signals marked with white arrows. h Analysis of the subcellular location of P7 tag-
ged with GFP by western blot using proteins extracted from cell fractions. T, total
protein; M, membrane protein; C, cytoplasmic protein; N, nuclear protein. H*-ATP
served as a plasma membrane marker. The molecular weights of P7-GFP and H*-ATP
are 37 and 100 kDa, respectively. i The subcellular location of mP7 tagged with GFP
in mesophyll cells (scale bar =50 pm). mP7-GFP and AtPIP2A-mCherry were tran-
siently coexpressed in leaves of N. benthamiana. The first and second columns
show the subcellular localization of mP7 and AtPIP2A determined by the GFP and
mCherry channels, respectively. The third column shows the subcellular localiza-
tion of mP7 and AtPIP2A determined by merging the GFP and mCherry channels,
with a magnified view inserted. The fourth column shows overlapping fluorescence
spectra analysis of mP7-GFP and AtPIP2A-mCherry signals marked with white
arrows. j Subcellular location analysis of mP7 tagged with GFP by western blot using
proteins extracted from cell fractions. T total protein; M membrane protein; C
cytoplasmic protein; N nuclear protein. Actin served as a cytoplasmic marker.

H3 served as a nuclear marker. The molecular weights of mP7-GFP and H3 are 37
and 17 kDa, respectively. k Symptoms of N. benthamiana plants infiltrated with
ToCV and ToCV™ at 30 dpi (scale bar =3 cm); a magnified view is shown. N. ben-
thamiana plants were infiltrated with Agrobacterium containing empty vector (EV)
as a mock control. I The ToCV CP mRNA level quantified by qRT-PCR. Data are
presented as means + SDs and were analysed using Student’s ¢-test (one-sided,
P=0.0008). Each treatment had three biological replicates. ***P < 0.001.

m Accumulated levels of ToCV or MAPK phosphorylation were detected by western
blot analysis with an anti-CP or anti-pTEpY antibody. Actin served as the loading
control. Each lane represents a sample from an individual experiment. Each treat-
ment included three biological replicates. For (g-j) the experiments were repeated
three times with similar results. Source data are provided as a Source Data file.

fused with GFP at the C-terminal end (PVX:P7-GFP) and then inoculated
it into N. benthamiana plants, respectively. PVX expression vector
carrying GFP (PVX:GFP) was used as a control. At 4 dpi, the phenotype
of plants infected with PVX:P7 or PVX:P7-GFP was similar to that of
plants infected with PVX:GFP. At 8 dpi and 12 dpi, more severe mosaic
disease, yellowing, and leaf deformities were observed in the PVX:P7-
or PVX:P7-GFP-inoculated plants compare to that in the PVX:GFP-
inoculated plants (Fig. 2d, Supplementary Fig. 5a). Western blot and
gqRT-PCR analysis revealed both protein and mRNA accumulation of
PVX CP in the systemic leaves of PVX:P7-inoculated plants was sig-
nificantly increased compared to that in PVX:GFP-inoculated plants at
4-12 dpi (Fig. 2e, f). However, the PVX CP accumulation in the systemic
leaves of PVX:P7- and PVX:P7-GFP -inoculated plants was equal at 4-12
dpi (Supplementary Fig. 5b). These results strongly indicate that P7
functions as a pathogenic factor that enhances viral infection in N.
benthamiana.

Several studies have highlighted the importance of pathogenic
factors and their subcellular localization'®**. In our study, we ana-
lysed the subcellular localization signal of P7 using TMHMM
software (http://www.cbs.dtu.dk/services/TMHMM-2.0/). The pre-
diction revealed a transmembrane region spanning amino acid
residues 5 to 27 of P7, suggesting that P7 might localize to the
plasma membrane (Supplementary Fig. 6a). To confirm this pre-
diction, we constructed P7 fused with GFP at the C-terminal end (P7-
GFP) and coexpressed it with Arabidopsis thaliana plasma mem-
brane intrinsic protein 2 A (AtPIP2A)-mCherry in N. benthamiana.
AtPIP2A-mCherry serves as a marker for plasma membrane
localization®. At 48 h post infiltration (hpi), laser scanning confocal
microscopy (LSCM) confirmed that P7-GFP colocalized with
AtPIP2A-mCherry at the plasma membrane (Fig. 2g). Western blot
analysis with subcellular fractionation also verified the presence of
P7-GFP at the plasma membrane (Fig. 2h). Meanwhile, we have fused
GFP to the N-terminus of P7 (GFP-P7) and transiently expressed in
N.benthamiana leaves. The empty GFP was used as control. The
results shown that both P7-GFP and GFP-P7 were localized in plasma
membrane while the empty GFP was localized in cytoplasm and
nucleus (Supplementary Fig. 7). These results provided evidence
that P7 is a plasma membrane-localized protein.

To further investigate the subcellular localization and significance
of the predicted membrane region of P7, we constructed a mutant of
P7 with mutations of valine (V) to aspartic acid (D) at positions 15, 16,
20 and 26 (designated mP7) that cannot localize to the plasma mem-
brane. The expression vector was designed to destroy the transmem-
brane domain of mP7 through TMHMM software analysis
(Supplementary Fig. 6b). Coexpression of mP7-GFP with AtPIP2A-
mCherry in N. benthamiana revealed that mP7-GFP did not colocalize
with AtPIP2A-mCherry at 48 hpi (Fig. 2i). Western blot analysis with
subcellular fractionation confirmed that mP7 was present in the
cytoplasm and nucleus (Fig. 2j). These data demonstrate that P7 is a
plasma membrane-localized protein.

To assess the correlation of the membrane-associated region of
P7 with its pathogenicity, we constructed a mutant ToCV infectious
¢DNA clone (ToCV™) in which the P7 is mutated to mP7. Compared
with plants infected with ToCV, alleviated symptoms at 30 dpi were
observed for the plants infected with ToCV™ (Fig. 2k). Furthermore,
both viral RNA and CP accumulation were reduced in the plants
infected with ToCV™ (Fig. 2I, Fig. 2m upper panel). The phosphor-
ylation level of MPK3/6 pathway in ToCV™-infected plants was similar
to that in ToCV-infected plants (Fig. 2m, middle panel), suggesting that
mP7 expressed from virus activates MPK3/6 like the virus-expressed
wild type P7 but has lost the capacity to enhance viral infection. Taken
together, these findings indicate that P7 promotes ToCV infection
and that this function is closely associated with membrane
localization of P7.

P7 interacts with NbMPK3/6 in vivo and in vitro

To elucidate the detailed mechanism by which P7 regulates the MAPK
pathway, we conducted liquid chromatography-mass spectrometry
(LC-MS/MS) to screen for potential host factors that interact with P7.
We transiently expressed P7-GFP in N. benthamiana plants for 48 h and
conducted LC-MS/MS analysis to screen for P7-interacting proteins
among the P7-GFP immunoprecipitation (IP) products. The
identified peptides were annotated at NCBI protein database (https://
www.ncbi.nlm.nih.gov/gene). Numerous interacting proteins, includ-
ing NbMPK3, were co-immunoprecipitated with P7-GFP (Supplemen-
tary Table 1). Because the MPK3/6 in the MAPK cascade has been well
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documented™* and P7 could increase phosphorylation level of MPK3/
6, we focused on verifying interactions between P7 and NbMPK3/6.

We used pull-down assays and a luciferase complementation
imaging (LCI) assay to confirm the interaction between P7 and
NbMPK3/6. These experiments demonstrated that P7 interacted with
NbMPK3/6 both in vitro and in vivo (Fig. 3a, b). To investigate where P7
interacts with NbMPK3/6 in cells, we conducted a bimolecular fluor-
escence complementation (BiFC) assay using the leaves of N. ben-
thamiana plants. At 48 hpi, YFP fluorescence was detected in leaf cells
coexpressing P7-nYFP and NbMPK3/6-cYFP (Fig. 3c). In contrast, no
YFP fluorescence was detected in leaf cells coexpressing AtPIP2A-nYFP
and NbMPK3/6-cYFP, P7-nYFP and AtPIP2A-cYFP, P7-nYFP and cYFP, or
nYFP and NbMPK3/6-cYFP (control) (Fig. 3c). Western blot analysis
with subcellular fractionation also showed NbMPK3 in both the plasma
membrane and cytoplasm in cells coexpressing P7-nYFP+NbMPK3-
CYFP (Fig. 3d, left panel); NbMPK6 was located in the cytoplasmin cells
coexpressing P7-nYFP+NbMPK6-cYFP (Fig. 3d, right panel). In addi-
tion, to investigate the subcellular localization of NboMPK3/6 in the
absence of P7, we examined the subcellular localization of NbMPK3/6
fused with GFP at the C-terminus (NbMPK3-GFP, NbMPK6-GFP) at
48 hpi in N. benthamiana plants using LSCM. We observed that
NbMPK3-GFP and NbMPK6-GFP were present in both the cytoplasm
and nucleus (Supplementary Fig. 8a). Western blot analysis confirmed
the presence of NbMPK3/6-GFP in protein extracts from both the
cytoplasm and nucleus (Supplementary Fig. 8b). These results collec-
tively indicate that P7 inhibits the entry of MPK3 and MPK6 into the
nucleus by interacting with them. To further investigate whether the
mP?7 is interacted with NbMPK3/6, we used BIFC assay and LCI assay to
confirm the interaction between mP7 and NbMPK3/6. These results
show that the mP7 was unable to interact with NbMPK3 and NbMPKé6
(Supplementary Fig. 9a-f).

NbMPK3/6 phosphorylates the Ser59 residue of P7 and enhances
viral infection

Given MPK3/6 acts as the protein kinase’ and P7 interacts with
NbMPK3/6, we hypothesized that P7 might serve as a substrate of
NbMPK3/6, leading to its phosphorylation. To test this hypothesis, we
generated NbMPK3-overexpressing and NbMPKé6-overexpressing
transgenic lines (OE-NbMPK3 and OE-NbMPK6, respectively) and a
mpk3 mutant in which MPK6 is silenced by RNA interference (mpk3”
“mpk6RNAI) (Supplementary Fig. 10). To confirm the phosphorylation
level of P7, we transiently expressed P7 containing Flag tag and cYFP**
in wild type (WT) N. benthamiana plants for 48 h. We conducted
immunoprecipitation of P7-Flag and subsequently detected phos-
phoproteins using the pIMAGO reagent”. This analysis revealed that
phosphorylated P7-Flag was present in WT plants (Fig. 4a, first panel).
To elucidate the importance of NboMPK3/6 in P7 phosphorylation, P7-
Flag was transiently over-expressed in the OE-NbMPK3, OE-NbMPK6
and mpk3” mpk6RNAi plants. N. benthamiana plants were infiltrated
with Agrobacterium containing EV as a mock control. At 48 hpi, P7-Flag
fusion was isolated through immunoprecipitation and then subjected
to phosphoproteins analysis using the pIMAGO reagent®. The results
showed that the phosphorylation levels of P7 and the activation of the
MPK3/6 pathway were higher in OE-NbMPK3 and OE-NbMPK®6 plants
than those in WT plants (Fig. 4a). In contrast, these levels were lower in
mpk3” mpk6RNAi plants (Fig. 4a).

To confirm P7 phosphorylation by NbMPK3 or NbMPK6, we pur-
ified recombinant NbMPK3-GST, NbMPK6-GST, NbMPKK5DD-His and
P7-GST proteins from Escherichia coli (E. coli). NbMPK3-GST or
NbMPK6-GST was activated through incubation with NboMPKKS5DD-His
in reaction buffer at 30 °C for 30 min. Then, NbMPKK5DD-His was
removed from the reaction buffer using His-agarose beads. The results
of in vitro phosphorylation assays showed no phosphorylation signal
for P7-GST alone, but when P7-GST was incubated with preactivated
NbMPK3-GST or preactivated NbMPK6-GST, a clear phosphorylation

signal was detected (Fig. 4b). The NbMPK3™-GST (the kinase-inactive
version of NbMPK3) harbouring T202A and Y204A mutants on the TEY
motif was defective in phosphorylating P7 (Fig. 4b, left panels). Similar
with NbMPK3™, NbMPK6™-GST (the kinase-inactive version of
NbMPK6) harbouring T218A and Y220A mutants on the TEY motif was
defective in phosphorylating P7 (Fig. 4b, right panels). To identify the
precise amino acid residues of P7 phosphorylated by NbMPK3/6, LC-
MS/MS analysis was performed on phosphorylated P7. Four potential
sites in P7 phosphorylated by NbMPK3 were identified at serine resi-
dues 39, 54, and 59 (designated S39, S54, and S59, respectively) and at
tyrosine residue 45 (designated Y45). NbMPK6 was responsible for
phosphorylation of P7 at threonine residues 4 and 7 (designated T4
and T7, respectively) and S59 (Supplementary Table 2). Among them,
S59 was consistently identified in four independent assays and com-
monly phosphorylated by NbMPK3 and NbMPK6 (Supplementary
Table 2, Supplementary Fig. 11a, b). S59 was selected for further study.
Further, we overexpressed P7-Flag in TRV:00-, TRV: NbMPK3- or TRV:
NbMPK6-inoculated plants and phosphorylation of P7 at S59 was
monitored using a parallel reaction monitoring (PRM) system, which is
a targeted method of quantification performed using high-resolution
hybrid mass spectrometers®. The results showed that phosphoryla-
tion of P7 at S59 was significantly lower in TRV: NbMPK3- or TRV:
NbMPK6-inoculated plants than in TRV:00-inoculated plants (Supple-
mentary Fig. 11c). Moreover, phosphorylation of P7 at S59 was almost
undetectable in the PRM system when P7-Flag was overexpressed in
mpk3” mpk6RNAi plants (Supplementary Fig. 11d). Interestingly, the
alignment amino acid sequences of ToCV P7 reveals that S59 and
GIn60 (Q60) is conserved among 43 ToCV isolates in Supplementary
Fig. 12. To determine whether the SQ motif of P7 is the phosphoryla-
tion target sites of NbMPK3/NbMPK6, we generated two P7 mutants:
the P72 by substituting Q60 with Proline (P) and the P72 by sub-
stituting Q60 with alanine (A, a nonfunctional residue) then performed
in vivo phosphorylation assays. The results indicate that the phos-
phorylation level of P7%° was equal to that of P7 in WT, OE-NbMPK3,
OE-NbMPK6 and mpk3” mpk6RNAi plants. However, the phosphor-
ylation level of P7%°* was lower than that of P7 and P7%% in WT, OE-
NbMPK3, OE-NbMPK6 and mpk3” mpk6RNAi plants (Supplementary
Fig. 13). The results reveal that the function of GIn60 was equal to
Pro60, the SQ motif is the phosphorylation target sites of NbMPK3/
NbMPK6 same as the SP/TP motif*.

To further evaluate phosphorylation of P7 by NbMPK3 or
NbMPK®6 at S59, we generated a P7 mutant (P75°*) by substituting S59
with alanine (A, a non-phosphorylatable residue) and performed
in vivo and in vitro phosphorylation assays. The results indicate that
S59 is the critical residue phosphorylated by NbMPK3 or NbMPK6
(Fig. 4c, d). To study the importance of S59 in P7 during ToCV infec-
tion, we generated two mutant ToCV infectious clones (ToCV$** and
ToCVS*P) in which S59 is substituted with A or with aspartic acid (D, a
mimic the phosphorylated residue). The mutations at S59 have no
effect on the expression or stability of P7. Expression of P7/P75°%/
P75¥*-Flag was detected by western blot analysis with an anti-Flag
antibody (Supplementary Fig. 14a). After 30 days, ToCV***-inoculated
plants showed weaker mosaic symptoms, while ToCV***®-inoculated
plants showed stronger mosaic symptoms than ToCV-inoculated
plants (Fig. 4e). Western blot assays showed that accumulation of
ToCV CP in the systemic leaves of ToCV***®-inoculated plants increased
but that accumulation of ToCV CP in the systemic leaves of ToCV*¥*-
inoculated plants decreased (Fig. 4f). These findings collectively
demonstrate that P7 is phosphorylated at S59 to enhance viral infec-
tion. To further investigate whether the phosphorylation status of P7 is
related to its interaction with NbMPK3/6, we used BIFC assay and LCI
assay to confirm the interaction between P75°* and NbMPK3/6. These
results show that the P75°A interacts with NbMPK3/6 (Supplementary
Fig. 9g-j). These results indicate that the phosphorylation status of P7
have no effect on the interaction between P7 and NbMPK3/6.
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To investigate the role of NbMPK3/6 in ToCV infection, ToCV,
ToCVS** and ToCV**® were inoculated into WT and mpk3” mpk6RNAi
plants. At 30 dpi, the mosaic symptoms in ToCV*®- or ToCV-

inoculated mpk3” mpk6RNAi plants were similar to that in WT, though
ToCV-inoculated mpk3” mpk6RNAi plants exhibited weaker mosaic
symptoms compared to WT. Moreover, ToCV***- and ToCV®-
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Fig. 3 | P7 interacts with NbMPK3/6 both in vivo and in vitro. a GST pull-down
analysis of the interaction between NbMPK3 and P7. P7 was incubated with
NbMPK3/6-GST or GST. Input and pull-down products were analysed by western
blot with anti-His and anti-GST antibodies. The molecular weights of GST, NbMPK3-
GST, NbMPK6-GST and P7-His are 28, 70, 72 and 27 kDa, respectively. b LCI assay
was used to detect interaction between P7 and NbMPK3/6. Luminescence signals
were recorded in N. benthamiana leaves at 48 hpi. nLUC-SGT1 and cLUC-RAR1
served as positive controls. nLUC and cLUC served as negative controls. ¢ BiFC
assay to detect interaction of P7 with NbMPK3/6. P7-nYFP was coexpressed with
NbMPK3-cYFP, NbMPK6-cYFP, AtPIP2A-cYFP or cYFP. NbMPK3-cYFP was

coexpressed with AtPIP2A-nYFP or nYFP. NbMPK6-cYFP was coexpressed with
AtPIP2A-nYFP or nYFP. YFP signals in N. benthamiana leaves were recorded at 48
hpi (bar =50 um). AtPIP2A-cYFP, AtPIP2A-nYFP, nYFP and cYFP served as negative
controls. d Subcellular location of P7 interacting with NboMPK3/6 detected by
western blot using a polyclonal YFP antibody. T total protein; M membrane protein;
C cytoplasmic protein; N nuclear protein. H-ATP served as a plasma membrane
marker. Actin served as a cytoplasmic marker. H3 served as a nuclear marker. The
molecular weights of P7-nYFP, NbMPK3-cYFP and NbMPK6-cYFP are 27, 55 and
57 kDa, respectively. For (a, ¢, d) the experiments were repeated three times with
similar results. Source data are provided as a Source Data file.
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inoculated plants displayed weaker and stronger mosaic symptoms inoculated WT plants, and ToCV***-inoculated OE-NbMPK3 or OE-
compared to ToCV-inoculated plants, respectively (Fig. 4g). Moreover, NbMPK6 plants exhibited weak mosaic symptoms similar to those of
at 30 dpi, ToCV-inoculated OE-NbMPK3 or OE-NbMPK6 plants exhib-  ToCVS**-inoculated WT plants (Fig. 4i). These results were confirmed

ited markedly

stronger mosaic symptoms than did ToCV-inoculated through western blot analysis using a ToCV CP-specific antibody

WT plants, ToCV**®-inoculated OE-NbMPK3 or OE-NbMPK6 plants  (Fig. 4h, j). Taken together, our results demonstrate that NboMPK3/6
showed severe mosaic symptoms similar to those of ToCV>®-  phosphorylates S59 of P7, enhancing viral infection.
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Fig. 4 | NbMPK3/6 phosphorylates the Ser59 residue of P7 and enhances viral
infection. a In vivo phosphorylation of P7-Flag. P7-Flag was immunoprecipitated
with anti-Flag from the total soluble proteins extracted from the leaves of WT, OE-
NbMPK3, OE-NbMPK6 and mpk3”"mpk6RNAi N. benthamiana plants transiently
overexpressing P7-Flag and harvested at 48 hpi. N. benthamiana plants were infil-
trated with Agrobacterium containing empty vector (EV) as the mock control.
Phosphorylation levels of P7 were analysed by western blot with pIMAGO analysis.
Accumulation of P7 was analysed by western blot with an anti-Flag antibody. The
level of MAPK phosphorylation was detected by western blot analysis with an anti-
pTEpY antibody. The molecular weight of P7-Flag is approximately 25 kDa. Each
lane represents a sample from an individual experiment. Each treatment included
three biological replicates. b In vitro phosphorylation assays showing phosphor-
ylation of P7 by NbMPK3/6. P7-GST protein was incubated with preactivated
NbMPK3/6-GST or NbMPK3™/NbMPK6™-GST in 1x kinase reaction buffer. The
NbMPK3™-GST and NbMPK6™-GST in the TEY mutant (T218A/Y220A) served as
negative control. The phosphorylation level of P7 was analysed by western blot with
pIMAGO analysis. Coomassie blue (CBB) staining was used to assess protein load-
ing. The molecular weight of P7-GST is 35 kDa. ¢ Phosphorylation assays of P75%*-
Flag in vivo. P7°**-Flag was immunoprecipitated with an anti-Flag antibody from
the total soluble proteins extracted from the leaves of transiently over-expressing
P75°A-Flag in WT, OE-NbMPK3, OE-NbMPK6 and mpk3” mpk6RNAi N. benthamiana
harvested at 48 hpi. N. benthamiana plants were infiltrated with Agrobacterium
containing empty vector (EV) as the mock control. Phosphorylation levels of P7 5%
were analysed by western blot with pIMAGO analysis. Accumulation of P75°* was
analysed by western blot with an anti-Flag antibody. The level of MAPK phos-
phorylation was detected by western blot analysis with an anti-pTEpY antibody. The
molecular weight of P7°*-Flag is approximately 25 kDa. Each lane represents a
sample from an individual experiment. Each treatment included three biological

replicates. d Phosphorylation assays of P75 by NbMPK3/6 in vitro. The P75%*-GST
protein was incubated with preactivated NbMPK3/6-GST or NbMPK3™/NbMPKé6™-
GST in 1x kinase reaction buffer. The NbMPK3™-GST and NbMPK6™-GST served as
negative control. The phosphorylation level of P75%* was analysed by western blot
with pIMAGO analysis. CBB staining was used to assess protein loading. The
molecular weight of P7 $°A-GST is 35 kDa. e Symptoms of N. benthamiana plants
infiltrated with ToCV, ToCV5*" and ToCV5** at 30 dpi (scale bar = 3 cm); a magni-
fied view is shown. N. benthamiana plants were infiltrated with Agrobacterium
containing empty vector (EV) as the mock control. f Western blot analysis of ToCV
CP accumulation in ToCV-, ToCV**®- and ToCV***inoculated N. benthamiana
plants. Actin served as the loading control. Each lane represents a sample from an
individual experiment. Each treatment included three biological replicates.

g Symptoms of WT or mpk3” mpk6RNAi plants infiltrated with Agrobacteria con-
taining ToCV, ToCV**® or ToCV*** at 30 dpi; a magnified view is shown (scale
bar =3 cm). N. benthamiana plants were infiltrated with Agrobacterium containing
empty vector (EV) as the mock control. h Western blot analysis of ToCV CP accu-
mulation in ToCV-, ToCV**™ and ToCV***-inoculated WT or mpk3” mpk6RNAi
plants. Actin served as the loading control. Each lane represents a sample from an
individual experiment. Each treatment included three biological replicates.

i Symptoms of WT, OE-NbMPK3 and OE-NbMPK6 plants infiltrated with Agro-
bacteria containing ToCV, ToCV**" and ToCV5** at 30 dpi; a magnified view is
shown (scale bar =3 cm). N. benthamiana plants were infiltrated with Agrobacter-
ium containing empty vector (EV) as the mock control. j Western blot analysis of
ToCV CP accumulation in ToCV-, ToCV**"- and ToCV***inoculated WT OE-
NbMPK3 or OE-NbMPKS6 plants. Actin served as the loading control. Each lane
represents a sample from an individual experiment. Each treatment included three
biological replicates. For (b, d) the experiments were repeated three times with
similar results. Source data are provided as a Source Data file.

Phosphorylated P7 interacts with NbREM1.1 to reduce callose
deposition

Considering that P7 is phosphorylated at the plasma membrane and
enhances viral infection, we sought to identify host factors involved in
P7 functions at the plasma membrane. Among the candidates obtained
from the LC-MS/MS analysis (Supplementary Table 1), we focused on
NbREML1, which has been implicated in callose deposition
processes'®*. Through LCI and pull-down assays, we confirmed
interaction between P7 and NbREML.1 both in vivo and in vitro
(Fig. 5a, b). Interestingly, we observed that WT P7 and P75*° were
capable of interacting with NbREML.1 but not P7%** according to LCI
and pull-down analyses (Fig. 5a, b). This finding suggests that the
phosphorylation status of P7 at S59 might regulate callose deposition
and, consequently, enhance viral transmission.

To investigate the effect of different P7 phosphorylation states on
callose deposition, we individually inoculated ToCV, ToCV**® and
ToCV*** into WT, OE-NbMPK3, OE-NbMPK6 and mpk3” mpk6RNAi
plants through Agrobacterium infiltration. These plants were infiltrated
with Agrobacterium containing EV as a mock control. Additionally, an
untreated control was used to visualize and measure basal callose
levels. Plasmodesmata-located protein 5 (PDLP5)-RFP is a plasmo-
desmata marker*’. At 30 dpi, the quantity of PD-associated callose was
measured by in vivo aniline blue staining. Callose deposition in ToCV-
inoculated WT plants was lower than that in the untreated or the mock
treatment. This finding suggests that the reduction of callose levels
upon infection occurs during normal ToCV infection. Callose deposi-
tion in ToCVS*®-inoculated plants was lower than that in the ToCV-
inoculated plants. Callose deposition in ToCV****-inoculated plants was
higher than that in the ToCV-inoculated plants. These findings col-
lectively demonstrate that phosphorylated P7 inhibits the callose
deposition to enhance ToCV infection. In OE-NbMPK3 and OE-
NbMPK6 plants that were inoculated with ToCV, the level of callose
deposition was lower than in WT plants, but higher than that in mpk3”
“mpk6RNAi plants (Fig. 5c, d). These results show that phosphorylation
at S59 of P7 by NbMPK3 and NbMPK® is pivotal for callose deposition.

To investigate the effect of P7 phosphorylated by NbMPK3/6 on
viral spread, we coexpressed PVX-GFP and P7/P7%°°/P75°A-Flag in WT

or mpk3” mpk6RNAi leaves. Because NbMPK3 and NbMPK6 were tag-
ged with GFP in the OE-NbMPK3 and OE-NbMPK6 transgenic plants, we
transiently overexpressed NbMPK3 with an HA-tag (NbMPK3-HA) and
NbMPK6 with an HA-tag (NbMPK6-HA) to substitute for these over-
expressing plants. Expression of P7/P7%°°°/P75*A-Flag, NbMPK3-HA and
NbMPK6-HA was confirmed by western blot analysis (Supplementary
Fig. 14c). Before infiltration, Agrobacterium harbouring PVX-GFP was
diluted 10000-fold (ODgoo=0.0001)">, mixed with Agrobacterium
harbouring P7/P7%°°?/P75°A-Flag (ODggo = 0.2), and coinfiltrated into N.
benthamiana leaves. At 5 dpi, the areas of green fluorescent infection
foci in P75°P-Flag- or P7°-Flag-inoculated NbMPK3-HA, NbMPK6-HA
and mpk3” mpk6RNAi plants were similar to those in WT plants, while
the areas of infection foci in P7-Flag-inoculated NbMPK3-HA and
NbMPK6-HA plants were larger than those in WT and mpk3”
“mpk6RNAi plants. Moreover, the area of infection foci in P75%°°-Flag-
inoculated plants was greater than that in P7°**-Flag-inoculated plants
(Fig. 5e, f). Overall, these findings demonstrate the importance of P7
phosphorylated by NbMPK3/6 at S59 in regulating callose deposition
and facilitating virus transmission during the interaction of ToCV with
the host plant.

NbREML1.1 negatively regulates ToCV infection

To investigate the role of NbREML.1 in ToCV infection, we obtained
transgenic plants overexpressing NbREM1.1 (OE-REM1) and a dual
NbBREM1.1/NbREM1.2 (NbREMI1) knockout mutant plant lines
(ANbrem1)**. After 30 days of ToCV infection, we observed that
accumulation levels of ToCV CP and RNA were significantly lower in
OE-REMI plants than in WT plants, as demonstrated by western blot
and qRT-PCR analyses (Fig. 6a, b). Conversely, in ANbrem1 plants,
accumulation of ToCV RNA and CP was significantly greater than that
in WT plants (Fig. 6a, b). Additionally, to assess callose deposition in
these plants, we employed aniline blue staining to stain callose and
PDLP5-RFP as a PD marker*’. Compared with that in WT plants, callose
deposition in OE-REM1 plants was significantly increased, whereas
callose deposition in ANbrem1 plants was decreased (Fig. 6¢, d). These
results show that NbREML.1 positively regulates callose deposition and
inhibits ToCV infection.
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To further investigate the effect of the interaction between P7 and
NbREML1 on virus transmission, we coexpressed PVX-GFP and P7/
P75¥°/P75°-Flag in WT, OE-REM1 or ANbrem1 leaves. Expression of P7/
P75¥P/P75°-Flag was confirmed by western blot analysis (Supple-
mentary Fig. 14d). Before infiltration, Agrobacterium harbouring PVX-
GFP was diluted 10000-fold (ODgop =0.0001)*}, mixed with Agro-
bacterium harbouring P7/P75°°/P75°A-Flag (ODgpo=0.2), and coin-
filtrated into N. benthamiana leaves. At 5 dpi, the area of infection foci

P7-Flag P75%P-Flag P75%°A-Flag

in OE-REML1 plants was smaller than in WT plants while the infection
foci were larger in ANbreml plants (Fig. 6e, f). Furthermore, P7-Flag
and P7%°P-Flag increased the area of infection foci area compared to
P75A-Flag. These findings indicate that phosphorylated P7 inhibits the
ability of NbREML1.1 to suppress viral spread (Fig. 6e, f).

In summary, our results suggest that NbREML.1 plays a negative
regulatory role in ToCV infection, as demonstrated by reduced viral
accumulation and increased callose deposition in OE-REM1 plants and
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Fig. 5 | Phosphorylated P7 interacts with NbDREML1.1 to reduce callose deposi-
tion and enhance virus transmission. a LCI assay to detect interactions between
P7 and mutants with NbREML.1. Luminescence signals were recorded in N. ben-
thamiana leaves at 48 hpi. nLUC-SGT1 and cLUC-RAR1 served as positive controls.
b Pull-down analysis of the interaction between P7 and its mutants with NbREM1.1.
P7/P75°/P75°P-His or His was incubated with NbREML1-GST. Input and pull-down
products were analysed by western blot with anti-His and anti-GST antibodies. The
molecular weights of NboREML1-GST, His, P7/P75%%/P75%°"-His are 60, 20 and 27 kDa,
respectively. The experiments were repeated three times with similar results.

c Callose fluorescence at PD upon aniline blue staining. (scale bar =20 pm). PDLP5-
RFP served as a PD marker. d Quantification of the callose staining intensity. The
relative callose staining intensity was set as 1 for untreated WT plants. Value is the

mean + SD (one-way ANOVA with Tukey’s test, n =3 biologically independent
experiments, P-values are shown in the Source Data file). Different lowercase letters
indicate significant differences (P < 0.05). e Fluorescence images of N. benthamiana
leaf tissue coexpressing PVX-GFP with EV, P7-Flag, P75*"-Flag and P75°-Flag. GFP
fluorescence signals were recorded by an inverted fluorescence microscope at 3 dpi
(scale bar =100 pm). f Statistical analysis of PVX-GFP movement efficiency shown in
(e). Value is the mean + SD (one-way ANOVA with Tukey’s test, n =S5 biologically
independent experiments, P-values are shown in the Source Data file). Different
lowercase letters indicate significant differences (P < 0.01). For box plot, the hor-
izontal lines from top to bottom represent the maximum, first quartile, median,
third quartile, and minimum of the total data, respectively. Source data are pro-
vided as a Source Data file.

increased viral accumulation and reduced callose deposition in
ANbreml1 plants. Additionally, phosphorylated P7 disrupts the ability
of NbREML.1 to inhibit viral spread, further highlighting the interplay
between P7, NbMPK3/6, and NbREMLI1 in the context of ToCV
infection.

Discussion

During the process of pathogen coevolution, plants have developed
sophisticated pathways to finely regulate their defence network®.
MAPK cascades, which are evolutionarily conserved in both plants and
animals, play a central role in activating defence responses against
pathogens’. However, in the context of plant-virus interactions,
research investigating plant MAPK cascades is limited, and most stu-
dies have shown that these cascades can downregulate infections
caused by DNA and RNA viruses, such as TYLCCNV, TMV, and
BBSV#¢, Here, our results showed that ToCV also activated the
MPK3/6 pathway in N. benthamiana (Fig. 1a). Interestingly, ToCV
accumulation was reduced upon inhibition of the MPK3/6 pathway but
increased upon activation of the MPK3/6 pathway in N. benthamiana
(Fig. 1b-e). This finding represents a significant contribution, as it is
likely that plant MPK3/6 can promote ToCV infection. Our results
suggest that the MPK3/6 pathway may play a novel role during ToCV
infection, at least in N. benthamiana plants. Moreover, our results
showed that ToCV P7 activates the MPK3/6 pathway (Fig. 2a-c) and
that P7 is critical for its pathogenicity (Fig. 2d-f). Although mP7 also
activated the plant MPK3/6 pathway, it did not localize to the plasma
membrane and lacked the capacity to enhance viral infection
(Fig. 2g-m). These results suggest that amino acids at position 15, 16,
20 and 26 are critical for P7 localization and pathogenicity. MAPK
cascades play essential roles in transferring extracellular stimulus
signals from the plasma membrane to the nucleus to activate defence
responses*’. We observed that the expression levels of NbMAPKKKa
and NbMKK2 were increased in ToCV- and ToCV™- infiltrated plants
(Supplementary Fig. 15). These results indicate that P7/mP7 likely
mediates the activation of upstream components of the MAPK cascade
to activate the MPK3/6 pathway. The P7 protein likely functions as a
stimulus signal to initiate activation of N. benthamiana MPK3/6 path-
way in the plasma membrane and cytoplasm, while enhancing ToCV
infection depends on plasma membrane localization.

The viral protein disrupts the function of the host protein by
altering its localization*®*’. In our study, P7 interacted with NbMPK3/6
both in vivo and in vitro (Fig. 3a, b). BiFC assays revealed that the P7
and NbMPK3/6 interacted in the plasma membrane and cytoplasm,
respectively (Fig. 3¢, d). However, NbMPK3/6 was localized in the
cytoplasm and nucleus (Supplementary Fig. 8). These results indicate
that P7 inhibits the entry of NbMPK3/6 into the nucleus by interacting
with NbMPK3 and NbMPK6 on the plasma membrane and in the
cytoplasm, respectively. We also found that NbMPK®6 interacted with
P73 (containing the transmembrane region) (Supplementary Fig. 9k-
1). The interaction between NbMPK6 and P7'** may disrupt the mem-
brane localization of P7, resulting to P7 interacting with NbMPK6 in the
cytoplasm. However, NbMPK3 interacted with P7**"% but not P7"%,

resulting to P7 recruited NbMPK3 to the plasma membrane (Supple-
mentary Fig. 9m). The TLCYnV C4 could direct NbSKn to cytoplasm
membrane and reduces the accumulation of nucleus-localized NbSKn,
then facilitated viral replication*s. HCV initiates the activation of the
MAPK pathway, which leads to the phosphorylation of the HCV core
protein and subsequently enhances the replication of the virus”. Some
studies have shown that MPK3/6 phosphorylates transcription factors
in the nucleus to elicit an immune response. WRKY33 is phosphory-
lated by MPK3/6 in the nucleus and responds to pathogen infection®.
We also observed that the upregulation or blockade of MPK3/6 pro-
moted or inhibited the replication of ToCV in protoplasts (Supple-
mentary Fig. 16). We can assume that P7 inhibits the immune response
mediated by NbMPK3/6 through inhibiting the entry of NboMPK3/6 into
the nucleus, thereby benefiting ToCV replication. We also demon-
strated that ToCV P7 is phosphorylated at S59 in the SQ motif by
NbMPK3/6 both in vivo and in vitro (Fig. 4a-d, Supplementary Fig. 11).
This finding is different from those of previous studies in which the
conserved (S/T) P motif was shown to be a substrate of the MAPKs
phosphorylation®*’. Nevertheless, there are a few exceptions, such as
the SD motif* or TD motif*’. In vivo phosphorylation assays revealed
that the SQ motif of P7, which is the same as the SP motif, is the
phosphorylation target sites of NbMPK3/NbMPK6 (Supplementary
Fig. 13), which might expand our knowledge regarding substrates
phosphorylated by MAPKs. We also found that substitution of S59 with
A weakened viral mosaic symptoms, whereas substitution S59 with D
enhanced viral mosaic symptoms (Fig. 4e, f). Moreover, ToCV accu-
mulation was significantly lower in ToCV-infected mpk3” mpk6RNAi
plants (Fig. 4g, h) and greater in ToCV-infected OE-NbMPK3/6 plants
(Fig. 41, j) than in ToCV-infected WT plants. These results showed that
P7 phosphorylation by NbMPK3/6 promoted ToCV infection. It has
been reported that MPK3 is phosphorylated by BDR1 in the plasma
membrane to promote the infection of Magnaporthe oryzae through
the inhibition of JA signalling and terpenoid biosynthesis”. In our
study, NbMPK3 and phosphorylated P7 were localized in the plasma
membrane to facilitate ToCV infection (Figs. 3¢, 4e-i). However, the
mechanism by which NbMPK3 functions in the plasma membrane
requires further investigation. Based on these results, we speculate P7
was phosphorylated by NbMPK3/6 in the cytoplasm in cells and then
phosphorylated P7 recruits NbMPK3 to plasma membrane. In addition,
the mP7 lost the capacity to enhance viral infection because it cannot
interact with NbMPK3/6. Taken together, we putative phosphorylated
P7 recruits NbMPK3 to plasma membrane may be beneficial to viral
infection but the function should be further investigated. Further-
more, we also found that the NbMPK6 was detained in the cytoplasm
through interacting with P7. Previous studies have shown that the
Arabidopsis MPK3 and MPKé6 are required in different ways for
the activation of response to B. cinerea®. Thus, we speculated that the
function of NbMPK6 in cytoplasm recruited by P7 was different to that
of NbMPK3 and the function of NbMPKé6 localizing to cytoplasm
should be further investigated.

The remorin family is among the best-characterized plasma
membrane nanodomain-associated proteins in plants®**. Remorins
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are markers of membrane rafts that are enriched at plasmodesmata’®.
Remorins are well known to be involved in plant-pathogen
interactions®*%, LCI and pull-down assays revealed that P7 or P75,
but not P7°*, interacts with NbREML.1 both in vivo and in vitro
(Fig. 5a, b). The remorin protein-callose module plays a pivotal role in
the interaction between plants and viruses**. Some studies have
reported that remorin can restrict viral infection®. The accumulation

of ToCV CP and RNA was reduced in OE-REM1 plants but elevated in
ANbreml plants (Fig. 6a, b). These results suggest that NbREM1.1
negatively regulates ToCV infection. Callose is localized in the cell wall,
and its deposition near the neck zone of plasmodesmata regulates
their size exclusion limit (SEL), which controls the cell-to-cell transport
of molecules®. Callose deposition at plasmodesmata may be involved
in early defence responses against virus attack***. The plant immune
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Fig. 6 | NbREML.1 negatively regulates ToCV infection. a Accumulation of ToCV
CP was analysed by western blot with an anti-CP antibody. Ponceau staining
(Ponceau S) revealed equal protein loading in each lane. N. benthamiana plants
were infiltrated with Agrobacterium containing empty vector (EV) as the mock
control. b The ToCV RNA expression level was quantified by qRT-PCR using ToCV
CP gene-specific primers. Data are presented as means + SDs and were analysed
using Student’s t-test (one-sided, P=0.0224, 0.0033, respectively). Each treatment
had three biological replicates. *P < 0.05, **P < 0.01. ¢ Callose staining with aniline
blue in WT, OE-REM1 and ANbreml plants (scale bar =20 pum). PDLP5-RFP served as
a PD marker. d The relative intensity of callose staining in (c). The relative callose
staining intensity was set as 1 in wild-type. Value is the mean + SD (one-way ANOVA

with Tukey’s test, n = 3 biologically independent experiments, P-values are shown in
the Source Data file). Different lowercase letters indicate significant differences
(P<0.05). e. Fluorescence images of PVX-GFP in WT, OE-REM1 and ANbreml plants
coexpressing EV, P7-Flag, P7>°°-Flag or P7°**-Flag. GFP fluorescent signals were
recorded by confocal microscopy at 3 dpi (scale bar =100 pum). f Statistical analysis
of PVX-GFP movement efficiency shown in (e). Value is the mean = SD (one-way
ANOVA with Tukey’s test, n =5 biologically independent experiments, P-values are
shown in the Source Data file). Different lowercase letters indicate significant dif-
ferences (P < 0.05). For box plot, the horizontal lines from top to bottom represent
the maximum, first quartile, median, third quartile, and minimum of the total data,
respectively. Source data are provided as a Source Data file.
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into the nucleus. P7 then inhibits the immune response mediated by NbMPK3/6 and
promotes ToCV replication. Subsequently, NobMPK3/6 phosphorylates P7 at S59.
The phosphorylated P7 and NbMPK3 then localized to the plasma membrane. The
phosphorylated P7 targets NbREML.1 at the plasma membrane to inhibit its callose-
inducing activity to promote ToCV movement in N. benthamiana plants.

signal restricts viral movement by inducing callose deposition at
plasmodesmata, whereas viruses counteract this defence mechanism
by suppressing callose deposition at plasmadesmata®. In a recent
study, rice stripe virus (RSV) was found to interfere with the S-acylation
of remorin and induce its autophagic degradation to reduce callose
deposition and facilitate viral infection**. Callose deposition was lower
in ToCV-infected WT plants than in untreated and mock-treated plants
(Fig. 5c, d). Moreover, the phosphorylation status of P7 regulated
callose deposition. Compared with that in ToCV-infected WT plants,
callose deposition was lower in ToCV**"-infected WT plants and
greater in ToCVS**infected plants. The phosphorylation status of P7
was correlated with NbMPK3/6. Compared with that in ToCV-infected
WT plants, callose deposition was reduced in ToCV-infected OE-
NbMPK3/6 plants and increased in ToCV-infected mpk3” mpk6RNAi
plants (Fig. 5c, d). These results suggest that the phosphorylation of P7
regulates its ability to inhibit callose deposition via interaction with
NbREMLI. In line with some studies that have reported remorin-
mediated inhibition of viral movement****%*, P7 and P7%°® promoted
PVX transmission but not P75** compared with mock treatment in WT
plants (Fig. Se, f). PVX transmission increased when P7 was coin-
cubated with NbMPK3/6 and was lower in mpk3” mpk6RNAi plants

than that in WT plants. These results show that P7 is phosphorylated by
NbMPK3/6 through their interaction and that phosphorylated P7 then
interacts with NbREML.1 in the plasma membrane to inhibit callose
deposition and promote viral movement. In summary, P7 enhanced
ToCV infection in a manner dependent on viral replication and
movement. The phosphorylation status of a viral protein may regulate
its the function®*. We speculated that nonphosphorylated and phos-
phorylated P7 increased ToCV replication in the cytoplasm, while
phosphorylated P7 was further targeted to NbREML.1 for inhibiting its
callose-inducing activity at plasmodesmata, thereby increasing viral
cell-to-cell movement and allowing viral transmission.

In summary, in this study, we propose a model in which P7 was
phosphorylated by MPK3/6 and inhibits callose-dependent antiviral
defence, thereby promoting ToCV infection (Fig. 7). Under normal
conditions, the MPK3/6 was inactive, and the callose was localized in
the cell wall. Upon ToCV infection, the MPK3/6 pathway was activated.
P7 interacts with NbMPK3/6 and inhibits the entry of NbMPK3/6 into
the nucleus. P7 might inhibit the immune response mediated by
NbMPK3/6 and facilitate ToCV replication. P7 was phosphorylated by
NbMPK3/6 then targets NbREML.1 to inhibit its callose-inducing
activity to promote viral movement in N. benthamiana plants.
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Although our results revealed a novel role of MPK3/6 in plant viral
infection, this study has some limitations. For example, 1) the currently
available ToCV infectious clones are unable to infect natural host but
can efficiently infect N. benthamiana plants via agroinfiltration®>*®, and
therefore, all of our experiments were performed in N. benthamiana
plants; 2) only one viral protein of one virus (ToCV) was investigated
here, and the results might be specific to the MPK3/6 pathway.
Nevertheless, our results, together with previous data, suggest the
existence of a complex relationship in the ongoing arms race between
plants and viruses.

Methods

Plant growth and virus inoculation

Nicotiana benthamiana and transgenic plants were grown in a green-
house at 23+1°C with a 16 h/8h (light/dark) cycle. The tomato
chlorosis virus (ToCV) full genomic cDNA infectious clones pCa-ToCR1
and pCa-ToCR2 (containing the full-length RNA1 or RNA2 sequence of
the ToCV Beijing isolate) were a kind gift from Tao Zhou (China Agri-
cultural University) and reported previously®’; potato virus X (PVX)-
based infectious clones were obtained from a previously reported
source®. The pCa-ToCR1 and pCa-ToCR2 plasmids were individually
transformed into Agrobacterium tumefaciens strain GV3101. Agro-
bacterium cultures were grown overnight, pelleted through cen-
trifugation, and incubated for 2 h in infiltration buffer (100 mM MES,
pH 5.2, 10 mM MgCl,, and 200 mM acetosyringone). Agrobacterium
cultures carrying pCa-ToCR1 (ODgop =0.6-0.8) were mixed with an
equal volume of Agrobacterium cultures carrying pCa-ToCR2 or one of
its mutants. The mixed cultures were infiltrated individually into leaves
of N. benthamiana plants using needleless syringes, as reported
previously®. The Agrobacterium cultures carrying PVX-based infec-
tious clones or with inserted genes were infiltrated as reported
previously®’.

Plasmid construction

Three mutant ToCV infectious clones with S59D, S59A and mP7 were
generated by overlapping PCR using the plasmid pCa-ToCR2 as the
template. The ToCV P7 gene sequence was inserted into the pPGWB505-
GFP, pET-32a-His (containing the Trx-tag), pGEX-4T-2-GST, pCV-nYFP®®
and pCambial300-cLUC and pEarleyGate-202-Flag (containing the
cYFP)*® vectors. The coding sequence of NbMPK3 (GenBank accession
no. AB098729.1) was cloned and inserted into the pGWB505, pGEX-4T-
2, pCV-cYFP®® and pCambial300-nLUC vectors. The coding sequence
of NbMPK6 (GenBank accession no. AB373025.1) was cloned and
inserted into the pGWB505, pGEX-4T-2, pCV-cYFP®® and pCambial300-
nLUC vectors. The coding sequence of NbREM1.1 (GenBank accession
no. ON392760.1) was cloned and inserted into the pGEX-4T-2 and
pCambial300-nLUC vectors. The primers used in this study are listed
in Supplementary Table 3. The above clones were confirmed by Sanger
DNA sequencing.

Generation of transgenic plants

Constitutive expression of the NbMPK3 gene with a GFP tag under the
control of its native promoter in N. benthamiana was used to construct
OE-NbMPK3 plants. Constitutive expression of the NbMPK6 gene with
a GFP tag under the control of its native promoter in N. benthamiana
was used to construct OE-NbMPK®6 plants. Additionally, we conducted
the mpk37 mpk6RNAi lines employing CRISPR/Cas9 technology to
knockout NbMPK3 in N. benthamiana. Meanwhile, MPK6 transcripts
are targeted by an RNA interference (RNAi) in the mpk3” mpk6RNAi
lines. Sanger sequencing revealed the 1bp insertion at the NbMPK3
target site in mpk3” mpk6RNAi plants (Supplementary Fig. 10a, b).
NbMPK6 mRNA level was significantly decreased in mpk3” mpk6RNAi
plants compared with WT plants, as evidenced by qRT-PCR (Supple-
mentary Fig. 10c). The overexpression of NbMPK3 and NbMPK6 pro-
tein in the transgenic plants were confirmed using western blot with an

anti-GFP antibody (Supplementary Fig. 10d). ToCV P7 gene (OE-P7) N.
benthamiana transgenic plants were obtained via Agrobacterium-
mediated transformation. Western blots with anti-GFP antibody
(1:5000, TransGen Biotech, China, Cat. No. HT801) were performed to
screen the positive OE-NbMPK3 and OE-NbMPK6 transgenic plants.
Western blot with anti-P7 antibody (1:1000, HUABIO, China, customer
order) was performed to screen the positive OE-P7 transgenic plants.
To screen the positive mpk3” mpk6RNAi plants, DNA fragment corre-
sponding to the gRNA-targeted DNA sequence regions was amplified
from genomic DNA of transgenic plants using corresponding primers
listed in Supplementary Table 3, and DNA sequencing was carried out
to examine the insertion or deletion at the target site.

RNA-seq

The leaf samples from WT and OE-P7 plants were collected. Three
leaves from different plants were collected as one biological replicate,
and three biological replicates were used for each group. Total RNA
was extracted using the TRIzol reagent (Invitrogen, CA, USA). After
quantification and qualification, total RNAs were pooled for cDNA
library construction. cDNA library preparation and sequencing were
carried out on an Illumina NovaSeq 6000 platform with 150-bp pair-
end reads in OE Biotech Co., Ltd. (Shanghai, China). Total reads were
mapped to the Nicotiana benthamiana transcriptome using Hisat2
(v2.0.5). The expression level of each gene was calculated based on
expected number of Fragments Per Kilobase of transcript sequence
per Million’s base pairs sequenced (FPKM). Differential expression
analysis of two groups was performed using the DESeq2 R package
(1.20.0). P-value < 0.05 and |log2(foldchange)| >1 and <-1 were set as
the threshold for significantly differential expression.

RNA extraction and qRT-PCR

Total RNA was extracted from N. benthamiana samples using
HiPure Plant RNA Mini Kit (Magen, China, R4165-02). qRT-PCR
was performed as previously reported, with minor
modifications®. First-strand cDNAs were synthesized using ran-
dom primers, 1 g of total RNA per 20 pL of reaction, and a First
Strand cDNA Synthesis Kit (Vazyme, China, Cat. No. R312-02). The
actin gene (GenBank accession no. XM_016647918) served as the
internal control. Relative expression levels of the assayed genes
were calculated using the 272 method. Each treatment had three
biological replicates with three technical replicates each. The
primers used for qRT-PCR analysis are listed in Supplementary
Table 3.

BiFC and LCI assays

For BIFC assays, Agrobacterium mixtures containing expression plas-
mids different BiFC vectors®® were diluted to an ODggo=0.6 with
infiltration medium and coinfiltrated into N. benthamiana leaves. At 48
hpi, a Leica TCS SP8 confocal microscope (Leica Microsystems, Hei-
delberg, Germany) was used to observe the reconstituted YFP signal.
The YFP signal was confirmed by western blot using a polyclonal YFP
antibody (1:5000, HUABIO, China, Cat. No. R1312-2). LCI assays were
performed as described previously, with minor modifications®*. For
LCI assays, Agrobacterium harbouring cLUC-P7 and nLUC-NbMPK3/6
was diluted to an ODggo=0.6 with infiltration medium and coin-
filtrated into N. benthamiana leaves. At 3 dpi, images of Luc signals
were captured with Lumazone Sophia. The cLUC-RAR1 (required for
Mlal2 resistance) and nLUC-SGT1 (suppressor of the G2 allele of skp1)
served as a positive control®.

Identification of the phosphorylation site of P7 through LC-
MS/MS

The P7-Flag fusion was transiently expressed in N. benthamiana leaves
and then enriched through immunoprecipitation with anti-Flag M2
magnetic beads (Sigma-Aldrich, USA, Cat. No. M8823). The enriched
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P7-Flag fusion protein was detected through western blot using an
anti-Flag antibody (1:5000, TransGen Biotech, China, Cat. No. HT201)
or through separation by SDS-PAGE followed by Coomassie Brilliant
Blue staining. The P7-Flag band was cut from the gel and digested
overnight at 37 °C with trypsin, followed by LC-MS/MS.

MAPK activation assay

The MAPK activation assay was performed as previously described,
with minor modifications'. Total protein was extracted in protein
extraction buffer (50 mM Tris-HCI, pH 7.5, 150 mM Nacl, 0.5% Triton X-
100, 1x protease inhibitor cocktail, 1mM NazVO,, 1mM NaF, and
20 mM B-glycerophosphate) and detected by western blot with an anti-
phospho-p44/42 MAPK antibody (pTEpY) (1:2000, Cell Signaling
Technology, USA, Cat. No. #4370).

In vitro phosphorylation assay

In vitro phosphorylation assays were performed as described
previously*. P7-pGEX-4T-2, P75**pGEX-4T-2, NbMPK3-pGEX-4T-2 and
NbMPK6-pGEX-4T-2 plasmids were transformed into £. coli (Rosetta),
and P7-GST, P75°*-GST, NbMPK3-GST and NbMPK6-GST proteins were
purified by Mag-Beads GST Fusion Protein Purification (Sangon Bio-
tech, China, Cat. No. C650031). 2 pg NbMPK3-GST and 2 pug NbMPK6-
GST were incubated with 2 pg His-MPKKSDD? in a reaction mixture
(50 mM Tris-HCI, pH 7.5; 10 mM MgCl,; 1mM DTT; 0.2 mM ATP) for
30 min at 30 °C. Then, His-MPKK5DD was removed using Ni-NTA 6FF
Sefinose (TM) (BBI, China, Cat. No. C600332) and preactivated
NbMPK3/6 was purified using Mag-Beads GST Fusion Protein Pur-
ification (Sangon Biotech, China, Cat. No. C650031). For in vitro
phosphorylation assays, preactivated NbMPK3/6-GST or GST was
incubated with 2 pg P7-His or P7°**-His in 30 pL of 1x kinase reaction
buffer (25 mM Tris-HCI, pH 7.5; 10 mM MgCl,; 10 mM CaCl,; 10 mM
DTT; 0.025 mM ATP) at 30 °C for 30 min. Next, 5 pL of 5x SDS sample
buffer was added to terminate the reactions. Proteins were separated
by SDS-PAGE, and phosphorylated proteins were detected by pIMAGO
(Tymora Analytical, USA, Cat. No. 800-10)*.

In vivo phosphorylation assay

P7-Flag fusion was transiently expressed in WT, OE-NbMPK3, OE-
NbMPK6 or mpk3” mpk6RNAi N. benthamiana leaves and then enri-
ched through immunoprecipitation (IP) with anti-Flag M2 magnetic
beads (Sigma-Aldrich, USA, Cat. No. M8823) for 3 h. After washing 6
times with 1x PBS buffer containing 1x protease inhibitor cocktail
(Roche, Cat. No. 11836153001), the products were detected by pIMAGO
(Tymora Analytical, USA, Cat. No. 800-10)*".

Pull-down assay

Pull-down assays were used to confirm interaction between P7 and
NbMPK3/6 or between P7 and NbREML1. Recombinant P7-His was
expressed and purified from E. coli (Supplementary Fig. 17). First, 6 pg
of GST- or His-tagged protein was incubated with 20 pL of Mag-Beads
GST Fusion Protein Purification (Sangon Biotech, China, Cat. No.
C650031) or Ni-IDA-Sefinose Resin 6FF (Sangon Biotech, China, Cat.
No. C600029) in 600 pL of 1x PBS buffer for 3 h at 4 °C. The beads
were washed six times with 1x PBS buffer and analysed by western blot
with anti-GST (1:5000, TransGen Biotech, China, Cat. No. HT601) or
anti-His (1:5000, TransGen Biotech, China, Cat. No. HT501) antibodies.

Virus-induced gene silencing (VIGS)

To silence NbMPK3, NbMPK6, NbMKK2 or NbMAPKKK«a expression in N.
benthamiana, 300bp fragments representing partial sequences of
NbMPK3, NbMPK6, NbMKK2 or NbMAPKKKa were inserted into the TRV2
vector’®, respectively. Agrobacterium cultures carrying pTRV1 and
PTRV2 (referred to as TRV:00) or pTRV1 and pTRV2:NbMPK3, NbMPK6,
NbMKK2 or NboMAPKKKa (TRV:NbBMPK3, TRV:NbMPK6, TRV:NbMKK2 or
TRV:NbMAPKKKa) were infiltrated into leaves of N. benthamiana plants,

and the infiltrated plants were grown inside a climate growth chamber at
25 °C. After 7 days, the plants were inoculated again with ToCV. Plants
inoculated with TRV:00 were used as controls. The silencing efficiency
of NDMPK3, NbMPK6, NbMKK2 and NbMAPKKKawas confirmed using
gRT-PCR or western blot analysis. Specifically, the efficiency of NbMPK3
and NbMPK6 silencing was verified with an anti-MPK3 antibody
(1:10000, Sigma-Aldrich, USA, Cat. No. M8318) and an anti-MPKé6 anti-
body (1:10000, Sigma-Aldrich, USA, Cat. No. A7104), respectively. The
silencing efficiency of NbMKK2 was confirmed with an anti-MKK2 anti-
body (1:10000, Beyotime, China, Cat. No. AG2961).

Isolation of cytoplasmic, membrane and nuclear proteins
Subcellular fractionation was performed as previously reported, with
minor modifications®*”’. To obtain cytoplasmic and membrane-rich
fractions, 0.5 g of Agrobacterium-infiltrated leaves at 2 dpi were gently
ground with 1 mL of homogenization buffer [50 mM Tris-HCI, pH 8.0;
10 mM KCI; 3 mM MgCl,; 1mM EDTA; 1 mM DTT; 0.1% BSA; 0.3% dex-
tran; and 13% (w/v) sucrose]. The mixture was centrifuged at 3000 x g
for 20 min at 4 °C to remove nuclei and large cellular debris, and the
resulting supernatant was ultracentrifuged at 30,000 x g for 1h at 4 °C
to produce supernatant (cytoplasm) and microsomal (membrane-rich)
fractions. The membrane-rich fraction was resuspended in homo-
genization buffer. All fractions were subjected to western blot analysis.
To obtain the nuclear fraction, 0.5 g Agrobacterium-infiltrated leaves at
2 dpi were harvested, ground to a fine powder in liquid nitrogen and
mixed with 5mL of lysis buffer (20 mM Tris-HCI, pH 7.5; 20 mM KCI;
2mM EDTA; 2.5 mM MgCl,; 25% glycerol; 250 mM sucrose; and 5 mM
DTT) supplemented with protease inhibitor cocktail (Roche,
11836153001). The homogenate was filtered through a double layer of
Miracloth. The flow-through was centrifuged at 1500 x g for 10 min.
The pellet was washed with 5mL of nuclear resuspension buffer
(20 mM Tris-HCl, pH 7.4, 25% glycerol, 2.5 mM MgCl,, and 0.2% Triton
X-100). The samples were subsequently centrifuged at 16,000 x g for
10 min at 4 °C. The final nuclear pellet was resuspended in 400 pL of
lysis buffer. As a quality control for fractionation, H-ATP was used as a
plasma membrane marker, actin was used as a cytoplasmic marker,
and histone H3 was used as a nuclear marker. These components were
confirmed by western blot using anti-H"-ATP antibody (1:5000, Amyjet
Scientific, China, Cat. No. AS07-260), anti-actin (1:5000, Abbkine,
China, Cat. No. ABM40122), anti-H3 antibody (1:5000, Cell Signaling
Technology, USA, Cat. No. #4499).

Callose staining

Callose staining was performed as previously reported, with minor
modifications***. As a plasmodesmata marker, Agrobacterium har-
bouring the PDLP5-RFP was diluted 1000-fold (ODggo=0.001) and
infiltrated into N. benthamiana leaves for 3 days. Callose was stained
with 0.025 mg/mL aniline blue fluorochrome. Callose quantification
was performed by measuring the aniline blue fluorescence focus
number and focus intensity using ImageJ image processing software
(http://rsbweb.nih.gov/ij/) with the callose Quant plug-in, which, after
setting parameters, localizes fluorescent callose foci and quantifies the
callose fluorescence intensity of each focus automatically*’. P-values
for significant differences between mean values were determined by
one-way ANOVA with Tukey’s test. The statistical tests were performed
with GraphPad Prism 8 software.

PVX transmission experiments

PVX transmission experiments were performed as previously repor-
ted, with minor modifications*>**. For PVX transmission experiments,
Agrobacterium  harbouring PVX-GFP was diluted 10000-fold
(ODgpo =0.0001), mixed with Agrobacterium harbouring P7/P7%°°/
P75%A-Flag (ODgoo = 0.2), and coinfiltrated into N. benthamiana leaves
for 5 days. Green fluorescence was distributed among multiple cell
lines, as assessed by confocal microscopy. The extent of PVX-GFP
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movement was quantified by measuring the area of green fluorescence
using confocal microscopy, followed by statistical calculations using
one-way ANOVA with Tukey’s test.

N. benthamiana protoplast isolation and transfection

N. benthamiana protoplast isolation and transfection were performed
as previously reported, with minor modifications’. Nicotiana ben-
thamiana protoplasts were isolated from 21-day-old plants. In brief,
young leaves were chopped and immersed in enzyme solution (0.5M
mannitol, 1.5% cellulose RS (Yakult Honsha, Tokyo, Japan), 0.75%
macerozyme R10 (Yakult Honsha), 1mM CaCl,, and 0.1% BSA). The
mixture was incubated in a shaking incubator (60 rpm) in the dark at
room temperature for 4-5h and then filtered through Miracloth. The
protoplasts were pelleted by centrifugation at 200 x g for 5min and
then resuspended in an equal volume of W5 solution (154 mM NacCl,
125 mM CaCl,, 5 mM KCl and 1.5 mM MES, adjusted to pH 5.7), followed
by centrifugation and resuspension in MMG solution (0.4 M mannitol,
15 mM MgCl, and 4.7 mM MES, adjusted to pH 5.7). Plasmid DNA (10 or
20 pg) was added to the protoplast solution and transfected with 40%
polyethylene glycol (PEG) solution [40% PEG4000 (Sigma, Cat. No.
102078930), 0.4 M mannitol, and 100 mM Ca(NOs;),] at room tem-
perature for 20 min. W5 solution was gradually added to dilute the PEG
solution, which was subsequently discarded. The transfected proto-
plasts were incubated overnight at room temperature, after which RNA
was extracted.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available within the
paper and its Supplementary Information files. RNA-seq raw data have
been deposited in the Genome Sequence Archive in National Geno-
mics Data Center, China National Center for Bioinformation / Beijing
Institute of Genomics, Chinese Academy of Sciences (GSA:
CRA020063) that are publicly accessible at https://ngdc.cncb.ac.cn/
gsa. LC-MS/MS raw data have been successfully submitted to Pro-
tenmeXchange Via the PRIDE database. Project accession:
PXDO057403. Source data are provided with this paper.
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