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Abstract

Plant symptoms are derived from specific interactions between virus and host components. However, little is known 
about viral or host factors that participate in the establishment of systemic necrosis. Here, we showed that helper 
component proteinase (HCPro), encoded by Chilli veinal mottle virus (ChiVMV), could directly interact with catalase 
1 (CAT1) and catalase 3 (CAT3) in the cytoplasm of tobacco (Nicotiana tabacum) plants to facilitate viral infection. In 
vitro, the activities of CAT1 and CAT3 were inhibited by the interaction between HCPro and CATs. The C-terminus of 
HCPro was essential for their interaction and was also required for the decrease of enzyme activities. Interestingly, 
the mRNA and protein level of CATs were up-regulated in tobacco plants in response to ChiVMV infection. Nicotiana 
tabacum plants with HCPro overexpression or CAT1 knockout were more susceptible to ChiVMV infection, which was 
similar to the case of H2O2-pre-treated plants, and the overexpression of CAT1 inhibited ChiVMV accumulation. Also, 
neither CAT1 nor CAT3 could affect the RNA silencing suppression (RSS) activity of HCPro. Our results showed that 
the interaction between HCPro and CATs promoted the development of plant systemic necrosis, revealing a novel role 
for HCPro in virus infection and pathogenicity.
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Introduction

Due to their sessile nature, plants face various pathogen infec-
tions and numerous abiotic stresses during their life cycle. Virus 
infection is a major problem that affects plant development and 
causes substantial losses in yield and quality in crops (Fang et al., 
2001; Wang, 2015; Jin et al., 2016). To survive environmental 
changes, plants have evolved a range of defense mechanisms 
to increase their tolerance. RNA silencing is a well-established 
plant antiviral response triggered by viral dsRNAs during 
virus replication in host plants (Hamilton et  al., 1999; Niehl 
et  al., 2016). However, many successful viruses have conse-
quently evolved viral suppressors of RNA silencing (VSRs) 

as strategies to counteract antiviral RNA silencing (Wu et al., 
2010; Pumplin and Voinnet 2013).

Chilli veinal mottle virus (ChiVMV) is a member of the 
genus Potyvirus in the family Potyviridae. ChiVMV in-
fection greatly inhibits plant growth and causes severe 
symptoms including mottling, distortion, and systemic 
necrosis (Chung et  al., 2008). The ChiVMV genome is a 
positive-sense, ssRNA of 9.7 kb, excluding the poly(A) tail 
(Vijayapalani et al., 2012; Gao et al., 2016). Potyviral helper 
component proteinase (HCPro) is a multifunctional protein 
mainly involved in aphid transmission and suppression of 
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post-transcriptional gene silencing (Anandalakshmi et  al., 
1998; Kasschau et  al., 1998). In addition, HCPro also acts 
as a symptom determinant (Kasschau et al., 1998; Hasiów-
Jaroszewska et al., 2014). Previous study has proved that the 
central region and C-terminus are required for RNA si-
lencing suppression (RSS) activity (Urcuqui-Inchima et al., 
2000; Varrelmann et al., 2007).

Environmental stresses, such as insufficient water supply, ex-
cessive salt, and pathogen attack, could induce the production of 
reactive oxygen species (ROS) by NADPH oxidases which are 
encoded by respiratory burst oxidase homolog (Rboh) genes in plants 
(Foreman et  al., 2003; Gechev et  al., 2005; Miller et  al., 2009). 
Accumulation of ROS in cellular compartments affects the cel-
lular redox state and results in oxidative stress. Moreover, ROS 
also plays a crucial role in sustaining cell growth and inducing 
hypersensitive cell death in response to a variety of stresses (Mittler 
et al., 2004). Therefore, tight control of ROS homeostasis is crit-
ical (Suzuki et al., 2011). Accumulation of ROS is eliminated by 
antioxidants and scavenging enzymes such as catalase (CAT). CAT, 
which breaks down H2O2, is an enzyme found in nearly all living 
organisms (Chelikani et al., 2004; Gechev et al., 2005).

CATs, which are important participants in the plant 
antioxidative system (Willekens et  al., 1997), are highly ex-
pressed enzymes, particularly in certain plant cell types. The 
tobacco genome encodes three CAT proteins which consist of 
492 amino acids and share high sequence similarity (Willekens 
et al., 1995). CAT1 belongs to Class I CATs which are strongly 
expressed in photosynthetic tissues, while CAT2 belongs to 
Class II CATs associated with vascular tissues. CAT3 belongs 
to Class III CATs that are notably expressed in seeds and re-
productive tissues (Willekens et al., 1995). Available evidence 
from expression patterns and functional analysis suggests that 
Arabidopsis CAT1, CAT2, and CAT3 correspond to Class III, 
Class  I, and Class  II CATs, respectively (Zimmermann et al., 
2006; Mhamdi et al., 2010). CAT2 of Arabidopsis thaliana was 
confirmed to be involved in plant defenses (Yuan et al., 2017).

Our previous work showed that ChiVMV infection could 
cause systemic necrosis in tobacco (Yang et al., 2018). In the pre-
sent study, we demonstrated that CAT1 and CAT3 could interact 
with ChiVMV HCPro both in vitro and in vivo, and determined the 
critical domain for the interaction between ChiVMV HCPro and 
CATs. The specific interaction led to attenuation of the CAT ac-
tivity of host plants but did not affect the RSS activity of ChiVMV 
HCPro. The accumulation of ChiVMV increased in CAT1 
knockout or HCPro-overexpressing plants, but decreased in CAT1-
overexpressing plants. The severity of systemic necrosis of tobacco 
plants was positively corelated to the accumulation of ChiVMV, 
indicating that the interaction between ChiVMV HCPro and 
CATs may be important for virus infection and pathogenicity.

Materials and methods

Plant materials and virus inoculation
Plants of wild-type Nicotiana tabacum ‘NC89’ (N. tabacum, WT), mutants, 
and transgenic plants were grown in a greenhouse with a 12 h light/12 h 
dark cycle (100 μmol m–2 s–1) at 23–25 °C. Six-week-old seedlings were 
mechanically inoculated with ChiVMV, and phosphate-buffered saline 
(PBS) rubbed onto the leaves was used as the mock treatment.

H2O2 treatment
H2O2 was purchased from Sigma Aldrich (http://www.sigmaaldrich.
com). The concentration of H2O2 was 100 μM. H2O2 was sprayed onto 
N. tabacum leaves for 2 d before ChiVMV inoculation. Distilled water was 
used as a control treatment.

Superoxide and H2O2 staining
Nicotiana tabacum leaves were vacuum infiltrated with nitro blue tetra-
zolium (NBT; 0.5 mg ml–1) solution for 3 h or 3,3'-diaminobenzidine 
(DAB; 2 mg ml–1) solutions for 8 h for superoxide and H2O2 staining, 
respectively. Leaves were then decolorized in boiling ethanol (90%) for 
30 min.

Oxidative damage estimation and chlorophyll 
fluorescence assay
Leaf relative water content (RWC) was defined as: RWC=(FW–DW)/
(TW–DW)×100%, where TW represents turgid leaf weight. Lipid 
peroxidation was estimated by measuring malondialdehyde (MDA). 
Detection of the H2O2 and MDA content was performed by using 
an H2O2 and MDA kit (Nanjing Jiancheng, China) and following the 
manufacturer’s instructions. For the determination of NADPH oxidase 
activity, the NADPH-dependent superoxide-generating activity was 
determined as described previously (Deng et al., 2015). The maximum 
photochemical efficiency of PSII in the dark-adapted state (Fv/Fm) was 
measured using an Imaging-PAM Chlorophyll Fluorometer equipped 
with a computer-operated PAM control unit (IMAG-MAXI; Heinz 
Walz), as described previously (Deng et al., 2015). Three replicates of in-
dividual leaves were used for each treatment.

Plasmid construction and plant transformation
The entire ORFs of HCPro, CAT1, and CAT3 were amplified by re-
verse transcription–PCR and then introduced into the pCM1307 vector 
to create pCM1307-HCPro-HA, pCM1307-CAT1-HA, and pCM1307-
CAT3-HA. CRISPR/Cas9 [clustered regularly interspaced palindromic 
repeats (CRISPR)/CRISPR-associated protein 9] was used to create the 
CAT knockout, which was constructed as previously described (Wang 
et  al., 2015). The resulting constructs were used for transformation via 
Agrobacterium tumefaciens strain GV3101 (DoubleHelix, Wuhan, China). The 
overexpressed transgenic lines were selected on half-strength Murashige and 
Skoog (MS) medium that contained 35 μg ml–1 hygromycin. The trans-
genic lines were analyzed by western blot and quantitative real-time PCR 
(qPCR). To analyze mutations of CAT, fragments surrounding the target 
sites of CAT1 and CAT3 were amplified by PCR using gene-specific pri-
mers CAT1 F/R, CAT3 F1/R1, and CAT3 F2/R2, respectively. Purified 
PCR products were submitted for direct sequencing with primers.

Protein expression, purification, and enzyme activity assays in 
vitro
HCPro, CAT1, CAT2, and CAT3 were amplified by PCR and then 
inserted into the pGEX-glutathione S-transferase (GST) tag and 
pMAL-C2X maltose-binding protein (MBP) tag. The constructs were 
transformed into Escherichia coli BL21 cells and purified. Indirect assays 
of CAT activity were performed using a kit (Nanjing Jiancheng, China) 
according to the manufacturer’s protocol. Mixtures containing 500 pmol 
CAT and various amounts of HCPro, HC-N, and HC-C (MBP) in a 
total volume of 100 μl were pre-incubated at 37 °C for 20 min. Mixtures 
or crude extracta of plant CATs were then added to the working color 
solution and reacted for 5 min; stop buffer was added to terminate the 
reaction. Absorbance at 405 nm was measured and activity was calculated.

Yeast two-hybrid assays
For yeast two-hybrid assays, the full-length coding sequence (CDS) 
of HCPro was amplified and cloned into pGADT7 (Clontech). The 
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full-length CDSs of CAT1, CAT2, and CAT3 were amplified and cloned 
into pGBKT7 (Clontech). The yeast strain (AH109) was transformed 
with pairs of plasmids and grown on Double DO supplement (SD-Leu/-
Trp) for 3 d, then the co-transformants were shifted onto Quadruple DO 
supplement (SD-Leu/-Trp/-Ade/-His) to test for possible interactions.

Bimolecular fluorescence complementation (BiFC) assays and 
confocal microscopy
For BiFC assays, the full-length CDS of HCPro was cloned into the 
pXY104-cYFP vector (Yu et al., 2008). The full-length CDSs of CAT1, 
CAT2, and CAT3 were each cloned into the pXY103-nYFP vector (Yu 
et al., 2008). The constructs were transformed into A. tumefaciens strain 
GV3101, and mixed 1:1 immediately prior to being co-infiltrated into 
Nicotiana benthamiana leaves. The transfected plants were grown in the 
greenhouse for at least 48 h, and fluorescent signals were observed by 
a scanning microsystem (Leica). Confocal microscopy was performed 
using a Leica TCS SP5 II system confocal microscope. Green fluorescent 
protein (GFP) and mCherry were visualized at 488  nm and 543  nm, 
respectively.

GST pull-down assays
The GST pull-down assays were performed as described previously 
(Zhang et al., 2017). Approximately 10 μg of purified GST fusion proteins 
and GST were incubated with CATs fused to MBP in 500 μl of incu-
bation buffer (50 mM Tris–HCl, pH 6.8, 300 mM NaCl, 1.5% glycerol, 
0.6% Triton-X 100, 0.1% Tween) for 2 h at 4 °C. The beads were washed 
five times with incubation buffer. The washed beads were boiled in 2× 
SDS loading buffer, and proteins were separated by SDS–PAGE for pro-
tein gel blot analysis with anti-GST and anti-MBP antibodies.

Agroinfiltration and GFP imaging
VSR detection was performed as previously described (Zhang et  al., 
2018). Equal volumes of A. tumefaciens cultures (OD600=0.8) harboring 
plasmids expressing positive sense GFP (sGFP) (Bragg and Jackson, 
2004) and A.  tumefaciens cultures (OD600=0.8) harboring pCM1307-
HCPro-HA, pCM1307-CAT1-HA, and pCM1307-CAT3-HA expres-
sion vectors or an empty vector (EV; pCM1307-HA) control were mixed 
and co-infiltrated into the leaves of 4- to 5-week-old N.  benthamiana. 
GFP fluorescence in the agro-infiltrated plants was photographed under 
UV light using a long-wave UV lamp (https://www.crystaledge.com/
detail/SLXEAxxx). All experiments were repeated three times.

RNA extraction and qPCR analysis
Total RNA extraction, cDNA synthesis, and qPCR were performed as 
described by Zhang et al. (2010). qPCR analysis was carried out using 
the SYBR® Premix Ex Taq™ II (TAKARA) on a BIO-RAD CFX 
Connect™ Real-Time System, following the manufacturer’s instruction. 
Three independent experiments were performed, and three technical 
replicates of each experiment were performed. The Elongation factor 1a 
(EF1a) gene was used as an internal control for normalization of tran-
script levels. All primers used for gene expression analysis are shown in 
Supplementarty Table S1 at JXB online.

Protein extraction and western blotting analysis
Plant material was ground in an Eppendorf tube using 2× SDS sample 
buffer, centrifuged at 13 000 g for 10 min, and the supernatant was 
saved. For immunoblot analysis, total protein was separated by 10% 
SDS–PAGE and transferred to polyvinylidene fluoride (PVDF) mem-
branes. The membrane was blocked for 1 h in TBST buffer (10 mM 
Tris, pH 7.6, 150  mM NaCl, 1.0% Tween-20) with 5% skim milk 
powder at room temperature and then incubated with specific pri-
mary antibodies in TBST buffer for 1 h. After that, the membrane was 
washed with TBST buffer several times, and the blot was incubated 

with horseradish peroxide-conjugated secondary antibody (goat anti-
rabbit IgG, Thermo Fisher) at a dilution of 1/10 000 for detection by 
the enhanced chemiluminescence assay.

Statistical analysis
Samples were analyzed in triplicate, and the data are expressed as the 
mean ±SD unless noted otherwise. Statistical significance was deter-
mined using two-way ANOVA (LSD multiple-range test) or Student’s 
t-test. A difference at P<0.05 was considered significant.

Results

ChiVMV infection led to systemic necrosis in 
N. tabacum

After the N.  tabacum plants were inoculated with ChiVMV, 
they developed symptoms of mottling and distortion on the 
upper leaves at the early infection stages. Subsequently, nec-
rotic lesions appeared throughout all systemic leaves and were 
sometimes observed on the stem (Fig. 1A, B). Finally, the plant 
dies with spread of ChiVMV (Fig. 1B). The necrotic spots in-
duced by ChiVMV infection were found to be associated with 
an increase in H2O2 production, as measured by H2O2 content 
and transcript levels of RbohD and RbohF, which were a cru-
cial source of H2O2 (Fig. 1C, D). The results showed that the 
ChiVMV infection induced ROS accumulation.

ChiVMV infection altered the expression levels of CATs 
in N. tabacum

H2O2 is mainly decomposed by CAT in plants; thus we in-
vestigated whether ChiVMV infection influences the expres-
sion of CAT genes and the activity of CAT proteins. Both 
mock- and ChiVMV-inoculated tobacco leaves were collected 
at 3 days post-inoculation (dpi), 9 dpi, and 15 dpi. Then, the 
expression levels of CAT1, CAT2, and CAT3 in the collected 
tissues were determined by qPCR and western blot. As shown 
in Fig. 1E, CAT1, CAT2, and CAT3 mRNAs were induced in 
ChiVMV-inoculated leaves compared with mock-inoculated 
leaves. Systemically infected leaves also showed typical symp-
toms with a high level of ChiVMV accumulation (Fig.  1F). 
Western blotting with extracts of the same infected leaves also 
revealed that CAT proteins were accumulated in ChiVMV-
inoculated leaves compared with mock-inoculated leaves 
(Fig. 1G). In addition, the activities of CAT increased under 
ChiVMV infection (Fig. 1H). Taken together, these results in-
dicated that ChiVMV infection significantly up-regulated the 
mRNA levels of CAT1, CAT2, and CAT3 and the enzymatic 
activities of their products in host plants.

HCPro physically interacted with CAT1 and CAT3 in 
vitro and in vivo

To explore in what way CATs were involved in ChiVMV in-
fection, CAT1, CAT2, and CAT3 were used as bait to screen 
for their possible interaction factor. HCPro was identified as 
a CAT-interacting protein (Supplementary Fig. S1). Directed 
yeast two-hybrid assays validated that HCPro interacted with 
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CAT1 and CAT3 but not with CAT2 (Fig.  2A). To further 
examine whether CAT1, CAT2, and CAT3 directly inter-
acted with HCPro, we performed GST pull-down assays. 
The results showed that GST–HCPro directly interacted with 

CAT1 and CAT3 in vitro, but not with MBP alone (control) 
or CAT2–MBP (Fig.  2B). To verify whether HCPro inter-
acted with CAT in vivo, the BiFC assay was performed. When 
CAT1–nYFP (the N-terminus of yellow fluorescent protein) 

Fig. 1. The symptoms of ChiVMV infection on N. tabacum. Symptoms of ChiVMV-infected plants at (A) 20 dpi and (B) 40 dpi. Scale bars=5 cm (left 
panel) and 2.5 cm (right panel). The asterisk indicates the necrotic spot on the leaf and the arrow points to necrosis of the stem. (C) The content of 
H2O2 was measured at 9 dpi. (D) qPCR analysis of RbohD and RbohF expression levels at 9 dpi. (E) The transcript levels of catalase genes at 3, 9, and 
15 dpi. (F) Coat protein (CP) of ChiVMV accumulated at 3, 9, and 15 dpi. (G) Western blotting analysis of catalase protein in leaves at 3, 9, and 15 dpi. 
(H) Catalase activity was measured in mock- and ChiVMV-infected plants. Rubisco proteins were used as loading controls, and were stained using 
Coomassie brilliant blue (CBB). Systemically infected leaves were collected for detection. Values are means and SDs from three biological replicates per 
genotype and time point. Lower case letters indicate statistically significant differences (P<0.05). (This figure is available in color at JXB online.)
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and CAT3–nYFP were co-infiltrated with HCPro–cYFP (the 
C-terminus of YFP) in N. benthamiana leaves, strong YFP fluor-
escence was observed in the cytoplasm (Fig.  2C). However, 
leaves expressing CAT2–nYFP and HCPro–cYFP or other 
control combinations failed to show YFP signals (Fig. 2C, left 
panel and middle right panel). These results suggested that 
CAT1 and CAT3 could interact with HCPro in vivo.

To investigate which domain of HCPro is necessary for the 
interaction with CAT1 and CAT3, the CDSs of each func-
tional domain of HCPro reported by Plisson et al. (2003) were 
constructed into vector with an MBP tag (Fig. 3A). As shown 
in Fig. 3B and C, only the C-terminus of HCPro (HCPro-C, 
amino acids 301–457) could interact with CAT1 and CAT3 in 
GST pull-down assays, whereas all other derivatives of HCPro 
lost their interaction activities, suggesting that the C-terminal 
fragment of HCPro was required for the interaction.

To further explore the relationship among CAT1, CAT3, 
and HCPro, we performed co-localization assays. Agrobacterium 
cells expressing HCPro–GFP+CAT1–mCherry, CAT3–
mCherry+HCPro–GFP, and the negative controls were 
co-infiltrated into N.  benthamiana leaves, followed by con-
focal microscope observation of their localizations at 3 dpi. 
Aggregates were observed in plant cells co-expressing HCPro–
GFP+CAT1–mCherry and HCPro–GFP+CAT3–mCherry 
in the cytoplasm, while no aggregate was observed in cells ex-
pressing the negative controls (Supplementary Fig. S2). At the 
same time, we observed the co-localization of CAT1–mCherry, 

CAT3–mCherry, and HCPro–GFP, and they retained their 
original localizations in the cytoplasm.

ChiVMV HCPro inhibited catalase activity via specific 
protein interactions

To evaluate the biological significance of this specific interaction, 
HCPro transgenic N. tabacum lines (HCPro-OX) were generated 
(Supplementary Fig. S4) to test the levels of CAT1 and CAT3. 
The results showed that the levels of CAT1 and CAT3 mRNA 
and CAT protein did not change in response to HCPro (Fig. 4A, 
B). Then CAT1, CAT2, CAT3, and various truncated versions 
of HCPro were fused to MBP and expressed in E.  coli BL21 
cells, and the enzymatic activities of CATs in vitro were analyzed. 
CAT1, CAT2, and CAT3 were pre-incubated for 20 min with 
varying amounts of various truncated versions of HCPro (the 
molar ratio of the truncated versions of HCPro:CATs ranged 
from 0 to 6-fold ) (Supplementary Fig. S3). As shown in Fig. 4C, 
the enzymatic activity of CAT1 was inhibited by HC-C and 
HCPro with an increased molar ratio of truncated versions of 
HCPro:CAT1 from 0–2, but a further increased molar ratio 
had no significant effects on CAT1 activity. In the reaction of 
HC-N:CAT1 with the same molar ratio, HC-N did not affect 
CAT1 activity. In addition, truncated versions of HCPro and the 
full length of HCPro did not affect CAT2 enzymatic activity 
(Fig. 4D). However, CAT3 enzymatic reactions to which HC-C 
or HCPro protein were added appeared to have a lower level of 

Fig. 2. ChiVMV HCPro directly interacts with CAT1 and CAT3 in vitro and in vivo. (A) Yeast two-hybrid assay. The ability of cells to grow on synthetic 
dropout medium lacking Leu, Trp, His, and Ade (-LWHA) suggested the interaction. (B) GST pull-down assay showing the interaction among HCPro, 
CAT1, and CAT3 in vitro. Purified CAT1–MBP, CAT2–MBP, CAT3–MBP, or MBP was incubated with HCPro–GST. After being immunoprecipitated with 
GST beads, the proteins were detected by protein gel blot analysis with anti-MBP or anti-GST antibodies. (C) BiFC assay. HCPro interacted with CAT1 
and CAT3 in N. benthamiana leaves.Scale bars=30 μm. (This figure is available in color at JXB online.)
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CAT activity compared with that to which HC-N protein was 
added (Fig. 4E). The results demonstrated that HCPro interacted 
with CAT1 and CAT3 through their C-terminus and inhibited 
their activities in vitro.

To further illustrate the effects of the interaction be-
tween HCPro and CAT, we quantified the CAT activities in 
HCPro-OX plants. The results showed that CAT activity was 
inhibited in HCPro-OX plants compared with WT plants 
(Fig. 4F). Furthermore, the content of H2O2 was lower in WT 
plants than in HCPro-OX plants (Fig. 4G). To further confirm 
whether the H2O2 level was affected by interactions among 
CAT1, CAT3, and HCPro, the EV, CAT1, and CAT3 were 
introduced into the double cat1cat3 knockout (KO) lines to gen-
erate transiently expressing lines. As shown in Fig. 4K, the CAT 
activity was reduced in CAT1 transient expression plants under 
ChiVMV infection compared with mock-inoculated plants. 
However, leaves infiltrated with EV or CAT3 transient expres-
sion plants exhibited no significant difference in CAT activity 
compared with mock-inoculated leaves. As for H2O2 levels, no 
significant differences were detected in ChiVMV-inoculated 
EV and CAT3 plants. However, the H2O2 concentration was 
higher in ChiVMV-infected CAT1 transient expression plants 
than in mock-inoculated plants but lower than in ChiVMV-
infected EV or CAT3 transiently expressing plants (Fig. 4L). In 
an additional experiment, EV and CAT3 plants developed more 
serious symptoms and showed higher accumulations of virus 
compared with CAT1 plants (Fig. 4H–J). These results suggested 
that CAT1 activity was inhibited by the interaction between 
CAT1 and HCPro in N. tabacum.

CAT1 played an antiviral role during ChiVMV infection

To investigate whether CAT1, CAT3, or HCPro could alter 
ChiVMV infection, overexpressing transgenic lines of CAT1, 
CAT3 (CAT1-OX and CAT3-OX), and HCPro-OX, and 
knockout transgenic lines of cat1, cat3, and double cat1cat3 (cat1-KO, 
cat3-KO, and cat1cat3-KO) were generated (Supplementary Figs S4, 
S5). As shown in Supplementary Fig. S6, the transgenic plants had 
no obvious phenotype, except for HCPro-OX which displayed a 
long, narrow petiole and a slight curling of the leaves at 5–7 weeks 
old; however, this phenotype disappeared subsequently. Thirty-six 
seedings of each line were inoculated with ChiVMV and observed. 
At 9 dpi, cat1-KO, cat1cat3-KO, and HCPro-OX plants displayed 
more serious necrosis than WT plants, while CAT1-OX plants 
showed mild symptoms, suggesting that cat1-KO, cat1cat3-KO, 
and HCPro-OX plants were more susceptible to ChiVMV in-
fection, while the CAT1-OX lines displayed higher tolerance 
(Fig. 5A). Western blot assays of HCPro and the coat protein of 
ChiVMV revealed that virus accumulation was higher in cat1-KO 
and HCPro-OX plants than in WT plants, and the accumulation 
of that in CAT1-OX plants was the least (Fig. 5B). The accumula-
tion of ChiVMV coat protein and HCPro in systemic leaves was 
detected at 25 and 40 dpi. The results showed that the virus accu-
mulation in cat1-KO and cat1cat3-KO plants was the highest, fol-
lowed by that in WT, CAT3-OX, and cat3-KO plants, and that in 
CAT1-OX plants was the lowest (Fig. 5C, D). Unexpectedly, there 
was no detectable viral protein in newly emerging systemic leaves 
of virus-infected HCPro-OX plants at the late stage of infection (40 
dpi), suggesting that these plants were recovering from the infection 

Fig. 3. Identification of HCPro domains responsible for the interaction between host factors and HCPro. (A) Schematic description of deletion mutants 
of ChiVMV HCPro. HCPro can be divided schematically into three regions: the N-terminus (residues 1–100), central region (residues 101–300), and 
C-terminus (residues 301–457). (B) Identification of the interaction specificity between CAT1 and HCPro from different sources. (C) The C-terminus of 
HCPro is necessary for the interaction. Different purified deletion mutants of HCPro–MBP or MBP were incubated with CAT1–GST or CAT3–GST. After 
being immunoprecipitated with GST beads, the proteins were detected by protein gel blot analysis with anti-MBP or anti-GST antibodies. (This figure is 
available in color at JXB online.)
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(Fig. 5C, D). The accumulation of virus was still at a high level in 
cat1-KO and cat1cat3-KO plants, and they showed stunted pheno-
types and serious necrosis in the stem. In contrast, CAT1-OX plants 
showed minimal necrosis in the stem (Fig. 5C). These results indi-
cated that CAT1 functioned as an antiviral compound in response 
to ChiVMV infection.

CAT1 alleviated oxidative damage and modulated ROS 
balance under ChiVMV infection

Plant responses to various types of stress are associated with the 
generation of ROS (Baxter et al., 2014). We further detected the 
accumulations of superoxide and H2O2 using NBT and DAB 
staining procedures, respectively. Both procedures detected de-
creased staining in CAT1-OX leaves compared with WT under 

ChiVMV infection. However, DAB and NBT staining were 
greatly increased in cat1-KO and HCPro-OX leaves under 
virus infection (Fig. 6A, C). We further analyzed H2O2 content 
and NADPH oxidase activity. In HCPro-OX, cat1-KO, and 
cat1cat3-KO leaves, NADPH oxidase activity and H2O2 con-
tent were significantly higher than in CAT3-OX or cat3-KO 
under ChiVMV infection, while these increases were largely 
alleviated in CAT1-OX leaves (Fig.  6B, D). MDA content 
and RWC could also indicate the degree of damage to plants 
caused by environmental stress. Consistent with the ROS ac-
cumulation in Fig. 6A–D, the CAT1-OX plants showed lower 
levels of MDA, while the cat1-KO plants showed enhanced 
levels of MDA compared with the WT plants (Fig. 6E). In add-
ition, CAT1-OX plants maintained a higher RWC than WT 
plants under virus infection, while the RWC in HCPro-OX 

Fig. 4. HCPro interacted with CAT1 and CAT3 and inhibited their activities. (A) Gene expression of CAT1 and CAT3, and (B) their protein accumulations 
in the HCPro-OX lines and WT plants (using 8-week-old seedlings). (C) CAT1, (D) CAT2, and (E) CAT3 enzyme activity assays in reactions containing 
varying molar ratios of MBP–CAT to deletion mutants of HCPro. CAT (500 pM) was incubated with or without HCPro deletion mutants at 37 °C for 
the indicated times. MBP was used as negative control. The full length of HCPro is marked as HCPro. HC-N, amino acids 1–100; HC-C, amino acids 
301–457. (F) Catalase activity and (G) H2O2 content in the HCPro-OX lines and WT plants (using 8-week-old seedlings). (H) Necrosis symptoms, (I) 
coat protein (CP) accumulation, and (J) virus replication of EV, CAT1, and CAT3 introduced into cat1cat3-KO plants under ChiVMV infection. The circles 
indicate the area of necrosis. Scale bars=2.5 cm. (K) Catalase activity and (L) H2O2 content in EV, CAT1, and CAT3 introduced into cat1cat3-KO plants. 
Fw, fresh weight; EV, empty vector. Values are means and SDs from three biological replicates per genotype and time point. Lower case letters indicate 
statistically significant differences (P<0.05). (This figure is available in color at JXB online.)
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plants decreased significantly (Fig. 6F). Interestingly, the MDA 
content and RWC in CAT3-OX or -KO plants were similar to 
those in WT plants (Fig. 6E, F). To confirm the role of CAT3 
in response to ChiVMV infection, the CAT activities of the 
WT and mutants were examined. Consistent with published 
results, knockout of CAT1 but not of CAT3 significantly re-
duced CAT activity in N.  tabacum (Supplementary Fig. S7). 
These results illustrated that CAT1 played a leading role in 
regulating CAT activity, which alleviated oxidative damage.

Pre-treatment with H2O2 increased the susceptibility of 
plants to ChiVMV

To investigate a possible role for H2O2 in plant response 
to ChiVMV, WT, HCPro-OX, and CAT1-OX plants were 
chosen for further analysis. In H2O2-pre-treated plants, the 
necrosis symptoms were more serious than in water-pre-
treated plants (Fig. 7A). As shown in Fig. 7B, virus expres-
sion in WT plants was increased compared with CAT1-OX 
plants but reduced compared with HCPro-OX plants under 

H2O2 pre-treatment. Changes of photosynthetic param-
eters of PSII under stress conditions were determined. The 
results showed that in H2O2-pre-treated plants, the max-
imum photochemical efficiency of PSII in the dark-adapted 
state (Fv/Fm) was significantly lower than that in water-pre-
treated plants under ChiVMV infection (Fig.  7C, D). In 
contrast, the Fv/Fm of H2O2- and water-pre-treated mock 
plants were at the same level (Fig. 7D). These results demon-
strated that H2O2 promoted ChiVMV accumulation, which 
disturbed the PSII function of tobacco plants.

Influences of CAT1 and CAT3 on the RSS activity 
of HCPro

Given that HCPro has been well characterized as a VSR, the 
effects of CAT1 and CAT3 on the RSS activity of HCPro 
were analyzed. To achieve this, N.  benthamiana leaves were 
co-infiltrated with a mixture of A. tumefaciens carrying pGD-
GFP. The results showed that the mixture of HCPro and EV 
exhibited high fluorescence in the agroinfiltrated patches due 

Fig. 5. Overexpression of HCPro and knockout of CAT1 enhanced ChiVMV infection, whereas knockout of CAT3 did not affect ChiVMV infection. (A and 
C) Symptoms of the mock-inoculated or ChiVMV-infected WT and transgenic plants at 9, 15, and 40 dpi. Scale bars=5 cm (upper panel) and 0.25 cm 
(lower panel) in (A). Scale bars=10 cm (upper panel), 20 cm (middle panel), 1.5 cm (lower panel) in (C). (B and D) Detection of ChiVMV HCPro and coat 
protein (CP) in ChiVMV-infected WT and transgenic plants by western blot at 9, 25, and 40 dpi. Systemically infected leaves were collected for detection. 
(This figure is available in color at JXB online.)

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa304#supplementary-data
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to the RSS activity of HCPro (Fig. 8A, D). This was also the 
case when CAT1 or CAT3 was co-infiltrated with pGD-
GFP plus HCPro at 3 dpi (Fig.  8A, D). In contrast, tissues 
co-infiltrated with pGD-GFP plus CAT1 or CAT3 and EV 
exhibited very faint green fluorescence (Fig. 8A, D). Western 
blot analysis showed that GFP levels were positively correlated 
with the intensity of green fluorescence and the abundance of 
HCPro protein (Fig. 8B, E). qPCR analysis also showed that 
GFP mRNA levels correlated directly with the intensity of 
green fluorescence (Fig. 8C, F). In addition, co-infiltration of 
CAT and HCPro displayed the same level of green fluores-
cence as a mixture of HCPro and EV at 5 and 7 dpi (Fig. 8G, 

H). Taken together, these results suggested that interactions be-
tween CATs and HCPro could not attenuate the RSS activity 
of ChiVMV HCPro.

Discussion

Rapid production of ROS is associated with diverse physio-
logical processes (Xia et  al., 2009; Zhou et  al., 2014; Deng 
et al., 2016). On the one hand, some studies also suggested that 
low levels of ROS enhance tolerance against various types of 
stresses (Baxter et al., 2014; Xu et al., 2014; Deng et al., 2016). 

Fig. 6. Oxidative damage of plants with or without ChiVMV infection. (A) H2O2 levels were detected by DAB staining. (B) Quantitative measurements 
of H2O2 content. (C) Superoxide contents were detected by NBT staining. (D) Quantitative measurements of NADPH oxidase activity. Quantitative 
measurements of (E) RWC and (F) MDA content. Systemically infected leaves were collected for detection. Bars represent the mean and SD of values 
obtained from three biological repeats. Significant differences (P<0.05) are denoted by different lower case letters. FW, fresh weight. (This figure is 
available in color at JXB online.)
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On the other hand, ROS are harmful byproducts of aerobic 
metabolism or results of pathogen infection, which induce oxi-
dative burst with elevated levels of H2O2 (Choi et  al., 2007; 
Deng et al., 2015). CATs are important antioxidative enzymes 
that contribute to maintain the redox balance and response 
to various stresses (Mhamdi et al., 2012; Li et al., 2015). Our 
present study showed that ChiVMV infection caused H2O2 
burst and systemic necrosis in N. tabacum (Fig. 1B, D). In add-
ition, the transcript levels of CAT genes and CAT activity 
were increased in response to ChiVMV infection (Fig.  1G, 
H). Furthermore, WT plants pre-treated with H2O2 suffered 
a dramatic increase of virus accumulation and had more ser-
ious symptoms (Fig. 7). In contrast, overexpression of CAT1 
reduced ChiVMV accumulation and alleviated symptoms in 
N.  tabacum plants, whereas knockout of CAT1 increased the 
virus accumulation (Fig.  5). These findings suggested that 
CATs played an antiviral role in N. tabacum plants in response 
to ChiVMV infection.

The effects of interaction between CATs and the virus 
varied in different plant–pathogen systems. For example, CAT 
activity was inhibited by indirect interactions between the 2b 
protein of Cucumber mosaic virus and CAT3. Nevertheless, the 
interaction between triple gene block protein 1 and tomato 
CAT1 enhanced CAT activity to facilitate virus accumulation 

(Inaba et al., 2011; Mathioudakis et al., 2013). In this study, we 
found that HCPro of ChiVMV could interact with CAT1 
and CAT3 in vitro and in vivo to inhibit their activities (Figs 2, 
4; Supplementary Fig. S1), and the C-terminal domain of 
HCPro was critical for the interaction (Fig. 3). The inhibition 
of CAT activities induced a high level of H2O2, which was 
toxic for plants and contributed to virus accumulation. In add-
ition, HCPro-OX plants exhibited reduced CAT activity and 
accumulated a high level of virus compared with WT plants at 
the early stage post-viral infection (Figs 4, 5). All of these find-
ings demonstrated that the interaction between HCPro and 
CAT contributed to virus accumulation.

Certain plant–virus interactions lead to disease recovery 
at later stages of infection via crosstalk between post-
transcriptional gene silencing (PTGS) and transcriptional 
gene silencing (TGS) pathways involved in the disease re-
covery (Ratcliff et al., 1997; Baulcombe, 2004; Kørner et al., 
2018). A previous study demonstrated that a high expression 
level of Potato virus A HCPro showed a peculiar recovery 
phenotype in plants due to the level of sequence homology 
between the virus and the overexpressed gene (Savenkov 
and Valkonen, 2002). In HCPro-OX lines, interaction be-
tween HCPro and CAT1 led to a lower level of CAT ac-
tivity and resulted in more virus accumulation and serious 

Fig. 7. Pre-treatment with H2O2 increased susceptibility of plants to ChiVMV infection. (A) Symptoms of the ChiVMV-infected WT, HCPro-OX, and 
CAT1-OX plants with H2O2 or H2O pre-treatment at 9 dpi. Scale bars=2 cm. (B) Detection of virus accumulation in ChiVMV-infected WT, HCPro-OX, and 
CAT1- OX plants with H2O2 or H2O pre-treatment at 9 dpi by qPCR analysis. (C) Images of the maximum PSII quantum yield (Fv/Fm) in WT, HCPro-OX, 
and CAT1-OX plants with H2O2 or H2O pre-treatment at 9 dpi. (D) Average values of Fv/Fm for the respective chlorophyll fluorescence images. Ten plants 
were used for each treatment, and a picture of one representative leaf is shown. Systemically infected leaves were collected for detection. Bars represent 
the mean and SD of values obtained from six independent plants. Significant differences (P<0.05) are denoted by different lower case letters. (This figure 
is available in color at JXB online.)

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa304#supplementary-data
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oxidative damage in HCPro-OX plants than in WT plants 
at 9 dpi (Figs 4F, 5A, B, 6). However, the necrosis symptoms 
disappeared in HCPro-OX plants, and the virus concen-
tration was reduced at 25 dpi compared with WT plants. 
Furthermore, no virus was detectable in leaves and stems, 
and plants appeared ‘healthy’ in the HCPro-OX line at 40 
dpi (Fig.  5C, D), This implied that although the infected 
HCPro-OX plants showed more serious disease symptoms 
due to the high level of HCPro inhibiting the activity of 
CATs at the early stage of virus infection, the RNA silen-
cing pathway based on dsRNA of HCPro played an antiviral 
role at the late stage of infection, resulting in eventual plant 
‘recovery’.

VSRs have been regarded as a counter for plant defenses 
to facilitate viral infection (Mathioudakis et  al., 2013; Chen 
et  al., 2017; Hafrén et  al., 2018). The VSR of Tomato yellow 
leaf curl China virus increased the expression of the tobacco 
calmodulin-like protein rgs-CaM to strengthen the activity of 
RSS (Makiyama et al., 2016). To muzzle virus attack, host fac-
tors have also been illustrated to affect the activity of VSR (Wu 
et al., 2010; Nakahara and Masuta 2014). Nicotiana tabacum rgs-
CaM was shown to bind to VSR protein and attenuated the 
RSS activity of VSR against viral infection (Nakahara et  al., 
2012). Canto et al. (2006) and Chen et al. (2017) proved that 
the silencing suppression activities of VSR were altered by a 
host factor. HCPro of Potyviridae is a multitasking protein for 

Fig. 8. The local RSS activity of ChiVMV HCPro was not influenced by host factors CAT1 and CAT3. (A and D) Nicotiana benthamiana leaves were 
infiltrated with a mixture of three A. tumefaciens cultures carrying different constructs, as indicated in the middle panel, and photographed at 3 dpi. (B 
and E) Western blot analysis of protein extracts from N. benthamiana leaves infiltrated with mixtures of A. tumefaciens carrying different constructs as 
indicated on the left. The expression of CAT1 and CAT3 was confirmed with CAT antibody. The expression of HCPro and GFP was confirmed with HCPro 
and GFP antibodies, respectively. Coomassie Brilliant Blue (CBB) staining of the large subunit of Rubisco was used as a loading control. (C and F) qPCR 
analysis of the GFP mRNA accumulation level. Bars represent the mean and SD of values obtained from three biological repeats. Significant differences 
(P<0.05) are denoted by different lower case letters. (G and H) Nicotiana benthamiana leaves were infiltrated with a mixture of three A. tumefaciens 
cultures and photographed at 5 and 7 dpi. (This figure is available in color at JXB online.)
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viral transmission, polyprotein maturation, and RNA silencing 
suppression (Valli et al., 2018). Our present study showed that 
the interaction between CATs and ChiVMV HCPro failed to 
repress the RSS activity of HCPro (Fig. 8). It also showed that 
viruses can use various strategies to resist plant defense, and our 
work demonstrated a novel role for HCPro in virus infection 
and pathogenicity.

In conclusion, our results indicated that systemic necrosis 
caused by ChiVMV infection in N. tabacum plants was related 
to the interaction between ChiVMV silencing suppressor pro-
tein HCPro and NtCATs. On the one hand, plants developed 
CAT to remove harmful H2O2 for maintaining cell homeo-
stasis under stress conditions. As a counter for plant defense, 
the virus also employed mechanisms such as VSRs to facili-
tate their life activities. When encountering virus infection, 
CATs in N. tabacum plants were firstly activated in response to 
ChiVMV infection. Then, HCPro interacted with CAT1 to 
inhibit CAT activity, resulting in H2O2 generation to aid virus 
infection. Finally, ROS burst induced systemic cell death of in-
fected plants. This work demonstrates a novel role for VSRs in 
virus–host interactions and contributes to our understanding 
of complex viral counter-host mechanisms.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. CATs specifically interacted with HCPro.
Fig. S2. CAT1 and CAT3 co-localized to ChiVMV HCPro 

in N. benthamiana leaves. 
Fig. S3. Coomassie brilliant blue staining of CAT1, CAT2, 

CAT3, and deletion mutants of HCPro at the varying amounts 
used in this assay.

Fig. S4. Identification of overexpression transgenic plants.
Fig. S5. Phenotype and identification of cat1-KO, cat3-KO, 

and cat1cat3-KO transgenic lines.
Fig. S6. Phenotype of WT and transgenic lines at different 

growing stage in T1 lines. 
Fig. S7. Catalase activity of WT and transgenic lines.
Table S1. Primers used for construction of vectors and real-

time PCR analysis.

Acknowledgements

This work was supported by the National Natural Science Foundation of 
China (31772131, 31270290, and 31171835), the Applied Basic Research 
Fund of Sichuan Province (2019YJ0135), and the Fundamental Research 
Funds for the Central Universities (SCU2019D013). We thank Professor 
Dawei Li (College of Biological Sciences, China Agricultural University) 
for providing the PGD plasmid. The vector and the CRISPR/Cas9 method 
were kindly provided by Professor Qijun Chen (College of Biological 
Sciences, China Agricultural University). We acknowledge the Center of 
Growth, Metabolism and Aging (CGMA) in Sichuan University for pro-
viding confocal laser scanning microscopy (Leica TCS SP5 II system).

Data availability

All data in this manuscript are fully available without restriction.

References
Anandalakshmi R, Pruss GJ, Ge X, Marathe R, Mallory AC, Smith TH, 
Vance VB. 1998. A viral suppressor of gene silencing in plants. Proceedings 
of the National Academy of Sciences, USA 95, 13079–13084.

Baulcombe D. 2004. RNA silencing in plants. Nature 431, 356–363.

Baxter A, Mittler R, Suzuki N. 2014. ROS as key players in plant stress 
signalling. Journal of Experimental Botany 65, 1229–1240.

Bragg JN, Jackson AO. 2004. The C-terminal region of the Barley stripe 
mosaic virus gammab protein participates in homologous interactions and 
is required for suppression of RNA silencing. Molecular Plant Pathology 5, 
465–481.

Canto  T, Uhrig  JF, Swanson  M, Wright  KM, MacFarlane  SA. 2006. 
Translocation of Tomato bushy stunt virus P19 protein into the nucleus 
by ALY proteins compromises its silencing suppressor activity. Journal of 
Virology 80, 9064–9072.

Chelikani P, Fita I, Loewen PC. 2004. Diversity of structures and prop-
erties among catalases. Cellular and Molecular Life Sciences 61, 192–208.

Chen L, Yan Z, Xia Z, Cheng Y, Jiao Z, Sun B, Zhou T, Fan Z. 2017. A 
violaxanthin deepoxidase interacts with a viral suppressor of RNA silencing 
to inhibit virus amplification. Plant Physiology 175, 1774–1794.

Choi HW, Kim YJ, Lee SC, Hong JK, Hwang BK. 2007. Hydrogen per-
oxide generation by the pepper extracellular peroxidase CaPO2 activates 
local and systemic cell death and defense response to bacterial pathogens. 
Plant Physiology 145, 890–904.

Chung BY, Miller WA, Atkins JF, Firth AE. 2008. An overlapping essential 
gene in the potyviridae. Proceedings of the National Academy of Sciences, 
USA 105, 5897–5902.

Deng XG, Zhu T, Zhang DW, Lin HH. 2015. The alternative respiratory 
pathway is involved in brassinosteroid-induced environmental stress tol-
erance in Nicotiana benthamiana. Journal of Experimental Botany 66, 
6219–6232.

Deng XG, Zhu T, Zou LJ, Han XY, Zhou X, Xi DH, Zhang DW, Lin HH. 
2016. Orchestration of hydrogen peroxide and nitric oxide in brassinosteroid-
mediated systemic virus resistance in Nicotiana benthamiana. The Plant 
Journal 85, 478–493.

Fang S, Yu J, Feng J, Han C, Li D, Liu Y. 2001. Identification of Rice 
black-streaked dwarf fijivirus in maize with rough dwarf disease in China. 
Archives of Virology 146, 167–170.

Foreman J, Demidchik V, Bothwell  JH, et al. 2003. Reactive oxygen 
species produced by NADPH oxidase regulate plant cell growth. Nature 
422, 442–446.

Gao F, Jin J, Zou W, Liao F, Shen J. 2016. Geographically driven adap-
tation of Chilli veinal mottle virus revealed by genetic diversity analysis of the 
coat protein gene. Archives of Virology 161, 1329–1333.

Gechev TS, Hille J. 2005. Hydrogen peroxide as a signal controlling plant 
programmed cell death. Journal of Cell Biology 168, 17–20.

Hafrén A, Üstün S, Hochmuth A, Svenning S, Johansen T, Hofius D. 
2018. Turnip mosaic virus counteracts selective autophagy of the viral silen-
cing suppressor HCpro. Plant Physiology 176, 649–662.

Hamilton AJ, Baulcombe DC. 1999. A species of small antisense RNA in 
posttranscriptional gene silencing in plants. Science 286, 950–952.

Hasiów-Jaroszewska B, Fares MA, Elena SF. 2014. Molecular evolution 
of viral multifunctional proteins: the case of potyvirus HC-Pro. Journal of 
Molecular Evolution 78, 75–86.

Inaba J, Kim BM, Shimura H, Masuta C. 2011. Virus-induced necrosis 
is a consequence of direct protein–protein interaction between a viral 
RNA-silencing suppressor and a host catalase. Plant Physiology 156, 
2026–2036.

Jin L, Qin Q, Wang Y, et al. 2016. Rice dwarf virus P2 protein hijacks auxin 
signaling by directly targeting the rice OsIAA10 protein, enhancing viral in-
fection and disease development. PLoS Pathogens 12, e1005847.

Kasschau KD, Carrington JC. 1998. A counterdefensive strategy of plant 
viruses: suppression of posttranscriptional gene silencing. Cell 95, 461–470.

Kørner CJ, Pitzalis N, Peña EJ, Erhardt M, Vazquez F, Heinlein M. 
2018. Crosstalk between PTGS and TGS pathways in natural antiviral im-
munity and disease recovery. Nature Plants 4, 157–164.

Li J, Liu J, Wang G, et al. 2015. A chaperone function of NO CATALASE 
ACTIVITY1 is required to maintain catalase activity and for multiple stress 
responses in Arabidopsis. The Plant Cell 27, 908–925.



5668 | Yang et al.

Makiyama  RK, Fernandes  CA, Dreyer  TR, Moda  BS, Matioli  FF, 
Fontes MR, Maia IG. 2016. Structural and thermodynamic studies of the 
tobacco calmodulin-like rgs-CaM protein. International Journal of Biological 
Macromolecules 92, 1288–1297.

Mathioudakis  MM, Veiga  RS, Canto  T, Medina  V, Mossialos  D, 
Makris AM, Livieratos I. 2013. Pepino mosaic virus triple gene block pro-
tein 1 (TGBp1) interacts with and increases tomato catalase 1 activity to 
enhance virus accumulation. Molecular Plant Pathology 14, 589–601.

Mhamdi A, Noctor G, Baker A. 2012. Plant catalases: peroxisomal redox 
guardians. Archives of Biochemistry and Biophysics 525, 181–194.

Mhamdi A, Queval G, Chaouch S, Vanderauwera S, Van Breusegem F, 
Noctor G. 2010. Catalase function in plants: a focus on Arabidopsis mutants 
as stress-mimic models. Journal of Experimental Botany 61, 4197–4220.

Miller  G, Schlauch  K, Tam  R, Cortes  D, Torres  MA, Shulaev  V, 
Dangl JL, Mittler R. 2009. The plant NADPH oxidase RBOHD mediates 
rapid systemic signaling in response to diverse stimuli. Science Signaling 
2, ra45.

Mittler  R, Vanderauwera  S, Gollery  M, Van  Breusegem  F. 2004. 
Reactive oxygen gene network of plants. Trends in Plant Science 9, 
490–498.

Nakahara KS, Masuta C. 2014. Interaction between viral RNA silencing 
suppressors and host factors in plant immunity. Current Opinion in Plant 
Biology 20, 88–95.

Nakahara KS, Masuta C, Yamada S, et al. 2012. Tobacco calmodulin-
like protein provides secondary defense by binding to and directing deg-
radation of virus RNA silencing suppressors. Proceedings of the National 
Academy of Sciences, USA 109, 10113–10118.

Niehl A, Wyrsch I, Boller T, Heinlein M. 2016. Double-stranded RNAs 
induce a pattern-triggered immune signaling pathway in plants. New 
Phytologist 211, 1008–1019.

Plisson  C, Drucker  M, Blanc  S, German-Retana  S, Le  Gall  O, 
Thomas  D, Bron  P. 2003. Structural characterization of HC-Pro, a 
plant virus multifunctional protein. Journal of Biological Chemistry 278, 
23753–23761.

Pumplin N, Voinnet O. 2013. RNA silencing suppression by plant patho-
gens: defence, counter-defence and counter-counter-defence. Nature 
Reviews. Microbiology 11, 745–760.

Ratcliff F, Harrison BD, Baulcombe DC. 1997. A similarity between viral 
defense and gene silencing in plants. Science 276, 1558–1560.

Savenkov EI, Valkonen JPT. 2002. Silencing of a viral RNA silencing sup-
pressor in transgenic plants. Journal of General Virology 83, 2325–2335.

Suzuki  N, Koussevitzky  S, Mittler  R, Miller  G. 2012. ROS and 
redox signalling in the response of plants to abiotic stress. Plant, Cell & 
Environment 35, 259–270.

Urcuqui-Inchima S, Maia IG, Arruda P, Haenni AL, Bernardi F. 2000. 
Deletion mapping of the potyviral helper component-proteinase reveals two 
regions involved in RNA binding. Virology 268, 104–111.

Valli AA, Gallo A, Rodamilans B, López-Moya JJ, García JA. 2018. The 
HCPro from the potyviridae family: an enviable multitasking helper component 
that every virus would like to have. Molecular Plant Pathology 19, 744–763.

Varrelmann M, Maiss E, Pilot R, Palkovics L. 2007. Use of pentapeptide-
insertion scanning mutagenesis for functional mapping of the plum pox 
virus helper component proteinase suppressor of gene silencing. Journal of 
General Virology 88, 1005–1015.

Vijayapalani P, Maeshima M, Nagasaki-Takekuchi N, Miller WA. 2012. 
Interaction of the trans-frame potyvirus protein P3N-PIPO with host protein 
PCaP1 facilitates potyvirus movement. PLoS Pathogens 8, e1002639.

Wang A. 2015. Dissecting the molecular network of virus–plant interactions: 
the complex roles of host factors. Annual Review of Phytopathology 53, 
45–66.

Wang ZP, Xing HL, Dong L, Zhang HY, Han CY, Wang XC, Chen QJ. 
2015. Egg cell-specific promoter-controlled CRISPR/Cas9 efficiently gen-
erates homozygous mutants for multiple target genes in Arabidopsis in a 
single generation. Genome Biology 16, 144.

Willekens  H, Chamnongpol  S, Davey  M, Schraudner  M, 
Langebartels C, Van Montagu M, Inzé D, Van Camp W. 1997. Catalase 
is a sink for H2O2 and is indispensable for stress defence in C3 plants. The 
EMBO Journal 16, 4806–4816.

Willekens  H, Inzé  D, Van  MM, Van  CW. 1995. Catalases in plants. 
Molecular Breeding 1, 207–228.

Wu Q, Wang X, Ding SW. 2010. Viral suppressors of RNA-based viral im-
munity: host targets. Cell Host & Microbe 8, 12–15.

Xia XJ, Wang YJ, Zhou YH, Tao Y, Mao WH, Shi K, Asami T, Chen Z, 
Yu  JQ. 2009. Reactive oxygen species are involved in brassinosteroid-
induced stress tolerance in cucumber. Plant Physiology 150, 801–814.

Xu J, Xie J, Yan C, Zou X, Ren D, Zhang S. 2014. A chemical genetic 
approach demonstrates that MPK3/MPK6 activation and NADPH oxidase-
mediated oxidative burst are two independent signaling events in plant im-
munity. The Plant Journal 77, 222–234.

Yang T, Xu ZP, Lv R, Zhu LS, Peng QD, Qiu L, Tian ZH, Lin HH, Xi DH. 
2018. N gene enhances resistance to Chilli veinal mottle virus and hypersen-
sitivity to salt stress in tobacco. Journal of Plant Physiology 230, 92–100.

Yu X, Li L, Li L, Guo M, Chory J, Yin Y. 2008. Modulation of brassinosteroid-
regulated gene expression by Jumonji domain-containing proteins ELF6 and 
REF6 in Arabidopsis. Proceedings of the National Academy of Sciences, 
USA 105, 7618–7623.

Yuan HM, Liu WC, Lu YT. 2017. CATALASE2 coordinates SA-mediated 
repression of both auxin accumulation and JA biosynthesis in plant de-
fenses. Cell Host & Microbe 21, 143–155.

Zhang DW, Xu F, Zhang ZW, Chen YE, Du JB, Jia SD, Yuan S, Lin HH. 
2010. Effects of light on cyanide-resistant respiration and alternative oxi-
dase function in Arabidopsis seedlings. Plant, Cell & Environment 33, 
2121–2131.

Zhang K, Zhang Y, Yang M, Liu S, Li Z, Wang X, Han C, Yu J, Li D. 
2017. The Barley stripe mosaic virus γb protein promotes chloroplast-
targeted replication by enhancing unwinding of RNA duplexes. PLoS 
Pathogens 13, e1006319.

Zhang X, Dong K, Xu K, et al. 2018. Barley stripe mosaic virus infec-
tion requires PKA-mediated phosphorylation of γb for suppression of both 
RNA silencing and the host cell death response. New Phytologist 218, 
1570–1585.

Zhou J, Wang J, Li X, Xia XJ, Zhou YH, Shi K, Chen Z, Yu JQ. 2014. 
H2O2 mediates the crosstalk of brassinosteroid and abscisic acid in tomato 
responses to heat and oxidative stresses. Journal of Experimental Botany 
65, 4371–4383.

Zimmermann P, Heinlein C, Orendi G, Zentgraf U. 2006. Senescence-
specific regulation of catalase in Arabidopsis thaliana (L.) Heynh. Plant, Cell 
& Environment 29, 1049–1056.


