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Abstract Ethylene plays critical roles in plant development and biotic stress response, but the
mechanism of ethylene in host antiviral response remains unclear. Here, we report that Rice dwarf
virus (RDV) triggers ethylene production by stimulating the activity of S-adenosyl-L-methionine
synthetase (SAMS), a key component of the ethylene synthesis pathway, resulting in elevated
susceptibility to RDV. RDV-encoded Pns11 protein specifically interacted with OsSAMS1 to enhance
its enzymatic activity, leading to higher ethylene levels in both RDV-infected and Pns11-
overexpressing rice. Consistent with a counter-defense role for ethylene, Pns11-overexpressing
rice, as well as those overexpressing OsSAMS1, were substantially more susceptible to RDV
infection, and a similar effect was observed in rice plants treated with an ethylene precursor.
Conversely, OsSAMS1-knockout mutants, as well as an osein2 mutant defective in ethylene
signaling, resisted RDV infection more robustly. Our findings uncover a novel mechanism which
RDV manipulates ethylene biosynthesis in the host plants to achieve efficient infection.

DOI: https://doi.org/10.7554/eLife.27529.001

Introduction

Rice is a staple food crop in many regions, a model monocot plant for research, and a host to many
viruses (Wu et al., 2015; 2017). Viral infection causes substantial losses in yield and quality in rice
crops and current knowledge on the antiviral responses of monocotyledonous crops is very limited
(Soosaar et al., 2005; Mandadi and Scholthof, 2013; Wang, 2015). Rice dwarf virus (RDV), a mem-
ber of the genus Phytoreovirus in the family Reoviridae, is one of the most widespread and devastat-
ing viruses that infect rice (Wu et al., 2015; Jin et al., 2016). RDV is transovarially transmitted by the
green rice leafhopper (Nephotettix cincticeps) in a persistent-propagative manner (Cao et al., 2005;
Zhou et al., 2007, Wei and Li, 2016). RDV infection greatly inhibits rice growth and causes severe
symptoms including dwarfism, increased tillering, and white chlorotic specks and dark-green discol-
oration on the leaves. RDV has a double-stranded RNA genome consisting of 12 segments (57 to
512). Seven segments, S1, S2, S3, S5, S7, S8, and S9, encode structural proteins P1, P2, P3, P5, P7,
P8, and P9, respectively, which form double-layered virions; the remaining segments, S4, S6, S10,
S11, and S12, encode the nonstructural proteins Pns4, Pnsé, Pns10, Pns11, and Pns12 (Cao et al.,
2005; Zhou et al., 2007; Liu et al., 2014, Jin et al., 2016; Wei and Li, 2016).
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elLife digest Rice provides food for billions of people all over the world, but diseases caused by
plant-infecting viruses cause serious risks to the production of rice. As a result, there is an urgent
demand for developing new and impactful ways to help defend rice plants from harmful viruses.
Toward this goal, it will be important to better understand how viruses actually cause diseases in
plants.

Plants make chemicals known as hormones to control their own development, and hormone
production is often disturbed when viruses infect rice plants. Many viruses cause infected plants to
make more of a gaseous hormone called ethylene, which benefits the viruses. Yet, it is still not
known how virus infection induces the production of more ethylene.

Zhao, Hong et al. have exposed rice plants to infection with a virus called rice dwarf virus.
Infected plants made more ethylene than normal, which did indeed help the virus to infect. Further
experiments then showed that an enzyme that makes one of the building blocks needed to produce
ethylene became more active after infection with this virus. Next, Zhao, Hong et al. engineered rice
plants to make more or less of this building block — which is known as S-adenosyl-L-methionine or
SAM for short. Plants with too much SAM were less able to defend themselves against the virus,
while plants that lacked SAM were better able to fight off viral infection.

Zhao, Hong et al. suggest that engineering rice plants to make less of the SAM-producing
enzyme could make them more resistant to viruses. Further work will also be needed to find out why
ethylene benefits viral infection, and to confirm whether ethylene also performs similar roles when
rice is infected with other viruses.

DOI: https://doi.org/10.7554/eLife.27529.002

To survive under the continuous threat of viral infection, plants have evolved multiple defense
mechanisms that are activated via different signal transduction pathways. The intensively studied
pathways, based on dicot model plants, include nucleotide-binding-site leucine-rich-repeat dominant
resistance genes (R-genes), recessive resistance genes (eukaryotic initiation factors (elFs)), RNA inter-
ference (RNAI) antiviral immunity, and phytohormone-mediated resistance pathways; these pathways
interact synergistically or antagonistically and result in a highly complex three-dimensional defense
signaling network (Kasschau et al., 2003; Baulcombe, 2004; Soosaar et al., 2005; Ding, 2010;
Endres et al., 2010; Mandadi and Scholthof, 2013; Nicaise, 2014; Carbonell and Carrington,
2015; Collum and Culver, 2016; Wang, 2015; Wu et al., 2017). As a counter-defense, plant viruses
often manipulate plant responses for their own benefit. For example, viruses have evolved strategies
to target hormone pathways, often exploiting the antagonistic interactions mediated by phytohor-
mones such as salicylic acid (SA), jasmonic acid (JA), and ethylene (Soosaar et al., 2005;
Broekaert et al., 2006; Pieterse et al., 2009; Santner et al., 2009, Denancé et al., 2013;
Mandadi and Scholthof, 2013; Alazem and Lin, 2015).

The gaseous phytohormone ethylene functions in seed germination and organ senescence, as
well as in the response of plants to abiotic and biotic stresses (Broekaert et al., 2006; van Loon
et al., 2006; Alazem and Lin, 2015; Kazan, 2015). However, the functions of ethylene in the plant
response to viral infection remain poorly understood. Previous studies found that ethylene could
modulate host defense in both positive and negative manners (Knoester et al., 2001; Love et al.,
2007; Pieterse et al., 2009; Santner et al., 2009; Chen et al., 2013b; Zhu et al., 2014,
Casteel et al., 2015). The P6 protein encoded by Cauliflower mosaic virus (CaMV) was found to
interact with components of the ethylene-signaling pathway, and transgenic Arabidopsis expressing
P6 became less responsive to ethylene treatment and more resistant to CaMV infection (Geri et al.,
2004). Another study used ein2 (ethylene insensitive 2) and etr1 (ethylene response 1) mutants and
found that the ethylene-signaling pathway is required for Turnip mosaic virus (TuMV)-mediated sup-
pression of resistance to the green aphid, Myzus persicae, in Arabidopsis, and that TuMV may mod-
ulate ethylene responses to increase plant susceptibility to viral infection (Casteel et al., 2015).
Chen et al. (2013b) reported that Arabidopsis plants with mutations of the ethylene biosynthesis
pathway, such as acs1 (1-aminocyclopropane-1-carboxylate synthase), erf106 (ethylene responsive
transcription factor 106), and ein2, were resistant to Tobacco mosaic virus (TMVcg). Exogenous
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application of 1-aminocyclopropane-1-carboxylic acid (ACC, a precursor in the ethylene biosynthesis
pathway) enhanced TMVcg accumulation in the infected plants (Chen et al., 2013a). By contrast,
ethylene signaling was shown to be essential for systemic resistance to Chilli veinal mottle virus in
tobacco (Zhu et al., 2014). Thus, the molecular mechanisms by which ethylene affects host defenses
and counter-defenses remain unclear.

In plants, S-adenosyl-L-methionine synthetase (SAMS) [EC 2.5.1.6] catalyzes the conversion of
L-methionine (L-Met) and ATP into S-adenosyl-L-methionine (AdoMet, SAM), which serves as a pre-
cursor of ethylene and polyamines. The SAMS enzyme is induced by biotic and abiotic stress and is
involved in the regulation of development through the histone and DNA methylation pathway
(Roje, 2006; Li et al., 2011; Chen et al., 2013a; Gong et al., 2014; Yang et al., 2015). A previous
study demonstrated that RDV infection perturbed the expression of several ethylene-response genes
such as ERFs (Ethylene Response Factors) (Satoh et al., 2011; Abiri et al., 2017), indicating that eth-
ylene is involved in the interaction between RDV and rice. However, it is unclear how the ethylene
biosynthesis and signaling pathway functions in this interaction.

In the current study, we report that the RDV-encoded non-structural protein Pns11 enhances rice
susceptibility to RDV by interacting with OsSAMS1, enhancing its enzymatic activity and leading to
increasing production of SAM, ACC, and ethylene. As SAMS and ethylene are key regulators of
many biological processes, the capability of RDV-encoded Pns11 to interact specifically with
OsSAMS1 and to regulate the ethylene biosynthesis and signaling pathway may represent a novel
mechanism by which RDV maximizes its own infection. This study provides a novel mechanism
through which ethylene biosynthesis and signaling respond to viral infection. These findings signifi-
cantly broaden our knowledge of virus—host interactions and provide novel targets for engineered
resistance to viruses.

Results

Overexpression of Pns11 in rice enhances susceptibility to RDV
infection

RDV-encoded Pns11 protein was previously found to function as a component of viroplasms
(Wei et al., 2006). To investigate whether Pns11 plays an important role in RDV infection, trans-
genes encoding Pns11 were introduced into the rice cultivar Zhonghua 11 to generate Pns11-over-
expression plants, referred to as S11 OX lines hereafter. Three transgenic lines #3, #5, and #11 were
chosen for detailed analysis based on the detection of both Pns11 mRNA and the HA-tagged pro-
tein (Figure 1—figure supplement 1A,B). No obvious differences in phenotype were observed
between the S11 OX lines and wild-type (WT) rice except for grain size (Figure 1—figure supple-
ment 1C-F). We then inoculated 30 seedlings (14-d-old) from each S11 OX line with RDV using viru-
liferous leafhoppers (Supplementary file 1A) and observed disease symptoms. At four weeks post
inoculation (4 wpi), the S11 OX lines exhibited more severe RDV infection symptoms with more
stunting and chlorotic flecks on the leaves than the WT control plants (Figure 1A). Three RDV RNA
genome segments and their encoded proteins were evaluated by northern and western blot assays.
The results showed increased accumulation in two of the S11 OX lines (except S11 OX#3) relative to
the WT plants (Figure 1B,C). In addition, the infection rates were higher in the S71 OX#5 and S11
OX#11 lines than in the the WT (Figure 1D, Supplementary file 2A). Taken together, these results
showed that overexpression of Pns11 compromised rice defense to RDV.

Pns11 specifically interacts with OsSAMS1 to enhance OsSAMS1
enzymatic activity

The results described above showed that Pns11 overexpression increases rice susceptibility to virus
infection. To elucidate the mechanism behind this, we tried to identify rice factors that interact with
Pns11 by conducting a yeast two-hybrid screen of a rice cDNA library, with RDV-encoded Pns11 as
the bait. This screen identified OsSAMS1 as a strong interaction partner of Pns11. The rice genome
encodes three members of the predicted SAMS family, OsSAMS1, OsSAMS2, and OsSAMS3, which
show high levels of sequence identity in their DNA and deduced amino acid sequences (Li et al.,
2011). However, Pns11 only interacted with OsSAMS1, and not with OsSAMS2 or OsSAMS3 in

Zhao et al. elife 2017;6:€27529. DOI: https://doi.org/10.7554/eLife.27529 30of 22


https://doi.org/10.7554/eLife.27529

LI FE Research article Plant Biology

A B
Mock RDV-infected
WT WT 571 OX Mock RDV-infected
#3  #5  #11 WT WT S11 0X

#3 #5 #11

A | ---I—sz
Y 5 - | ; 17 18

'
Cc

1.9 2.1

1.0 0.9

D
Mock RDV-infected 100-
—-—-WT
wroowr S11.0X - S11 OX#3
#3 #5 #11 R 807 -—4—S171 OX#5
. Q
130kDa-| - n ‘ ‘la_Pz s —¥-S11 OX#11
= e c 60-
B kD 1.0 1.8 1.9 21 %
e
40 kDa~ £ 401
25 kDa., 1.0 1.3 2.0 24 2
| w |(1—Pns11 o
15 kDa! 20+
55 kDa 1.0 15 2.4 1.9
110 | ———— |\l N A—

Figure 1. Pns11 overexpression lines are more susceptible to RDV infection than WT plants. (A) Symptoms of the mock-inoculated WT or RDV-infected
WT (non-transgenic) plants and S77 OX transgenic plants; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (B)
Detection of RDV 52, 58, and S171 genomic segments in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and in $17 OX transgenic
plants by northern blot. The blots were hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs were stained with ethidium
bromide and served as loading controls. Tissues were collected at 4 wpi. (C) Detection of RDV P2, P8, and Pns11 protein in the mock-inoculated WT or
RDV-infected WT (non-transgenic) plants and S11 OX transgenic plants by western blot. Actin was probed and served as a loading control. Tissues
were collected at 4 wpi. (D) The incidences of infection, which were determined by visual assessment of disease symptoms of 30 individual plants for
each case at 0-8 wpi. Means and standard deviations were obtained from three independent experiments.

DOI: https://doi.org/10.7554/eLife.27529.003

The following figure supplement is available for figure 1:

Figure supplement 1. Phenotype and identification of S17-overexpressing lines.
DOI: https://doi.org/10.7554/eLife.27529.004

yeast. Moreover, OsSAMS1 specifically interacted with Pns11, but not with other RDV-encoded pro-
teins (Figure 2A, Figure 2—figure supplement 1A).

To further test this specific interaction in plant cells, we performed a co-IP experiment by co-
expressing hemagglutinin (HA)-epitope-tagged Pns11 and FLAG-tagged OsSAMS1, OsSAMS2, or
OsSAMS3 in a transient expression assay in Nicotiana benthamiana leaves, followed by immunopre-
cipitation with FLAG-tag antibodies and HA-tag antibodies (Figure 2B, Figure 2—figure supple-
ment 1B,C). This set of experiments confirmed the highly specific interaction between Pns11 and
OsSAMS1. We further verified this interaction using a firefly luciferase (LUC) complementation imag-
ing assay. Constructs encoding Pns11 fused with the N-terminus of LUC (Pns11-nLUC) and the C-ter-
minus of LUC fused with OsSAMS1 (cLUC-OsSAMS1) were co-infiltrated into N. benthamiana leaves
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Figure 2. Pns11 interacts with OsSAMS1 and enhances its activity. (A) Yeast two-hybrid assay for the interaction of Pns11 with OsSAMS1. The bait
vector contained full-length Pns11; the prey vector contained OsSAMS1, OsSAMS2, or OsSAMS3. Yeast strains were cultured on the Trp —Leu —His —
Ade selection medium. (B) Co-IP assay for the interaction of Pns11 with OsSAMS1. Pns11 and OsSAMS1 proteins were transiently expressed in
Nicotiana benthamiana leaves for 3 days. Plant extracts were then immunoprecipitated using anti-Flag or anti-HA antibodies, separated on a 10% SDS-
PAGE gel, and blotted with anti-Flag or anti-HA antibodies. (C) Luciferase complementation imaging assay for the interaction of Pns11 and OsSAMS1.
Agrobacterium strain EHA105 harboring different construct combinations was infiltrated into different N. benthamiana leaf regions. After 3 days of
infiltration, luciferase activities were recorded in these regions. Cps, signal counts per second. (D) In vivo pull-down assay confirmed the interaction
between Pns11 and OsSAMS1 during RDV infection in rice using a-OsSAMS1 antibody. The red asterisks indicate the location of Pns11. Tissues were
collected at 4 wpi. (E) Diagram of the assay. In the reaction, OsSAMS1 catalyzes a two-step reaction in the presence of Mg?* and K* that involves the
transfer of the adenosyl moiety of ATP to methionine to form SAM and tripolyphosphate, which is subsequently cleaved to PPi and Pi. Conversion of
L-[¥S]-Met to SAM is activated by Pns11. (F) Coomassie brilliant blue staining of OsSAMS1 and Pns11 at the varying amounts of used in this assay. (G)
Autoradiograph of a representative chromatogram showing SAM generated by OsSAMS1 in reactions containing varying molar ratios of maltose-
binding protein (MBP)-Pns11 to OsSAMS1. The positions of labeled L-[**S]-Met substrate and SAM product are indicated. L-[**S]-Met and SAM in each
reaction was calculated after phosphorimager quantitation of radioactivity in individual spots. (H) Stoichiometry of activation. The graph illustrates
relative OsSAMS1 activity with increasing molar ratios of MBP-Pns11:0sSAMS1. Data were obtained from three independent experiments.

DOI: https://doi.org/10.7554/eLife.27529.005

The following figure supplements are available for figure 2:

Figure supplement 1. RDV Pns11 specifically interacts with OsSAMS1 and does not affect OsSAMS1 expression.
Figure 2 continued on next page
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Figure 2 continued

DOI: https://doi.org/10.7554/eLife.27529.006

Figure supplement 2. Pns11 and OsSAMS1 are co-localized in both nucleus and cytoplasm.
DOI: https://doi.org/10.7554/eLife.27529.007

Figure supplement 3. Neither GFP nor P9 affects OsSAMS1 activity in vitro.

DOI: https://doi.org/10.7554/elife.27529.008

Figure supplement 4. Pns11 does not affect OsSAMS2 activity in vitro.

DOI: https://doi.org/10.7554/eLife.27529.009

Figure supplement 5. Pns11 does not affect the affinity of OsSAMS1 to the substrates L-Met or ATP.

DOI: https://doi.org/10.7554/¢eLife.27529.010

Figure supplement 6. Multiple alignments of SAM synthetase proteins.
DOI: https://doi.org/10.7554/eLife.27529.011

Figure supplement 7. Gel-filtration analysis of Pns11 and OsSAMS1.
DOI: https://doi.org/10.7554/eLife.27529.012

Plant Biology

for transient co-expression of these two fusion proteins. A luminescence signal was only detected in
Pns11-nLUC/cLUC-OsSAMS1 co-expression regions but not in the negative controls (Figure 2C).

Finally, we also performed a in vivo pull-down assay with whole-cell lysates from non-infected
controls and RDV-infected rice plants and found that Pns11 and OsSAMS1 interacted in RDV-
infected rice cells (Figure 2D). Bimolecular fluorescence complementation (BiFC) analysis also dem-
onstrated that Pns11 and OsSAMS1 interacted and were co-localized in both nucleus and cytoplasm
(Figure 2—figure supplement 2). Taken together, our data strongly suggest that Pns11 specifically
interacts with OsSAMS1 in vitro and in vivo.

To evaluate the biological significance of this specific interaction, we tested the level of OsSAMS1
in S11 OX lines. We used S11 OX rice tissues at three stages (5-leaf, 6-leaf, and 10-leaf stage) for
real-time PCR (gRT-PCR) measurements and western blot. The OsSAMST mRNA and OsSAMS1 pro-
tein level did not change in response to Pns11 (Figure 2—figure supplement 1D,E). We then
designed an assay to detect the enzymatic activity of OsSAMS1 in vitro. SAMS catalyzes the two-
step reaction that produces SAM, pyrophosphate (PPi), and orthophosphate (Pi) from ATP and
L-Met (Figure 2E). Pns11 fused to maltose-binding protein (MBP) (MBP-Pns11) and OsSAMS1 fused
to glutathione S-transferase (GST-OsSAMS1) were expressed in Escherichia coli BL21 cells and par-
tially purified. To rule out the effect of the tags, the GST tag was cleaved to obtain pure OsSAMS1.
For unknown reasons, the yield of Pns11 was extremely low if the MBP tag was removed. Therefore,
we used MBP-GFP and MBP-P9 (a structural protein of RDV), which did not interact with OsSAMST,
as negative controls; we also used OsSAMS2, which did not interact with Pns11, as another negative
control. The addition of L-{**S]-Met mimics the natural substrate and allowed us to quantify the enzy-
matic activity of OsSAMS1 by measuring the amount of labeled SAM produced. OsSAMS1 was pre-
incubated for 20 min with varying amounts of Pns11 (no Pns11 to a six-fold molar excess of Pns11:
OsSAMS1) (Figure 2F). Solutions containing ATP, L-[3°S]-Met, KCI, and MgCl, were then added to
the reaction mixtures and the reactions were allowed to proceed for another 20 min at 30°C. The
reaction was blocked by the addition of EDTA. A reaction with excess OsSAMS1 and no Pns11 was
used to label the location of the SAM, another reaction lacking OsSAMS1 and Pns11 was used to
label the location of free L-[3*S]-Met. Production of SAM and the remaining L-[>*S]-Met were moni-
tored by thin-layer chromatography (Figure 2G). The enzymatic activity of OsSAMS1 was enhanced
by nearly 60% at a 6:1 molar ratio of Pns11:0sSAMS1 (Figure 2H). In the two negative control reac-
tions with the same molar ratio of Pns11:0sSAMS1, neither P9 nor GFP affected OsSAMS1 activity
(Figure 2—figure supplement 3). In addition, Pns11 did not affect OsSAMS2 enzymatic activity (Fig-
ure 2—figure supplement 4). The results described above demonstrated that Pns11 only interacts
with OsSAMS1 and enhances the activity of OsSAMS1 for SAM synthesis in vitro.

SAM, ACC, and ethylene contents increased in S11- and OsSAMS 1-
overexpression lines and decreased in OsSAMS1 CRISPR/Cas9
knockout and RNA: lines

The results described above showed that Pns11 specifically interacts with OsSAMS1 and enhances
its enzymatic activity to increase SAM production in vitro. SAM serves as the precursor of polyamine
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and ethylene, and a previous study showed that most ethylene-response genes, such as ERFs and
PRs (Pathogenesis-related genes) are regulated in RDV-infected rice (Satoh et al., 2011; Abiri et al.,
2017, Agrawal et al., 2001), indicating an important role of ethylene in RDV infection. Thus we
wondered whether overexpression of Pns11 in rice would enhance the enzymatic activity of
OsSAMS1 and promote the synthesis of SAM, ACC, and ethylene in vivo. S11 OX lines were used
for analysis and the results showed that SAM, ACC and ethylene contents increased in two of
the S11 OX lines (but not in ST11 OX#3) (Figure 3A-C). To further confirm whether ethylene levels
were affected by changes in SAM levels, OsSAMS1 was introduced into the rice Zhonghua 11 back-
ground to generate OsSAMST-overexpression (OX) lines. We also generated OsSAMS1 RNAI lines
(knockdown) and OsSAMS1 knockout (KO) lines using CRISPR/Cas9. Positive transgenic rice lines
were obtained through antibiotic selection and molecular screening. Among the OsSAMS1-overex-
pression lines, three (OsSAMS1 OX#10, OX#17, and OX#25) were further analyzed. RNAI lines were
characterized and classified as strong (RNAI-S) or weak (RNAI-W) according to the level of downre-
gulation of OsSAMS1 (Figure 3—figure supplement 1A-C). Two independent Ossams1 KO rice
lines (KO#31 and KO#39) with a mutation at different codons in the coding sequence were obtained
(Figure 3—figure supplement 1D). Seed germination was suppressed in the OsSAMS1 RNAi and

>

40

30

204

SAM Content (nmol/ig FW)

=)

304

20

SAM Content (nmol/g FW)

B C
8 401 c
b = 5 be
£ = c = ab
o b o
= 2 6 - 2 301 1
a ] = a
E’ ab g
5 4 a _— g 20
s ;
] o
8 21 % 104
< =
=
0- Yoo
WT #3 #5 WT #3 #5 #11 WT #3 #5 #11
S11 OX lines S11 OX lines S711 0X lines
E F
59 = 40 -
z c =
E 44 c c '-'6)
2 T S 301
El £
€42 5
k= T 20
[ =
£ 2 2 2 3
o - o= o
9 2 101
g ' g
=
i)
0 0-
WT #10 #17 #25 #31 #39 WT #10 #17 #25 #31 #39 WT #10 #17 #25 #31 #39
OX lines KO lines OX lines KO lines OX lines KO lines
OsSAMST OsSAMS1 0OsSAMST

Figure 3. SAM, ACC, and ethylene contents in OsSAMST and S11 transgenic lines. (A) SAM contents in the S17-overexpression lines and WT plants
(using 40-d-old seedlings). (B) ACC contents in the S77-overexpression lines and WT plants (using 40-d-old seedlings). (C) Ethylene contents in the S71-
overexpression lines and WT plants (using 40-d-old seedlings). (D) SAM contents in the OsSAMST transgenic lines and WT plants (using 40-d-old
seedlings). (E) ACC contents in the OsSAMS1 transgenic lines and WT plants (using 40-d-old seedlings). (F) Ethylene contents in the OsSAMS1
transgenic lines and WT plants (using 40-d-old seedlings). Tukey's honestly significant difference post hoc test was performed for multiple comparisons.
Letters indicate significant differences, p<0.05. Data are from three replicates. FW, fresh weight.

DOI: https://doi.org/10.7554/elife.27529.013

The following figure supplements are available for figure 3:

Figure supplement 1. Phenotype and identification of OsSAMS1 transgenic lines.
DOV https://doi.org/10.7554/elife.27529.014

Figure supplement 2. SAM, ACC and ethylene contents in OsSAMST transgenic lines.
DOI: https://doi.org/10.7554/eLife.27529.015
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KO lines and the suppression could be rescued by supplementation with SAM and ethylene (Fig-
ure 3—figure supplement 1E). The RNAi and KO lines also showed developmental defects, includ-
ing dwarfism and reduced fertility (Figure 3—figure supplement 1F) (Li et al., 2011). Previous
studies have demonstrated that ACC and ethylene contents increased in OsSAMS1 OX lines and
decreased in OsSAMS1 RNAI transgenic lines, relative to WT plants (Chen et al., 2013b). In our
study, SAM, ACC, and ethylene contents all increased in the OsSAMS1 OX lines and decreased in
the OsSAMS1T RNAi and KO lines (Figure 3D-F, Figure 3—figure supplement 2). These results fur-
ther demonstrated that Pns11 enhances the enzymatic activity of OsSAMS1 and alters the expres-
sion of SAMS in vivo, resulting in a corresponding change in the production of ACC and ethylene.

Increases in SAM, ACC, and ethylene contents decrease rice tolerance
to virus infection

Overexpression of OsSAMST resulted in increased levels of SAM, ACC, and ethylene, and knockout
of OsSAMST1 resulted in decreased levels of SAM, ACC, and ethylene in rice. To investigate whether
RDV infection, virus accumulation, and the host response is affected by SAM, ACC, and ethylene
contents in the OsSAMST OX, RNAI, and KO lines, we inoculated 30 seedlings (14-d-old) from each
line (WT, OX#10, OX#17, OX#25, RNAI-S, RNAIi-W, KO#31, and KO#39) with RDV using viruliferous
leafthoppers and observed the resulting disease symptoms (Supplementary file 1B,C). At 4 wpi, all
three OX lines displayed more severe stunting symptoms and chlorotic flecks at the infection site
than the WT control plants, suggesting that they were more susceptible to RDV infection, while the
RNAi and KO lines showed greater tolerance (Figure 4A, Figure 4—figure supplement 1A). North-
ern and western blot assays revealed that RDV accumulation was higher in the OX lines than in the
WT, but much lower in the RNAi and KO lines (Figure 4B,C, Figure 4—figure supplement 1B,C).
The infection rate was also higher in the OX lines, but much lower in the RNAi and KO lines com-
pared to the WT plants (Figure 4D, Figure 4—figure supplement 1D, Supplementary file 2B, C).
Taken together, these results suggested that overexpression of OsSAMS1 enhances RDV infection
whereas knockout of OsSAMST reduces RDV infection, indicating a positive role of ethylene in RDV
infection.

Blocking ethylene signaling significantly enhances host tolerance to
viral infection

Our results demonstrated that the endogenous accumulation of ethylene negatively regulates the
plant antiviral defense response to RDV infection. However, it is not clear whether ethylene signaling
is involved in the response of rice to RDV infection. The rice MHZ7 gene (named OsEIN2), which enc-
odes a membrane protein homologous to EIN2, a central component of ethylene signaling in Arabi-
dopsis, also plays a key role in the rice ethylene signaling pathway (Ma et al., 2013; Li et al., 2015).
The ethylene signaling mutant mhz7 (osein2) is insensitive to ethylene in both the root and coleop-
tile. To investigate whether blocking the ethylene signaling pathway affects the rice antiviral defense
response, we inoculated the osein2 mutant and two OsEIN2-overexpression lines (OX#2 and OX#3)
with RDV using viruliferous leathoppers and observed the resulting disease symptoms
(Supplementary file 1D). At 4 wpi, the OsEIN2 OX#2 and OX#3 lines showed enhanced susceptibil-
ity with more severe stunting and chlorotic flecks on the leaves than did the WT control plants. By
contrast, the osein2 mutant showed much milder dwarfism and fewer chlorotic flecks on the leaves
(Figure 5A). Northern and western blot assays indicated that RDV accumulation was much higher in
the OsEIN2 OX lines than in the WT plants, but lower in the mutant lines (Figure 5B,C). RDV infec-
tion rates among the OsEIN2 OX lines, the WT, and the mutant lines diminished with time following
infection. At 8 wpi, the infection rate of the osein2 mutant was only 43%, which was significantly
lower than that of the WT (84%) and the OsEIN2 OX lines (OX#2, 96%; OX#3, 99%) (Figure 5D,
Supplementary file 2D). These results suggested that the ethylene-response mutation enhances the
rice antiviral defense response and that overexpression of OsEINZ2 increases host susceptibility. This
is consistent with above results.

To further confirm that antiviral response was conferred through the ethylene signaling pathway,
we overexpressed OsSAMS1 in osein2 mutant background rice and obtained three positive trans-
genic lines J119#1, J119#2 and J11943 (Figure 5—figure supplement 1) for further analysis and
RDV infection assay. Four weeks post inoculation, we found that the J119 lines, as well as the
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Figure 4. Overexpression of OsSAMS1T enhances RDV infection whereas knockout of OsSAMS1 reduces RDV infection. (A) Symptoms of the mock-
inoculated WT or RDV-infected WT (non-transgenic) plants and OsSAMST OX/KO transgenic plants; images were taken at 4 wpi. Scale bars = 10 cm
(upper panel) and 5 cm (lower panel). (B) Detection of RDV S2, S8, and S11 genomic segments in the mock-inoculated WT or RDV-infected WT (non-
transgenic) plants and in OsSAMST OX/KO transgenic plants by northern blot. The blots were hybridized with radiolabeled riboprobes specific for each
RNA segment. rRNAs were stained with ethidium bromide and served as loading controls. Tissues were collected at 4 wpi. (C) Detection of RDV P2, P8,
and Pns11 proteins in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants and in OsSAMS1 OX/KO transgenic plants by western blot.
Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (D) The incidences of infection, which were determined by visual
assessment of disease symptoms at 0-8 wpi of 30 individual plants for each case. Means and standard deviations were obtained from three
independent experiments.

DOI: https://doi.org/10.7554/elife.27529.016

The following figure supplement is available for figure 4:

Figure supplement 1. Overexpression of OsSAMST enhances RDV infection while downregulation of OsSAMST reduces RDV infection.
DOI: https://doi.org/10.7554/eLife.27529.017

parental osein2 mutant, were less susceptible to RDV than was WT rice (Figure 5—figure supple-
ment 2, Supplementary file 1E, Supplementary file 2E). Thus, we conclude that the ethylene-sig-
naling pathway plays an important role in RDV infection and that blocking ethylene signaling would
significantly enhance the antiviral defense response in rice.

Ethylene is induced by viral infection and ethylene accumulation
increases host susceptibility

We next investigated whether the interaction and activation between Pns11 and OsSAMS1 affects
the levels of SAM, ACC, and ethylene in RDV-infected rice. We first performed a pull-down assay in
WT and Ossams? KO lines, with and without RDV infection, using an anti-OsSAMS1 antibody
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Figure 5. The ethylene-response mutant (osein2) shows increased tolerance of RDV infection whereas overexpression (OX) of OsEIN2 results in
enhanced susceptibility. (A) Symptoms of the mock-inoculated WT or RDV-infected WT (non-transgenic) plants, osein2, and OsEIN2-overexpression
(OX) plants; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (B) Detection of RDV S2, S8, and S11 genomic
segments in the mock-inoculated WT or RDV-infected WT (non-transgenic) plants, osein2, and OsEIN2 OX plants by northern blot. The blots were
hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs were stained with ethidium bromide and served as loading controls.
Tissues were collected at 4 wpi. (C) Detection of RDV P2, P8, and Pns11 proteins in the mock-inoculated WT or RDV-infected WT (non-transgenic)
plants, osein2, and OsEIN2 OX plants by western blot. Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (D) The
incidences of infection, which were determined by visual assessment of disease symptoms at 0-8 wpi of 30 individual plants for each case. Means and
standard deviations were obtained from three independent experiments.

DOI: https://doi.org/10.7554/elife.27529.018
The following figure supplements are available for figure 5:

Figure supplement 1. Phenotype and identification of OsSAMS1 OE/osein2 (J119) transgenic lines.

DOV https://doi.org/10.7554/eLife.27529.019

Figure supplement 2. Overexpressed OsSAMS1 in osein2 (J119) results in increased tolerance of RDV infection.

DOI: https://doi.org/10.7554/eLife.27529.020

Figure supplement 3. Detection of salicylic acid (SA)-, jasmonic acid (JA)- and ethylene-responsive genes.

DOV https://doi.org/10.7554/eLife.27529.021

(Figure 6A). We found the loss of Pns11-OsSAMS1 interaction in Ossams1 KO lines, with or without
RDV infection. We then measured the SAM, ACC and ethylene levels in the same set of plants, and
found that the RDV-induced increase of SAM, ACC and ethylene levels disappeared in Ossams1 KO
plants (Figure 6B-D). RNA-seq experiments on RDV-infected rice, OsSAMS1 OX (OX#25) lines,
Ossams1 KO (KO#39) lines and S11 OX (OX#11) lines were carried out and the differentially
expressed genes in all comparable pairs were identified (Supplementary file 3). To determine
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Figure 6. Ethylene is induced by RDV infection, which enhances the susceptibility of rice to RDV infection. (A) In vivo pull-down in WT and Ossams1
KO lines, with or without RDV infection (40-d-old seedlings, 4 wpi), using anti-OsSAMS1 antibody. The red asterisk indicates the location of Pns11. (B)
SAM content in WT and Ossams? KO lines, with or without RDV infection (40-d-old seedlings, 4 wpi). (C) ACC content in WT and Ossams1 KO lines,
with or without RDV infection (40-d-old seedlings, 4 wpi). (D) Ethylene content in WT and Ossams1 KO lines, with or without RDV infection (40-d-old

Figure é continued on next page
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Figure 6 continued

seedlings, 4 wpi). Tukey's honestly significant difference post hoc tests were performed for multiple comparisons. Letters indicate significantly different
results, p<0.05. Data are from three replicates. FW, fresh weight. (E) Expression of OsERF3 after 24 hr treatment with H,O, 20 uM ACC, or 10 uM AVG.
OsERF3 was chosen as the positive control for ethylene responsiveness. The average (+ standard deviation) values from three biological replicates are
shown. Significant differences (*p<0.05) are based on Student's t-test. (F) Phenotypic comparison of mock-inoculated WT or RDV-infected rice plants
pre-treated with H,O, 20 uM ACC, or 10 uM AVG; images were taken at 4 wpi. Scale bars = 10 cm (upper panel) and 5 cm (lower panel). (G) Northern
blot analysis of RDV S2, S8, and S11 genomic segments. The blots were hybridized with radiolabeled riboprobes specific for each RNA segment. rRNAs
were stained with ethidium bromide and served as loading controls. Tissues were collected at 4 wpi. (H) Western blot analysis of RDV P2, P8, and Pns11
proteins. Actin was probed and served as a loading control. Tissues were collected at 4 wpi. (l) The incidences of infection, which were determined by
visual assessment of disease symptoms at 0-8 wpi of 30 individual plants for each case. Means and standard deviations were obtained from three
independent experiments.

DOI: https://doi.org/10.7554/eLife.27529.022

The following figure supplement is available for figure 6:

Figure supplement 1. GO biological process over-representation in differentially expressed genes after RDV infection and in transgenic rice plants.
DOI: https://doi.org/10.7554/eLife.27529.023

whether the ethylene pathway was activated, Gene Ontology (GO) was used for analysis (Figure 6—
figure supplement 1). Known ethylene-activated pathway genes were highly enriched in both RDV-
infected and OsSAMS1 OX transgenic rice, and depleted in Ossams? KO plants. These data
indicate that RDV infection triggers ethylene synthesis and accumulation through the interaction of
Pns11 and OsSAMS1, and the resultant activation of OsSAMS1.

To further elucidate the function of ethylene in RDV infection, 14-d-old seedlings were pretreated
with 20 uM ACC, 10 uM AVG (aminoethoxyvinylglycine, an ethylene biosynthesis inhibitor)
(Chen et al., 2013a), or H,O as a control for 1 day. We then sampled the treated plants and used
gRT-PCR to analyze the expression of OsERF3, which could be a marker for the response to ethylene
(Qi et al., 2011). OsERF3 was significantly upregulated by ACC treatment and significantly downre-
gulated by AVG treatment when compared to the H,O-treated control (Figure 6E), demonstrating
that the ACC and AVG treatments worked as expected. The treated plants were then inoculated
with RDV-carrying or RDV-free leafhoppers (Supplementary file 1F). At 4 wpi, the ACC-treated
plants showed greater susceptibility to RDV infection, displaying more severe disease symptoms and
virus accumulation than the RDV-infected plants treated with H,O. However, the AVG-treated plants
exhibited enhanced disease tolerance, as shown by less virus accumulation and milder disease symp-
toms, when compared with the RDV-infected plants treated with H,O (Figure 6F-H). In addition, the
rate of RDV infection in the ACC-treated plants increased much faster than that in the RDV-infected
H,O-treated plants, while the rate of infection in the AVG-treated plants increased more slowly in
comparison with that in the H,O-treated plants (Figure 61, Supplementary file 2F). Taken together,
these data suggest that RDV Pns11 interacts with OsSAMS1 and enhances its enzymatic activity,
inducing ethylene biosynthesis and accumulation, which in turn enhances viral infection and host
susceptibility.

Discussion

Our results demonstrated that ethylene biosynthesis and signaling are critical for RDV infection and
rice susceptibility. Overexpression of the RDV non-structural protein Pns11 increases rice susceptibil-
ity to viral infection (Figure 1). Furthermore, we found that Pns11 specifically interacts with
OsSAMS1 and enhances its enzymatic activity in vivo and in vitro (Figures 2 and 3). Overexpression
of S11 or OsSAMST1 increases the levels of SAM, ACC, and ethylene, whereas knockdown or knock-
out of OsSAMS1 by RNAi or CRISPR/Cas9 reduces the level of SAM, ACC, and ethylene (Figure 3,
Figure 3—figure supplement 2). Our results clearly indicated that an increase in ethylene produc-
tion by overexpression of OsSAMS1 decreases the host antiviral defense response and enhances
RDV infection and accumulation in rice, whereas knockdown or knockout of OsSAMS1T by RNAi or
CRISPR/Cas9 reduces ethylene production, diminishes RDV accumulation, and increases the host
antiviral defense response (Figure 4, Figure 4—figure supplement 1). In addition, plants that have
compromised ethylene signaling are more tolerant to RDV infection (Figure 5, Figure 5—figure sup-
plement 2). More importantly, RDV infection induces ethylene production, and the accumulation of
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ethylene increases host susceptibility and enhances RDV infection and replication (Figure 6). Taken
together, these results present a novel mechanism by which the virus highjacks host factors through
enhancement of the enzymatic activity of SAMS1 and increasing ethylene production or signaling,
thus reducing the host antiviral defense response and enhancing virus infection and accumulation
(Figure 7). These findings provide a novel mechanism, deepen our understanding of the relationship
between ethylene and viral infection, and will have a significant impact on our knowledge of the
crosstalk between plant hormones and virus-host interactions.

We didn’t find a strong difference between WT and S11 OX#3 (Figure 1), especially in virus accu-
mulation and infection rate. This is probably due to the relatively low expression level of Pns11 in
this particular line (Figure 1—figure supplement 1A,B), which may be insufficient to induce a signifi-
cant increase in ACC and ethylene production (Figure 3B,C). Furthermore, the hyper-susceptibility
to RDV in Pns11-overexpressing plants was more prominent prior to 3 wpi (Supplementary file 2A).
This is easily explained by the fact that enhanced susceptibility allowed more Pns11 transgenic plants
to show more conspicuous symptoms at earlier time points. This does not, however, prevent WT
plants from becoming symptomatic at later time points, thus catching up with the transgenic plants
in the proportion of plants that are infected.

RDV infection affects a number of genes that are interact with the signaling pathways of plant
hormones such as JA, ethylene, gibberellin, and auxin. A mutation of a NAC-domain transcription
factor, which regulates JA signaling, confers strong tolerance to RDV infection in rice (Yoshii et al.,
2009 , 2010). Previous studies in our lab have indicated that RDV-encoded P2 interacts with B-ent-
kaureen oxidases to reduce gibberellic acid synthesis, resulting in dwarfism (Zhu et al., 2005). P2
also reprograms the initiation of auxin signaling through interaction with OslAA10, thus enhancing
viral infection and pathogenesis (Jin et al., 2016). Here, we report a mechanism by which RDV-
encoded Pns11 promotes ethylene production to enhance plant susceptibility to viral infection (Fig-
ure 7). RNA-seq of RDV-infected rice also showed a regulation of hormone-responsive genes (Fig-
ure 6—figure supplement 1). Thus, it appears that RDV may interfere with phytohormone pathways
to counteract plant immune responses. This complex crosstalk and these hormonal changes may be
regulated by RDV infection, especially through interactions with host factors.

Ethylene regulates numerous developmental processes and adaptive stress responses in plants
(van Loon et al., 2006; Broekgaarden et al., 2015; Kazan, 2015). During biotic stress, ethylene is
mainly responsible for defense against necrotrophic pathogens (Pieterse et al., 2012
Broekgaarden et al., 2015) and plays a dual role in the plant defense signaling pathway. In some
cases, ethylene is used by pathogens as a virulence factor to enhance pathogenesis, whereas in
other cases, ethylene aids in the alleviation of stress. Generally, the plant defense responses

y 2 * Susceptibility

Figure 7. Possible model for Pns11 enhancement of OsSAMS1 enzymatic activity to increase ethylene levels and enhance host susceptibility to viral
infection. The model proposes that the RDV-encoded protein Pns11 specifically interacts with OsSAMS1 to enhance its enzymatic activity, resulting in a
corresponding increase in ethylene, and thus enhancing rice susceptibility to RDV infection. However, RDV infection may affect other pathways and
SAM is also the precursor of polyamine and a methyl donor for methylation, therefore, other pathways may be involved in RDV pathogenesis and need
further study.

DOV https://doi.org/10.7554/eLife.27529.024
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regulated by ethylene depend on the specific host-pathogen interaction and the crosstalk between
multiple signals (Broekaert et al., 2006; van Loon et al., 2006, Denancé et al., 2013; Alazem and
Lin, 2015; Wang, 2015). Although the function of ethylene has been addressed in various host-path-
ogen interactions (Iwai et al., 2006; Shen et al., 2011; Groen et al., 2013; Helliwell et al., 2013,
Kim et al., 2013; Yang et al., 2017), the role of ethylene and its underlying mechanisms in plant-
virus interactions are not well understood, with only a few reports on the involvement of ethylene
and ethylene signaling in virus-host interactions (Marco and Levy, 1979; Knoester et al., 2001,
Huang et al., 2005; van Loon et al., 2006; Love et al., 2007, Endres et al., 2010; Haikonen et al.,
2013). In order to gain a deeper insight into the mechanism, we analyzed some defense or hor-
mone-responsive genes known to function in SA-, JA- or ethylene-associated pathways and found
pathogenesis-related protein 1b (OsPR1b) to be highly expressed in osein2, OsSAMS1 RNAi and KO
lines but expressed at reduced levels in OsEIN2 OX, OsSAMS1 OE lines and S11 OX lines (Fig-
ure 5—figure supplement 3) (Shen et al., 2011). PRs are known to be induced by pathogen infec-
tion and involved in responses to many plant phytohormones, disease resistance and general
adaptation to stressful environments (Huang et al., 2005; Alazem and Lin, 2015). Analysis of RDV
microarray data and our RNA-seq data revealed that OsPR1b was also induced after virus infection
(Satoh et al., 2011) (Supplementary file 3), indicating a role for OsPR1b of rice in defense against
RDV. Further studies will improve our understanding of the function of ethylene in plant defense
responses and its underlying mechanisms.

SAMS is a key enzyme in plants and catalyzes the conversion of ATP and L-Met into SAM
(Roje, 2006). Expression of the SAMS gene is induced by a number of biotic and abiotic stresses
and confers increased tolerance to various stresses (Kawalleck et al., 1992, Boerjan et al., 1994,
Gomez-Gomez and Carrasco, 1998). Overexpression of SAMS genes in plants alters development
(Boerjan et al., 1994) and confers increased tolerance to abiotic stress. Knockdown of SAMS genes
affects plant development (Boerjan et al., 1994), leading to late flowering and abnormal methyla-
tion in rice (Li et al., 2011), and is also related to viral RNA stabilization and accumulation in N. ben-
thamiana (Ilvanov et al., 2016). We found that knockdown or knockout of OsSAMST resulted in
abnormal phenotypes (Figure 3—figure supplement 1). These studies indicate that SAMS is a
broad-spectrum signaling molecule that regulates plant responses to various stresses. SAM acts as
the precursor in the biosynthesis of polyamines (PAs) and ethylene (Roje, 2006). The involvement of
PAs and their metabolism in defense responses against diverse viruses has also been demonstrated
(Yoda et al., 2003; Mitsuya et al., 2009). We provide strong evidence that RDV infection activates
OsSAMS1 and increases the production of SAM and ethylene (Figures 2, 3 and 6), and that disrup-
tion of the ethylene signaling pathway enhances rice tolerance to RDV infection (Figure 5, Figure 5—
figure supplement 2). GO analysis of our RNA-seq data also showed that the class of ethylene-acti-
vated pathway genes were highly enriched in both RDV-infected and OsSAMS1 OX transgenic rice,
and that knockout of Ossams1 significantly affected the ethylene biosynthetic process. Interestingly,
although genes in the hormone-mediated signaling pathway category were enriched in S11 OX
transgenic lines, those in the ethylene-activated pathway were not. This is consistent with the obser-
vation that Pns11 overexpression enhances OsSAMS1 activity without upregulating its mRNA.
In addition, relative to the Pns11 expression level in RDV infection, the transgenically expressed
Pns11 level in S11 OX lines was probably low and insufficient to induce significant changes in ethyl-
ene pathway genes. Results from early microarray analyses and our RNA-seq data (Figure 6—figure
supplement 1, Supplementary file 4) (Satoh et al., 2011; Do et al., 2013) showed no obvious
changes in the polyamine pathway in RDV-infected rice compared to the control. These results indi-
cated that the ethylene pathway regulated by Pns11 and OsSAMS1 interaction may be the major
determinant of RDV pathogenesis, but an additional mechanism involving other RDV proteins cannot
be ruled out at this point (Figure 7).

Here, we report that Pns11 enhances OsSAMS1 activity in vitro and in vivo, but the underlying
mechanism remains unknown. A previous study suggested that enhanced substrate affinity may
increase enzyme activity (Toroser et al., 1999); but we found that Pns11 did not alter the affinity of
OsSAMSI1 to the substrate L-Met or ATP (Figure 2—figure supplement 5). Crystal structures of
SAMS have been elucidated from other non-plant organisms, and SAMS isoenzymes appear as
homotetramers, dimers, or heterooligomers (Markham and Pajares, 2009). Although the crystal
structure of plant SAMS has not been reported to date, the high sequence similarity of plant SAMS
to the known SAMS sequences (Figure 2—figure supplement 6) (Li et al., 2013) suggests that
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OsSAMS1T may function as dimers or tetramers. We found that OsSAMS1 exists in a high molecular
weight form in RDV-infected rice (Figure 2—figure supplement 7), and we propose that the interac-
tion of Pns11 with OsSAMS1 may promote oligomerization of OsSAMS1 to the most active form,
which may increase its enzymatic activity and lead to the production of more SAM. The mechanism
through which Pns11 activates OsSAMS1 remains unknown and requires further exploration.

Materials and methods

Plant growth and virus inoculation

Plant growth and virus inoculation were carried out as previously described (Wu et al., 2015;
Jin et al., 2016). Rice seedlings were grown in a greenhouse at 28-30°C for 2 weeks and plants at
the third-leaf stage were inoculated with 2-3 viruliferous leathoppers per plant for 2 days. The
insects were then removed and the rice seedlings were maintained under the same growing condi-
tions. At 4 weeks post inoculation, when the viral symptoms appeared on the new leaves, the seed-
lings were photographed and harvested. A minimum of 30 rice seedlings were used for each
sample. The index of non-preference for each line was characterized by the mean number of settled
insects on each seedling (Supplementary file 1) as previously described (Jin et al., 2016). The num-
ber of plants with symptoms for each line was recorded every week and statistical analysis of the
infection rates was carried out (Supplementary file 2).

Vector construction and rice transformation

The entire open reading frames (ORFs) of OsSAMS1T and S11 were amplified by RT-PCR and then
introduced into the pCam2300:Ubi:OCS vector to yield pCam2300:Ubi:Flag OsSAMS1 and
pCam2300:Ubi:HA S11. The pUCC-OsSAMS1 was used to create the OsSAMS1 RNAi knockdown
transgenic lines. The OsSAMS1 knockout construct was constructed as previously described
(Miao et al., 2013). The resulting constructs were used for transformation via Agrobacterium (Bio-
Run, Wuhan, China). All primers used in this assay are listed in Supplementary file 5A and B.

Quantification of SAM, ACC, and ethylene from rice leaves

Leaves of the same position were cut into 8 cm pieces and six pieces were placed into a 50 mL glass
vial with distilled water sealed with a gas-proof septum. After imbibition in a growth cabinet at 28°C
for 48 hr, a 0.1 mL gas sample was withdrawn from the head space of each bottle using a gas-tight
syringe (Hamilton), and the ethylene concentration was determination by gas chromatography (Agi-
lent 6890N) equipped with an activated alumina column and flame ionization detectors. A six-point
standard ethylene curve with concentration ranging from 0.5 to 3.0 pL-L~" was used for the calibra-
tion. The quantified data, divided by fresh weight and time, were converted to specific activities.

ACC was extracted from the same leaf tissues used for quantifying ethylene contents and ground
in liquid nitrogen using a mortar and pestle, then stirred with 80% (v/v) ethanol (2 mL-g~" fresh
weight) and the supernatant was evaporated to dryness. The residue was then resuspended in water.
The ACC concentration in the supernatant was determined directly by chemical conversion to ethyl-
ene as described previously (Lizada and Yang, 1979; Chen et al., 2013a).

SAM was extracted from rice leaves with 5% (w/v) trichloroacetic acid (TCA, Sigma-Aldrich). For
each extraction, frozen tissue powder (0.2 g) was homogenized with extraction solution (1 mL) for 15
min at 4°C and the homogenate was centrifuged at 10,000x g for 15 min followed by another centri-
fugation at 13,000x g for 15 min. The supernatant was collected by filtration through a 0.45 um
pore-size Millipore filter. All steps were carried out on ice or at 4°C (during centrifugation) to prevent
SAM degradation (Van de Poel et al., 2010). 5 pl of supernatant was used for analysis of SAM using
LC-MS/MS (Agilent UPLC 1290 MS/MS 6495) and the conditions are listed in Supplementary file
5C. Five standard concentrations of S-adenosyl-L-methionine solutions (0.000625, 0.00125, 0.0025,
0.005, and 0.01 mg-mL~") were prepared for the standard curve.

Yeast two-hybrid assay

The DUALhunter starter kit (Dualsyetems Biotech) was used for the yeast two-hybrid assays. All pro-
tocols were carried out according to the manufacturer’'s manual. The rice cDNA library was con-
structed in prey plasmid pPR3-N using an EasyClone cDNA library construction kit (Dualsystems
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Biotech), and the bait plasmid was constructed by inserting full-length RDV-encoded Pns11 into the
pDHB1 vector. After library screening, positive clones were selected on SD quadruple dropout
(QDO) medium (SD/-Ade/-His/-Leu/-Trp) and prey plasmids were isolated from these clones for
sequencing. To further distinguish positive from false-positive interactions and to confirm the inter-
action of bait and prey proteins, we co-transformed the two plasmids into yeast strain NMY51 and
detected B-galactosidase activity with an HTX Kit (Dualsystems Biotech).

Co-IP assay

The ORF PCR products of S11 and OsSAMS1/2/3 were inserted into the pCam2300:35S:OCS vector
(Wu et al., 2015) to yield pCam2300:355:HA S11 and pCam2300:35S:Flag OsSAMS1/2/3. The con-
structs were then co-infiltrated into N. benthamiana leaves by agroinfiltration. Leaves were harvested
3 days post-infiltration and total proteins were extracted with co-IP buffer (50 mM Tris-Cl pH 7.5,
150 mM NaCl, 10% glycerol, 0.5 mM EDTA, 0.5% NP-40, and 1 x protease inhibitor cocktail). After
incubation on ice for 30 min, plant extracts were sonicated and then centrifuged. Cleared extract
was combined with anti-Flag or anti-HA antibodies together with recombinant protein G-Sepharose
4B (Invitrogen) and incubated for 3 hr at 4°C. After washing five times with co-IP buffer, agarose
beads were collected by centrifugation (2000x g for 2 min) and then resuspended in protein extrac-
tion buffer. Proteins were separated by SDS-PAGE and detected with the corresponding antibody.

Firefly luciferase complementation imaging assay

The ORFs of S11 and OsSAMS1 were inserted into the pCAMBIA1300-nLUC and pCAMBIA1300-
cLUC vectors, respectively (Jin et al., 2016). The constructs were then transformed into Agrobacte-
rium tumefaciens strain EHA105 and cultured to ODggg = 0.5, combined with equal volumes of the
adjusted culture for specific groups as shown in the figure legends, and incubated at room tempera-
ture without shaking for 3 hr followed by infiltrating into N. benthamiana leaves. The LB 985 Night-
SHADE system (Berthold Technologies) was used for luciferase activity detection 3 days after
infiltration.

Gel filtration assay

The samples were prepared as described in the previous sections using 2 g of rice leaves and 3 mL
of co-IP buffer. The lysates were then filtered through a 0.22 pum filter. 750 ul of total protein was
loaded onto a Superdex 200 10/300 GL column (GE Healthcare) and 250 ul fractions were collected

at 0.3 ml-min~".

Bimolecular fluorescence complementation assay

Bimolecular fluorescence complementation (BiFC) was carried out using previously described vectors
and methods (Yang et al., 2011). The ORFs of S11 and OsSAMS1T were inserted into the BiFC
expression vectors p2YN and p2YC, respectively. The constructs were mixed 1:1 immediately prior
to co-infiltrate into N. benthamiana leaves by agroinfiltration. Leaf tissue was analyzed 3 days post-
inoculation by microscopy using a Zeiss LSM710 confocal laser scanning microscope equipped with
a C-Apochromat 40X/1.20NA water immersion objective. Images were photographed under either
white light or UV light and a Chroma filter with a 450- to 490 nm excitation wavelength and 515 nm
emission wavelength was used to record YFP. All primers used in this assay are listed in
Supplementary file 5A and B.

In vivo pull-down assay

Samples were extracted with IP buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 10% glycerol, 0.5 mM
EDTA, 0.5% NP-40, and 1 x protease inhibitor cocktail). After incubation on ice for 30 min, the pull-
down assay was performed utilizing a Beaver Beads Protein A/G Matrix Immunoprecipitation kit
(Beaver Nano-Technologies Co. China) following the manufacturer’s instructions with anti-OsSAMS1
antibody (Abgent, Suzhou, China). Proteins were separated by SDS-PAGE and detected with the
corresponding antibody.
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Protein expression, purification, and enzyme activity assays in vitro
OsSAMS1 and OsSAMS2 were amplified by PCR and then inserted into the pGEX vector (GE Health-
care Life Sciences) and expressed as glutathione S-transferase fusion proteins (GST-OsSAMS1/
OsSAMS2) in E. coli BL21 cells. After purification by glutathione-agarose chromatography, the GST
tag was removed. S11, 59, and GFP were also amplified by PCR and introduced into the pMal-p2x
vector, which fused a maltose-binding protein at the N-terminal. The constructs were transformed
into E. coli BL21 cells and purified by amylose affinity chromatography. Primers used for amplifica-
tion of OsSAMS1, OsSAMS2, S11, S9, and GFP prior to insertion in expression vectors are listed in
Supplementary file 5A and B.

Indirect assays of OsSAMS1 and OsSAMS2 activity were carried out according to the scheme pre-
sented in Figure 2E using SAM production by OsSAMS1/2 as a measure of OsSAMS1/2-catalyzed
L-Met with ATP yielding SAM. Mixtures containing 30 pmol OsSAMS1/2 and various amounts of
Pns11 (P9 or GFP) in a total volume of 15 ul were pre-incubated at 30°C for 20 min. Mixtures were
then added to reactions containing final concentrations of 100 mM Tris-HCI pH 8.0, 200 mM KClI, 10
mM MgCl,, 1 mM DTT, 3.3 mM ATP, and 5 uCi L[3°S]-methionine (1175 Ci/mmol). The reactions
were incubated at 30°C for another 20 min, then OsSAMS1/2 activity was terminated by addition of
1.5 pl of 0.5M EDTA. SAM production was analyzed by thin layer chromatography on polyethylenei-
mine cellulose HPTLC plates developed with n-butyl alcohol:acetic acid:water (12:3:5, v/v)
(Kim et al., 2003). After chromatography, radioactive signals on plates were quantitated using a
phosphorimager (Typhoon FLA900, GE Healthcare).

Northern blot and quantitative RT-PCR analysis

For northern blot, 15 pg of total RNA was extracted from rice plants with Trizol
(Invitrogen), separated by 1% formaldehyde agarose gel and transferred to Hybond-N +membranes
that were then cross-linked and dried as previously described (Wu et al., 2015). The 500 bp probes
that were partially complementary to RDV-encoded S2, S8, and S11 were labeled with o-*?P-dCTP.
The sequence of the probes and the primers are listed in Supplementary file 5D. For RT-PCR, total
RNA (2 ng) was reverse transcribed into cDNA by SuperScript Ill Reverse Transcriptase (Invitrogen).
gRT-PCR amplification was performed in 20 uL reactions containing 4 uL of 20-fold diluted cDNA,
0.5 uM of each primer, and 10 uL of SYBR Green PCR Master Mix (Toyobo). The expression was nor-
malized to that of EF-1a. Primer sequences in this assay are listed in Supplementary file 5D.

RNA-seq analysis

Total RNAs were extracted from RDV-infected rice plants (4 wpi, 42-d-old seedlings) and transgenic
rice lines (42-d-old seedlings) using the RNeasy plant mini kit (Qiagen). The RNA-seq analyses were
performed at Bionova Company. Libraries were constructed through adaptor ligation and were sub-
jected to pair-ended sequencing with a 150-necleotide reading length. FastQC software was used
to access the quality of raw sequencing reads. After removing adaptor and low-quality reads, clean
reads were mapped to rice genome MSU7.0 using TopHat. Responsive genes were identified by
reads per kilobase per million reads (RPKM) and edgeR software was used to identify differential
expressed genes. The multiple-testing adjusted P-value (FDR < 0.05) and fold change (FC >2) was
used to determine whether the gene was significantly differentially expressed or not. Three biologi-
cal replicates were used, and their repeatability and correlation were evaluated by the Pearson’s
Correlation Coefficient (Schulze et al., 2012). The outputs of RNA-seq analysis used in this study
(series number GSE102366) are available at NCBI-GEO.

MST assays

The MST assay was performed as previously described (Jin et al., 2016). OsSAMS1 protein was
labeled with the red fluorescent dye NHS according to the Monolith NT Protein Labeling Kit RED-
NHS instructions (NanoTemper Technologies GmbH; Minchen, Germany). The concentration of
NHS-labeled OsSAMS1 was held constant at 1.25 uM, whereas the concentrations of L-Met and ATP
were gradient-diluted (L-Met: 200,000 nM, 100,000 nM, 50,000 nM, until it reached 97.7 nM; ATP:
50,000 nM, 25,000 nM, 12,500 nM, until it reached 24.4 nM). After a short incubation, the samples
were loaded into MST standard treated glass capillaries. Measurements were performed at 25°C in
buffer containing 20 mM Tris pH 8.0 and 150 mM NaCl using 40% LED power and 20% MST power.
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The assays were repeated three times for each affinity measurement. Data analyses were performed
using the Nanotemper Analysis and OriginPro 8.0 software provided by the manufacturer. In affinity
affecting assays, 2.5 UM of MBP-Pns11 or MBP was added to 1.25 uM NHS-labeled OsSAMS1 and
gradient-diluted concentrations of L-Met or ATP. After a short incubation, the samples were loaded
into MST standard treated glass capillaries for MST analysis as described above.

Acknowledgements

We thank Drs Lijia Qu, Hongwei Guo, Rongfeng Huang and Feng Qu for critical comments, Yijun
Zhou (Jiangsu Academy of Agricultural Sciences, Nanjing, China) and his team for providing us with
isolated fields for rice planting, Kang Chong (Institute of Botany, Chinese Academy of Sciences, Bei-
jing, China) for providing materials, and the Core Facilities at College of Life Sciences, Peking Uni-
versity for assistance with Ultra Performance Liquid Chromatography-Mass spectrometry (UPLC-MS/
MS) work. We are grateful to Dr. Gaojun Liu for her help with data acquisition and analysis.

Additional information

Funding

Funder Grant reference number  Author
National Natural Science 31530062 Yi Li
Foundation of China

National Natural Science 31420103904 Yi Li
Foundation of China

Ministry of Science and Tech-  National Basic Research Yi Li
nology of the People’s Repub- Program 973,

lic of China 2014CB138400

Ministry of Agriculture of the  Transgenic Research Yi Li

People’s Republic of China Program 20162X08010-001

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Shanshan Zhao, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation,
Visualization, Writing—original draft, Writing—review and editing; Wei Hong, Conceptualization,
Data curation, Formal analysis, Investigation, Visualization, Methodology, Writing—original draft,
Writing—review and editing; Jianguo Wu, Yu Wang, Formal analysis, Investigation, Visualization,
Methodology; Shaoyi Ji, Shuyi Zhu, Chunhong Wei, Formal analysis, Methodology; Jinsong Zhang,
Yi Li, Resources, Formal analysis

Author ORCIDs
Jianguo Wu (@) https://orcid.org/0000-0001-5025-5026
YiLi @ http://orcid.org/0000-0002-0258-3452

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.27529.035
Author response https://doi.org/10.7554/elife.27529.036

Additional files

Supplementary files
» Supplementary file 1. Non-preference test.
DOI: https://doi.org/10.7554/eLife.27529.025

« Supplementary file 2. Record of the number of rice plants showing RDV symptoms at time course
and infection rates statistical analysis.

Zhao et al. elife 2017;6:€27529. DOI: https://doi.org/10.7554/eLife.27529 18 of 22


https://orcid.org/0000-0001-5025-5026
http://orcid.org/0000-0002-0258-3452
https://doi.org/10.7554/eLife.27529.035
https://doi.org/10.7554/eLife.27529.036
https://doi.org/10.7554/eLife.27529.025
https://doi.org/10.7554/eLife.27529

e LI F E Research article Plant Biology

DOI: https://doi.org/10.7554/eLife.27529.026

« Supplementary file 3. Differentially expressed genes of RDV-infected and OsSAMS1 and S11 trans-
genic rice RNA-seq analysis.

DOI: https://doi.org/10.7554/elLife.27529.027

« Supplementary file 4. Responses of genes related to polyamine by RDV infection.

DOI: https://doi.org/10.7554/elife.27529.028

» Supplementary file 5. (A) Constructs in this study. (B) Primers for plasmids constructions in this
study. (C) LC-MS/MS conditions. (D) Primers for RNA gel blot probes, real-time PCR, and semi-quan-
titative RT-PCR.

DOV https://doi.org/10.7554/eLife.27529.029

e Transparent reporting form

DOV https://doi.org/10.7554/eLife.27529.030

Major datasets
The following dataset was generated:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information

Zhao S, Hong W, 2017 A viral protein promotes host https://www.ncbi.nlm. Publicly available at

Wu J, WangV, Ji S, SAMS1 activity and ethylene nih.gov/geo/query/acc.  the NCBI Gene

Zhu S, Wei C, Zhang production for the benefit of virus  cgi?acc=GSE102366 Expression Omnibus

J, LY infection (accession no. GSE10
2366)

The following previously published dataset was used:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information
Shimizu T, Sasaya T, 2011 Transcriptome analysis of rice https://www.ncbi.nlm. Publicly available at
Kondoh H, Satoh H, infected with three RDV strains nih.gov/geo/query/acc.  the NCBI Gene
Kimura S, Omura T, cgi?acc=GSE24937 Expression Omnibus
Kikuchi S (accession no.

GSE24937)
References

Abiri R, Shaharuddin NA, Maziah M, Yusof ZNB, Atabaki N, Sahebi M, Valdiani A, Kalhori N, Azizi P, Hanafi MM.
2017. Role of ethylene and the APETALA 2/ethylene response factor superfamily in rice under various abiotic
and biotic stress conditions. Environmental and Experimental Botany 134:33-44. DOI: https://doi.org/10.1016/
j-envexpbot.2016.10.015

Agrawal GK, Rakwal R, Jwa NS. 2001. Differential induction of three pathogenesis-related genes, PR10, PR1b
and PR5 by the ethylene generator ethephon under light and dark in rice (Oryza sativa L.) seedlings. Journal of
Plant Physiology 158:133-137. DOI: https://doi.org/10.1078/0176-1617-00186

Alazem M, Lin NS. 2015. Roles of plant hormones in the regulation of host-virus interactions. Molecular Plant
Pathology 16:529-540. DOI: https://doi.org/10.1111/mpp.12204, PMID: 25220680

Baulcombe D. 2004. RNA silencing in plants. Nature 431:356-363. DOI: https://doi.org/10.1038/nature02874,
PMID: 15372043

Boerjan W, Bauw G, Van Montagu M, Inzé D. 1994. Distinct phenotypes generated by overexpression and
suppression of S-adenosyl-L-methionine synthetase reveal developmental patterns of gene silencing in tobacco.
The Plant Cell Online 6:1401-1414. DOI: https://doi.org/10.1105/tpc.6.10.1401, PMID: 7994174

Broekaert WF, Delauré SL, De Bolle MF, Cammue BP. 2006. The role of ethylene in host-pathogen interactions.
Annual Review of Phytopathology 44:393-416. DOI: https://doi.org/10.1146/annurev.phyto.44.070505.143440,
PMID: 16602950

Broekgaarden C, Caarls L, Vos |A, Pieterse CM, Van Wees SC. 2015. Ethylene: traffic controller on hormonal
crossroads to defense. Plant Physiology 169:pp.01020.2015. DOI: https://doi.org/10.1104/pp.15.01020,

PMID: 26482888

Cao X, Zhou P, Zhang X, Zhu S, Zhong X, Xiao Q, Ding B, Li Y. 2005. Identification of an RNA silencing
suppressor from a plant double-stranded RNA virus. Journal of Virology 79:13018-13027. DOI: https://doi.org/
10.1128/JVI1.79.20.13018-13027.2005, PMID: 16189004

Carbonell A, Carrington JC. 2015. Antiviral roles of plant ARGONAUTES. Current Opinion in Plant Biology 27:
111-117. DOI: https://doi.org/10.1016/].pbi.2015.06.013, PMID: 26190744

Zhao et al. elife 2017;6:€27529. DOI: https://doi.org/10.7554/eLife.27529 19 of 22


https://doi.org/10.7554/eLife.27529.026
https://doi.org/10.7554/eLife.27529.027
https://doi.org/10.7554/eLife.27529.028
https://doi.org/10.7554/eLife.27529.029
https://doi.org/10.7554/eLife.27529.030
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102366
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102366
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102366
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24937
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24937
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24937
https://doi.org/10.1016/j.envexpbot.2016.10.015
https://doi.org/10.1016/j.envexpbot.2016.10.015
https://doi.org/10.1078/0176-1617-00186
https://doi.org/10.1111/mpp.12204
http://www.ncbi.nlm.nih.gov/pubmed/25220680
https://doi.org/10.1038/nature02874
http://www.ncbi.nlm.nih.gov/pubmed/15372043
https://doi.org/10.1105/tpc.6.10.1401
http://www.ncbi.nlm.nih.gov/pubmed/7994174
https://doi.org/10.1146/annurev.phyto.44.070505.143440
http://www.ncbi.nlm.nih.gov/pubmed/16602950
https://doi.org/10.1104/pp.15.01020
http://www.ncbi.nlm.nih.gov/pubmed/26482888
https://doi.org/10.1128/JVI.79.20.13018-13027.2005
https://doi.org/10.1128/JVI.79.20.13018-13027.2005
http://www.ncbi.nlm.nih.gov/pubmed/16189004
https://doi.org/10.1016/j.pbi.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26190744
https://doi.org/10.7554/eLife.27529

e LI FE Research article

Plant Biology

Casteel CL, De Alwis M, Bak A, Dong H, Whitham SA, Jander G. 2015. Disruption of Ethylene Responses by
Turnip mosaic virus Mediates Suppression of Plant Defense against the Green Peach Aphid Vector. Plant
Physiology 169:209-218. DOI: https://doi.org/10.1104/pp.15.00332, PMID: 26091820

Chen L, Zhang L, Li D, Wang F, Yu D. 2013a. WRKY8 transcription factor functions in the TMV-cg defense
response by mediating both abscisic acid and ethylene signaling in Arabidopsis. PNAS 110:E1963-E1971.
DOI: https://doi.org/10.1073/pnas.1221347110, PMID: 23650359

ChenY, XuY, Luo W, Li W, Chen N, Zhang D, Chong K. 2013b. The F-box protein OsFBK12 targets OsSAMS1
for degradation and affects pleiotropic phenotypes, including leaf senescence, in rice. Plant Physiology 163:
1673-1685. DOI: https://doi.org/10.1104/pp.113.224527, PMID: 24144792

Collum TD, Culver JN. 2016. The impact of phytohormones on virus infection and disease. Current Opinion in
Virology 17:25-31. DOI: https://doi.org/10.1016/].coviro.2015.11.003, PMID: 26656395

Denancé N, Sanchez-Vallet A, Goffner D, Molina A. 2013. Disease resistance or growth: the role of plant
hormones in balancing immune responses and fitness costs. Frontiers in Plant Science 4:155. DOI: https://doi.
org/10.3389/pls.2013.00155, PMID: 23745126

Ding SW. 2010. RNA-based antiviral immunity. Nature Reviews Immunology 10:632-644. DOI: https://doi.org/
10.1038/nri2824, PMID: 20706278

Do PT, Degenkolbe T, Erban A, Heyer AG, Kopka J, Kéh! KI, Hincha DK, Zuther E. 2013. Dissecting rice
polyamine metabolism under controlled long-term drought stress. PLoS One 8:e60325. DOI: https://doi.org/
10.1371/journal.pone.0060325, PMID: 23577102

Endres MW, Gregory BD, Gao Z, Foreman AW, Mlotshwa S, Ge X, Pruss GJ, Ecker JR, Bowman LH, Vance V.
2010. Two plant viral suppressors of silencing require the ethylene-inducible host transcription factor RAV2 to
block RNA silencing. PLoS Pathogens 6:e1000729. DOI: https://doi.org/10.1371/journal.ppat.1000729,

PMID: 20084269

Geri C, Love AJ, Cecchini E, Barrett SJ, Laird J, Covey SN, Milner JJ. 2004. Arabidopsis mutants that suppress
the phenotype induced by transgene-mediated expression of cauliflower mosaic virus (CaMV) gene VI are less
susceptible to CaMV-infection and show reduced ethylene sensitivity. Plant Molecular Biology 56:111-124.
DOI: https://doi.org/10.1007/s11103-004-2649-x, PMID: 15604731

Gong B, Li X, VandenLangenberg KM, Wen D, Sun S, Wei M, Li Y, Yang F, Shi Q, Wang X. 2014. Overexpression
of S-adenosyl-L-methionine synthetase increased tomato tolerance to alkali stress through polyamine
metabolism. Plant Biotechnology Journal 12:694-708. DOI: https://doi.org/10.1111/pbi. 12173, PMID: 24605
920

Goémez-Gémez L, Carrasco P. 1998. Differential expression of the S-adenosyl-L-methionine synthase genes
during pea development. Plant Physiology 117:397-405. DOI: https://doi.org/10.1104/pp.117.2.397, PMID:
9625692

Groen SC, Whiteman NK, Bahrami AK, Wilczek AM, Cui J, Russell JA, Cibrian-Jaramillo A, Butler |A, Rana JD,
Huang GH, Bush J, Ausubel FM, Pierce NE. 2013. Pathogen-triggered ethylene signaling mediates systemic-
induced suscepitibility to herbivory in Arabidopsis. The Plant Cell 25:4755-4766. DOI: https://doi.org/10.1105/
tpc.113.113415, PMID: 24285796

Haikonen T, Rajamaki ML, Tian YP, Valkonen JP. 2013. Mutation of a Short Variable Region in HCpro Protein of
Potato virus A Affects Interactions with a Microtubule-Associated Protein and Induces Necrotic Responses in
Tobacco. Molecular Plant-Microbe Interactions 26:721-733. DOI: https://doi.org/10.1094/MPMI-01-13-0024-R,
PMID: 23514111

Helliwell EE, Wang Q, Yang Y. 2013. Transgenic rice with inducible ethylene production exhibits broad-spectrum
disease resistance to the fungal pathogens Magnaporthe oryzae and Rhizoctonia solani. Plant Biotechnology
Journal 11:33-42. DOI: https://doi.org/10.1111/pbi.12004, PMID: 23031077

Huang Z, Yeakley JM, Garcia EW, Holdridge JD, Fan JB, Whitham SA. 2005. Salicylic acid-dependent expression
of host genes in compatible Arabidopsis-virus interactions. Plant Physiology 137:1147-1159. DOI: https://doi.
org/10.1104/pp.104.056028, PMID: 15728340

Ivanov Kl, Eskelin K, Basi¢ M, De S, Léhmus A, Varjosalo M, Mékinen K. 2016. Molecular insights into the
function of the viral RNA silencing suppressor HCPro. The Plant Journal 85:30-45. DOI: https://doi.org/10.
1111/tpj.13088, PMID: 26611351

lwai T, Miyasaka A, Seo S, Ohashi Y. 2006. Contribution of ethylene biosynthesis for resistance to blast fungus
infection in young rice plants. Plant Physiology 142:1202-1215. DOI: https://doi.org/10.1104/pp.106.085258,
PMID: 17012402

JinL, Qin Q, Wang Y, PuY, Liu L, Wen X, Ji S, Wu J, Wei C, Ding B, Li Y. 2016. Rice Dwarf Virus P2 Protein
Hijacks Auxin Signaling by Directly Targeting the Rice OslAA10 Protein, Enhancing Viral Infection and Disease
Development. PLOS Pathogens 12:€1005847. DOI: https://doi.org/10.1371/journal.ppat. 1005847,

PMID: 27606959

Kasschau KD, Xie Z, Allen E, Llave C, Chapman EJ, Krizan KA, Carrington JC. 2003. P1/HC-Pro, a viral
suppressor of RNA silencing, interferes with Arabidopsis development and miRNA unction. Developmental Cell
4:205-217. DOI: https://doi.org/10.1016/51534-5807(03)00025-X, PMID: 12586064

Kawalleck P, Plesch G, Hahlbrock K, Somssich IE. 1992. Induction by fungal elicitor of S-adenosyl-L-methionine
synthetase and S-adenosyl-L-homocysteine hydrolase mRNAs in cultured cells and leaves of Petroselinum
crispum. PNAS 89:4713-4717. DOI: https://doi.org/10.1073/pnas.89.10.4713, PMID: 1374911

Kazan K. 2015. Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends in Plant Science 20:
219-229. DOI: https://doi.org/10.1016/j.tplants.2015.02.001, PMID: 25731753

Zhao et al. elife 2017;6:€27529. DOI: https://doi.org/10.7554/eLife.27529 20 of 22


https://doi.org/10.1104/pp.15.00332
http://www.ncbi.nlm.nih.gov/pubmed/26091820
https://doi.org/10.1073/pnas.1221347110
http://www.ncbi.nlm.nih.gov/pubmed/23650359
https://doi.org/10.1104/pp.113.224527
http://www.ncbi.nlm.nih.gov/pubmed/24144792
https://doi.org/10.1016/j.coviro.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26656395
https://doi.org/10.3389/fpls.2013.00155
https://doi.org/10.3389/fpls.2013.00155
http://www.ncbi.nlm.nih.gov/pubmed/23745126
https://doi.org/10.1038/nri2824
https://doi.org/10.1038/nri2824
http://www.ncbi.nlm.nih.gov/pubmed/20706278
https://doi.org/10.1371/journal.pone.0060325
https://doi.org/10.1371/journal.pone.0060325
http://www.ncbi.nlm.nih.gov/pubmed/23577102
https://doi.org/10.1371/journal.ppat.1000729
http://www.ncbi.nlm.nih.gov/pubmed/20084269
https://doi.org/10.1007/s11103-004-2649-x
http://www.ncbi.nlm.nih.gov/pubmed/15604731
https://doi.org/10.1111/pbi.12173
http://www.ncbi.nlm.nih.gov/pubmed/24605920
http://www.ncbi.nlm.nih.gov/pubmed/24605920
https://doi.org/10.1104/pp.117.2.397
http://www.ncbi.nlm.nih.gov/pubmed/9625692
https://doi.org/10.1105/tpc.113.113415
https://doi.org/10.1105/tpc.113.113415
http://www.ncbi.nlm.nih.gov/pubmed/24285796
https://doi.org/10.1094/MPMI-01-13-0024-R
http://www.ncbi.nlm.nih.gov/pubmed/23514111
https://doi.org/10.1111/pbi.12004
http://www.ncbi.nlm.nih.gov/pubmed/23031077
https://doi.org/10.1104/pp.104.056028
https://doi.org/10.1104/pp.104.056028
http://www.ncbi.nlm.nih.gov/pubmed/15728340
https://doi.org/10.1111/tpj.13088
https://doi.org/10.1111/tpj.13088
http://www.ncbi.nlm.nih.gov/pubmed/26611351
https://doi.org/10.1104/pp.106.085258
http://www.ncbi.nlm.nih.gov/pubmed/17012402
https://doi.org/10.1371/journal.ppat.1005847
http://www.ncbi.nlm.nih.gov/pubmed/27606959
https://doi.org/10.1016/S1534-5807(03)00025-X
http://www.ncbi.nlm.nih.gov/pubmed/12586064
https://doi.org/10.1073/pnas.89.10.4713
http://www.ncbi.nlm.nih.gov/pubmed/1374911
https://doi.org/10.1016/j.tplants.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25731753
https://doi.org/10.7554/eLife.27529

e LI FE Research article

Plant Biology

Kim DJ, Huh JH, Yang YY, Kang CM, Lee IH, Hyun CG, Hong SK, Suh JW. 2003. Accumulation of S-adenosyl-L-
methionine enhances production of actinorhodin but inhibits sporulation in Streptomyces lividans TK23. Journal
of Bacteriology 185:592-600. DOI: https://doi.org/10.1128/JB.185.2.592-600.2003, PMID: 12511506

Kim JG, Stork W, Mudgett MB. 2013. Xanthomonas type Ill effector XopD desumoylates tomato transcription
factor SIERF4 to suppress ethylene responses and promote pathogen growth. Cell Host & Microbe 13:143-
154. DOI: https://doi.org/10.1016/j.chom.2013.01.006, PMID: 23414755

Knoester M, Linthorst HJM, Bol JF, Van Loon LC. 2001. Involvement of ethylene in lesion development and
systemic acquired resistance in tobacco during the hypersensitive reaction to tobacco mosaic virus.
Physiological and Molecular Plant Pathology 59:45-57. DOI: https://doi.org/10.1006/pmpp.2001.0346

Li W, Han Y, Tao F, Chong K. 2011. Knockdown of SAMS genes encoding S-adenosyl-I-methionine synthetases
causes methylation alterations of DNAs and histones and leads to late flowering in rice. Journal of Plant
Physiology 168:1837-1843. DOI: https://doi.org/10.1016/j.jplph.2011.05.020, PMID: 21757254

Li W, Ma M, Feng Y, LiH, Wang Y, Ma Y, Li M, An F, Guo H. 2015. EIN2-directed translational regulation of
ethylene signaling in Arabidopsis. Cell 163:670-683. DOI: https://doi.org/10.1016/j.cell.2015.09.037,

PMID: 26496607

Li XD, Xia B, Wang R, Xu S, Jiang YM, Yu FB, Peng F. 2013. Molecular cloning and characterization of
S-adenosylmethionine synthetase gene from Lycoris radiata. Molecular Biology Reports 40:1255-1263.

DOI: https://doi.org/10.1007/s11033-012-2168-9, PMID: 23073776

Liu L, Jin L, Huang X, Geng Y, Li F, Qin Q, Wang R, Ji S, Zhao S, Xie Q, Wei C, Xie C, Ding B, Li Y. 2014.
OsRFPH2-10, a ring-H2 finger E3 ubiquitin ligase, is involved in rice antiviral defense in the early stages of rice
dwarf virus infection. Molecular Plant 7:1057-1060. DOI: https://doi.org/10.1093/mp/ssu007, PMID: 24482434

Lizada MC, Yang SF. 1979. A simple and sensitive assay for 1-aminocyclopropane-1-carboxylic acid. Analytical
Biochemistry 100:140-145. DOI: https://doi.org/10.1016/0003-2697(79)90123-4, PMID: 543532

Love AJ, Laval V, Geri C, Laird J, Tomos AD, Hooks MA, Milner JJ. 2007. Components of Arabidopsis defense-
and ethylene-signaling pathways regulate susceptibility to Cauliflower mosaic virus by restricting long-distance
movement. Molecular Plant-Microbe Interactions 20:659-670. DOI: https://doi.org/10.1094/MPMI-20-6-0659,
PMID: 17555274

Ma B, He SJ, Duan KX, Yin CC, Chen H, Yang C, Xiong Q, Song QX, Lu X, Chen HW, Zhang WK, Lu TG, Chen SY,
Zhang JS. 2013. Identification of rice ethylene-response mutants and characterization of MHZ7/OsEIN2 in
distinct ethylene response and yield trait regulation. Molecular Plant 6:1830-1848. DOI: https://doi.org/10.
1093/mp/sst087, PMID: 23718947

Mandadi KK, Scholthof KB. 2013. Plant immune responses against viruses: how does a virus cause disease? The
Plant Cell 25:1489-1505. DOI: https://doi.org/10.1105/tpc.113.111658, PMID: 23709626

Marco S, Levy D. 1979. Involvement of ethylene in the development of cucumber mosaic virus-induced chlorotic
lesions in cucumber cotyledonst. Physiological Plant Pathology 14:235-244. DOI: https://doi.org/10.1016/0048-
4059(79)90011-0

Markham GD, Pajares MA. 2009. Structure-function relationships in methionine adenosyltransferases. Cellular
and Molecular Life Sciences 66:636-648. DOI: https://doi.org/10.1007/s00018-008-8516-1, PMID: 18953685

Miao J, Guo D, Zhang J, Huang Q, Qin G, Zhang X, Wan J, Gu H, Qu LJ. 2013. Targeted mutagenesis in rice
using CRISPR-Cas system. Cell Research 23:1233-1236. DOI: https://doi.org/10.1038/cr.2013.123, PMID: 23
999856

Mitsuya Y, Takahashi Y, Berberich T, Miyazaki A, Matsumura H, Takahashi H, Terauchi R, Kusano T. 2009.
Spermine signaling plays a significant role in the defense response of Arabidopsis thaliana to cucumber mosaic
virus. Journal of Plant Physiology 166:626—643. DOI: https://doi.org/10.1016/}.jplph.2008.08.006, PMID: 1
8922600

Nicaise V. 2014. Crop immunity against viruses: outcomes and future challenges. Frontiers in Plant Science 5:
660. DOI: https://doi.org/10.3389/fpls.2014.00660, PMID: 25484888

Pieterse CM, Leon-Reyes A, Van der Ent S, Van Wees SC. 2009. Networking by small-molecule hormones in
plant immunity. Nature Chemical Biology 5:308-316. DOI: https://doi.org/10.1038/nchembio.164, PMID: 1
9377457

Pieterse CM, Van der Does D, Zamioudis C, Leon-Reyes A, Van Wees SC. 2012. Hormonal modulation of plant
immunity. Annual Review of Cell and Developmental Biology 28:489-521. DOI: https://doi.org/10.1146/
annurev-cellbio-092910-154055, PMID: 22559264

Qi W, Sun F, Wang Q, Chen M, Huang Y, Feng YQ, Luo X, Yang J. 2011. Rice ethylene-response AP2/ERF factor
OsEATB restricts internode elongation by down-regulating a gibberellin biosynthetic gene. Plant Physiology
157:216-228. DOI: https://doi.org/10.1104/pp.111.179945, PMID: 21753115

Roje S. 2006. S-Adenosyl-L-methionine: beyond the universal methyl group donor. Phytochemistry 67:1686—
1698. DOI: https://doi.org/10.1016/j.phytochem.2006.04.019, PMID: 16766004

Santner A, Calderon-Villalobos LI, Estelle M. 2009. Plant hormones are versatile chemical regulators of plant
growth. Nature Chemical Biology 5:301-307. DOI: https://doi.org/10.1038/nchembio.165, PMID: 19377456

Satoh K, Shimizu T, Kondoh H, Hiraguri A, Sasaya T, Choi IR, Omura T, Kikuchi S. 2011. Relationship between
symptoms and gene expression induced by the infection of three strains of Rice dwarf virus. PLoS One 6:
€18094. DOI: https://doi.org/10.1371/journal.pone.0018094, PMID: 21445363

Schulze SK, Kanwar R, Gélzenleuchter M, Therneau TM, Beutler AS. 2012. SERE: single-parameter quality control
and sample comparison for RNA-Seq. BMC Genomics 13:524. DOI: https://doi.org/10.1186/1471-2164-13-524,
PMID: 23033915

Zhao et al. elife 2017;6:€27529. DOI: https://doi.org/10.7554/eLife.27529 21 of 22


https://doi.org/10.1128/JB.185.2.592-600.2003
http://www.ncbi.nlm.nih.gov/pubmed/12511506
https://doi.org/10.1016/j.chom.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23414755
https://doi.org/10.1006/pmpp.2001.0346
https://doi.org/10.1016/j.jplph.2011.05.020
http://www.ncbi.nlm.nih.gov/pubmed/21757254
https://doi.org/10.1016/j.cell.2015.09.037
http://www.ncbi.nlm.nih.gov/pubmed/26496607
https://doi.org/10.1007/s11033-012-2168-9
http://www.ncbi.nlm.nih.gov/pubmed/23073776
https://doi.org/10.1093/mp/ssu007
http://www.ncbi.nlm.nih.gov/pubmed/24482434
https://doi.org/10.1016/0003-2697(79)90123-4
http://www.ncbi.nlm.nih.gov/pubmed/543532
https://doi.org/10.1094/MPMI-20-6-0659
http://www.ncbi.nlm.nih.gov/pubmed/17555274
https://doi.org/10.1093/mp/sst087
https://doi.org/10.1093/mp/sst087
http://www.ncbi.nlm.nih.gov/pubmed/23718947
https://doi.org/10.1105/tpc.113.111658
http://www.ncbi.nlm.nih.gov/pubmed/23709626
https://doi.org/10.1016/0048-4059(79)90011-0
https://doi.org/10.1016/0048-4059(79)90011-0
https://doi.org/10.1007/s00018-008-8516-1
http://www.ncbi.nlm.nih.gov/pubmed/18953685
https://doi.org/10.1038/cr.2013.123
http://www.ncbi.nlm.nih.gov/pubmed/23999856
http://www.ncbi.nlm.nih.gov/pubmed/23999856
https://doi.org/10.1016/j.jplph.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18922600
http://www.ncbi.nlm.nih.gov/pubmed/18922600
https://doi.org/10.3389/fpls.2014.00660
http://www.ncbi.nlm.nih.gov/pubmed/25484888
https://doi.org/10.1038/nchembio.164
http://www.ncbi.nlm.nih.gov/pubmed/19377457
http://www.ncbi.nlm.nih.gov/pubmed/19377457
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1146/annurev-cellbio-092910-154055
http://www.ncbi.nlm.nih.gov/pubmed/22559264
https://doi.org/10.1104/pp.111.179945
http://www.ncbi.nlm.nih.gov/pubmed/21753115
https://doi.org/10.1016/j.phytochem.2006.04.019
http://www.ncbi.nlm.nih.gov/pubmed/16766004
https://doi.org/10.1038/nchembio.165
http://www.ncbi.nlm.nih.gov/pubmed/19377456
https://doi.org/10.1371/journal.pone.0018094
http://www.ncbi.nlm.nih.gov/pubmed/21445363
https://doi.org/10.1186/1471-2164-13-524
http://www.ncbi.nlm.nih.gov/pubmed/23033915
https://doi.org/10.7554/eLife.27529

e LI FE Research article

Plant Biology

Shen X, Liu H, Yuan B, Li X, Xu C, Wang S. 2011. OsEDR1 negatively regulates rice bacterial resistance via
activation of ethylene biosynthesis. Plant, Cell & Environment 34:179-191. DOI: https://doi.org/10.1111/}.1365-
3040.2010.02219.x, PMID: 20807375

Soosaar JL, Burch-Smith TM, Dinesh-Kumar SP. 2005. Mechanisms of plant resistance to viruses. Nature Reviews
Microbiology 3:789-798. DOI: https://doi.org/10.1038/nrmicro1239, PMID: 16132037

Toroser D, McMichael R, Krause KP, Kurreck J, Sonnewald U, Stitt M, Huber SC. 1999. Site-directed mutagenesis
of serine 158 demonstrates its role in spinach leaf sucrose-phosphate synthase modulation. The Plant Journal
17:407-413. DOI: https://doi.org/10.1046/j.1365-313X.1999.00389.x, PMID: 10205897

Van de Poel B, Bulens |, Lagrain P, Pollet J, Hertog ML, Lammertyn J, De Proft MP, Nicolai BM, Geeraerd AH.
2010. Determination of S-adenosyl-I-methionine in fruits by capillary electrophoresis. Phytochemical Analysis
21:602-608. DOI: https://doi.org/10.1002/pca.1241, PMID: 20690158

van Loon LC, Geraats BP, Linthorst HJ. 2006. Ethylene as a modulator of disease resistance in plants. Trends in
Plant Science 11:184-191. DOI: https://doi.org/10.1016/].tplants.2006.02.005, PMID: 16531096

Wang A. 2015. Dissecting the molecular network of virus-plant interactions: the complex roles of host factors.
Annual Review of Phytopathology 53:45-66. DOI: https://doi.org/10.1146/annurev-phyto-080614-120001,
PMID: 25938276

Wei T, Li Y. 2016. Rice Reoviruses in Insect Vectors. Annual Review of Phytopathology 54:99-120. DOI: https://
doi.org/10.1146/annurev-phyto-080615-095900, PMID: 27296147

Wei T, Shimizu T, Hagiwara K, Kikuchi A, Moriyasu Y, Suzuki N, Chen H, Omura T. 2006. Pns12 protein of Rice
dwarf virus is essential for formation of viroplasms and nucleation of viral-assembly complexes. Journal of
General Virology 87:429-438. DOI: https://doi.org/10.1099/vir.0.81425-0, PMID: 16432031

Wu J, Yang R, Yang Z, Yao S, Zhao S, Wang Y, Li P, Song X, Jin L, Zhou T, Lan Y, Xie L, Zhou X, Chu C, Qi Y, Cao
X, LiY. 2017. ROS accumulation and antiviral defence control by microRNA528 in rice. Nature Plants 3:16203.
DOI: https://doi.org/10.1038/nplants.2016.203, PMID: 28059073

Wu J, Yang Z, Wang Y, Zheng L, Ye R, Ji Y, Zhao S, Ji S, Liu R, Xu L, Zheng H, Zhou Y, Zhang X, Cao X, Xie L, Wu
Z,QiY, LiY. 2015. Viral-inducible Argonaute18 confers broad-spectrum virus resistance in rice by sequestering
a host microRNA. eLife 4:e05733. DOI: https://doi.org/10.7554/eLife.05733, PMID: 25688565

Yang C, Li W, Cao J, Meng F, Yu Y, Huang J, Jiang L, Liu M, Zhang Z, Chen X, Miyamoto K, Yamane H, Zhang J,
Chen S, Liu J. 2017. Activation of ethylene signaling pathways enhances disease resistance by regulating ROS
and phytoalexin production in rice. The Plant Journal 89:338-353. DOI: https://doi.org/10.1111/tpj.13388,
PMID: 27701783

Yang C, Lu X, Ma B, Chen SY, Zhang JS. 2015. Ethylene signaling in rice and Arabidopsis: conserved and
diverged aspects. Molecular Plant 8:495-505. DOI: https://doi.org/10.1016/j.molp.2015.01.003, PMID: 257325
90

Yang X, Xie Y, Raja P, Li S, Wolf JN, Shen Q, Bisaro DM, Zhou X. 2011. Suppression of methylation-mediated
transcriptional gene silencing by BC1-SAHH protein interaction during geminivirus-betasatellite infection. PLoS
Pathogens 7:€1002329. DOI: https://doi.org/10.1371/journal.ppat.1002329, PMID: 22028660

Yoda H, Yamaguchi Y, Sano H. 2003. Induction of hypersensitive cell death by hydrogen peroxide produced
through polyamine degradation in tobacco plants. Plant Physiology 132:1973-1981. DOI: https://doi.org/10.
1104/pp.103.024737, PMID: 12913153

Yoshii M, Shimizu T, Yamazaki M, Higashi T, Miyao A, Hirochika H, Omura T. 2009. Disruption of a novel gene for
a NAC-domain protein in rice confers resistance to Rice dwarf virus. The Plant Journal 57:615-625.

DOI: https://doi.org/10.1111/j.1365-313X.2008.03712.x, PMID: 18980655

Yoshii M, Yamazaki M, Rakwal R, Kishi-Kaboshi M, Miyao A, Hirochika H. 2010. The NAC transcription factor
RIM1 of rice is a new regulator of jasmonate signaling. The Plant Journal 61:804-815. DOI: https://doi.org/10.
1111/j.1365-313X.2009.04107 .x, PMID: 20015061

Zhou F, PuY, Wei T, Liu H, Deng W, Wei C, Ding B, Omura T, Li Y. 2007. The P2 capsid protein of the
nonenveloped rice dwarf phytoreovirus induces membrane fusion in insect host cells. PNAS 104:19547-19552.
DOI: https://doi.org/10.1073/pnas.0708946104, PMID: 18042708

Zhu F, Xi D, Deng X, Peng X, Tang H, Chen Y, Jian W, Feng H, Lin H. 2014. The chilli veinal mottle virus regulates
expression of the tobacco mosaic virus resistance gene N and jasmonic acid/ethylene signaling is essential for
systemic resistance against chilli veinal mottle virus in tobacco. Plant Molecular Biology Reporter 32:382-394.
DOI: https://doi.org/10.1007/s11105-013-0654-4

Zhu S, Gao F, Cao X, Chen M, Ye G, Wei C, Li Y. 2005. The rice dwarf virus P2 protein interacts with ent-kaurene
oxidases in vivo, leading to reduced biosynthesis of gibberellins and rice dwarf symptoms. Plant Physiology
139:1935-1945. DOI: https://doi.org/10.1104/pp.105.072306, PMID: 16299167

Zhao et al. elife 2017;6:€27529. DOI: https://doi.org/10.7554/eLife.27529 22 of 22


https://doi.org/10.1111/j.1365-3040.2010.02219.x
https://doi.org/10.1111/j.1365-3040.2010.02219.x
http://www.ncbi.nlm.nih.gov/pubmed/20807375
https://doi.org/10.1038/nrmicro1239
http://www.ncbi.nlm.nih.gov/pubmed/16132037
https://doi.org/10.1046/j.1365-313X.1999.00389.x
http://www.ncbi.nlm.nih.gov/pubmed/10205897
https://doi.org/10.1002/pca.1241
http://www.ncbi.nlm.nih.gov/pubmed/20690158
https://doi.org/10.1016/j.tplants.2006.02.005
http://www.ncbi.nlm.nih.gov/pubmed/16531096
https://doi.org/10.1146/annurev-phyto-080614-120001
http://www.ncbi.nlm.nih.gov/pubmed/25938276
https://doi.org/10.1146/annurev-phyto-080615-095900
https://doi.org/10.1146/annurev-phyto-080615-095900
http://www.ncbi.nlm.nih.gov/pubmed/27296147
https://doi.org/10.1099/vir.0.81425-0
http://www.ncbi.nlm.nih.gov/pubmed/16432031
https://doi.org/10.1038/nplants.2016.203
http://www.ncbi.nlm.nih.gov/pubmed/28059073
https://doi.org/10.7554/eLife.05733
https://www.ncbi.nlm.nih.gov/pubmed/25688565
https://doi.org/10.1111/tpj.13388
http://www.ncbi.nlm.nih.gov/pubmed/27701783
https://doi.org/10.1016/j.molp.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25732590
http://www.ncbi.nlm.nih.gov/pubmed/25732590
https://doi.org/10.1371/journal.ppat.1002329
http://www.ncbi.nlm.nih.gov/pubmed/22028660
https://doi.org/10.1104/pp.103.024737
https://doi.org/10.1104/pp.103.024737
http://www.ncbi.nlm.nih.gov/pubmed/12913153
https://doi.org/10.1111/j.1365-313X.2008.03712.x
http://www.ncbi.nlm.nih.gov/pubmed/18980655
https://doi.org/10.1111/j.1365-313X.2009.04107.x
https://doi.org/10.1111/j.1365-313X.2009.04107.x
http://www.ncbi.nlm.nih.gov/pubmed/20015061
https://doi.org/10.1073/pnas.0708946104
http://www.ncbi.nlm.nih.gov/pubmed/18042708
https://doi.org/10.1007/s11105-013-0654-4
https://doi.org/10.1104/pp.105.072306
http://www.ncbi.nlm.nih.gov/pubmed/16299167
https://doi.org/10.7554/eLife.27529

