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Abstract

Ascorbic acid (AA) is the major antioxidant buffer produced in the shoot tissue of plants. Previous studies on root-knot 
nematode (RKN; Meloidogyne graminicola)-infected rice (Oryza sativa) plants showed differential expression of 
AA-recycling genes, although their functional role was unknown. Our results confirmed increased dehydroascorbate 
(DHA) levels in nematode-induced root galls, while AA mutants were significantly more susceptible to nematode in-
fection. External applications of ascorbate oxidase (AO), DHA, or reduced AA, revealed systemic effects of ascorbate 
oxidation on rice defence versus RKN, associated with a primed accumulation of H2O2 upon nematode infection.
To confirm and further investigate these systemic effects, a transcriptome analysis was done on roots of foliar 
AO-treated plants, revealing activation of the ethylene (ET) response and jasmonic acid (JA) biosynthesis pathways 
in roots, which was confirmed by hormone measurements. Activation of these pathways by methyl-JA, or ethephon 
treatment can complement the susceptibility phenotype of the rice Vitamin C (vtc1) mutant. Experiments on the 
jasmonate signalling (jar1) mutant or using chemical JA/ET inhibitors confirm that the effects of ascorbate oxidation 
are dependent on both the JA and ET pathways. Collectively, our data reveal a novel pathway in which ascorbate oxi-
dation induces systemic defence against RKNs.

Keywords:   Ascorbate oxidase, ascorbic acid, dehydroascorbic acid, hormones, reactive oxygen species, rice Meloidogyne 
graminicola, systemic defence.

Introduction

Rice has been cultivated as a staple crop for many years, and 
sustains approximately half of the world’s population (Seck 
et al., 2012). Rice is also a model plant for molecular studies 

due to its fully sequenced genome, availability of functional 
genomic tools, and relatively easy production of transgenic 
plants (Shimamoto and Kyozuka, 2002; Han et al., 2007; Lyu, 
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2018). Yield losses in rice because of parasitic nematodes have 
been estimated to range between 10% and 25% worldwide 
(Bridge et al., 2005; Kyndt et al., 2014). Meloidogyne graminicola 
or the rice root-knot nematode (RKN) is one of the most 
prevalent nematodes in various rice-growing agrosystems 
(Mantelin et  al., 2017). The infective second-stage juveniles 
(J2s) of M. graminicola enter the root in the elongation zone 
and move intercellularly until they reach the vascular cylinder 
where they induce the formation of feeding sites containing 
5–8 giant cells, leading to root galls, preferentially at the root 
tips (Kyndt et  al., 2014; Mantelin et  al., 2017; EPPO, 2018). 
Once the giant cells are established, the nematodes become 
sedentary, start feeding, and moult three times to reach the 
adult stage (Triantaphyllou, 1969; Mantelin et al., 2017).

Upon pathogen attack, the plant innate immune system 
responds with a series of local and systemic defence mech-
anisms (Jones and Dangl, 2006; Dhankher et  al., 2018). The 
plant immune system can be activated externally, for example 
by applying hormone analogues [systemic acquired resist-
ance, dependent on salicylate (SA)] or by beneficial micro-
organisms [induced systemic resistance, usually mediated by 
jasmonic acid (JA) and ethylene (ET)]. In previous work, it was 
shown that root application of β-aminobutyric acid (BABA) 
(Ji et al., 2015; Jisha and Puthur, 2016), thiamine (Huang et al., 
2016), or silicon (Zhan et  al., 2018) enhances the rice plant 
defence system, leading to improved tolerance or resistance 
against root parasitic nematodes. Systemic defence activation 
has also been observed: foliar application of methyl-JA (MeJA), 
ethephon, the SA analogue BTH, or COS–OGA [Fytosave®, 
a mixture of chitosan oligomers (COS) and pectin fragments 
(oligogalacturonides, OGAs)] activates root defence pathways 
with varying efficacy (Nahar et al., 2011; Singh et al., 2019).

One of the earliest hallmarks of induced plant defence is 
the oxidative burst (Foyer and Noctor, 2005). Reactive oxygen 
species (ROS) can be directly toxic to pathogens and can func-
tion as secondary messengers of signal transduction pathways 
controlling pathogen defence responses (Apel and Hirt, 2004; 
Miller et  al., 2008; Mittler et  al., 2011; Gilroy et  al., 2016). 
However, overproduction of ROS can cause oxidative damage 
to cells (Foyer and Noctor, 2005; Miller et al., 2010; Mukherjee 
et al., 2010). To keep the levels of ROS under control, plants 
have an antioxidant-scavenging network consisting of enzymes, 
such as superoxide dismutase, ascorbate peroxidase (APX), and 
catalase, together with non-enzymatic antioxidants such as as-
corbic acid (AA), glutathione, pyridine, and NAD+ (Pastori 
and Foyer, 2002; Gechev et al., 2006; Foyer and Noctor, 2011; 
Mittler et al., 2011; Pétriacq et al., 2013; Foyer, 2017; Gakière 
et al., 2018).

Water-soluble AA is the most abundant and ubiquitous 
cellular antioxidant in plants (Davey et  al., 2000; Smirnoff 
and Wheeler, 2000; Foyer and Noctor, 2005; Foyer, 2017; 
Smirnoff, 2018). AA biosynthesis in plants is controlled by 
light and predominantly occurs via the d-Man/l-Gal pathway 
with d-mannose and l-galactose as intermediates (Ivanov 
Kavkova et al., 2019), while other pathways are still under de-
bate (Smirnoff and Wheeler, 2000; Wheeler et al., 2015). AA 
biosynthesis through GDP-l-galactose involves multiple en-
zymatic steps including phosphomannose isomerase (PMI), 

GDP-mannose-3,5-epimerase (aka Vitamin C1, VTC1), and 
GDP-l-galactose phosphorylase (GGP) (Höller et al., 2015). In 
the symplast, the enzyme APX plays a role in ROS metabolism 
by catalysing the conversion of hydrogen peroxide (H2O2) to 
H2O and O2, using two molecules of AA (Asada et al., 1999). 
In rice, eight isoforms of APX have been characterized and 
mostly the thylakoid-bound APX, namely APX8, modulates 
H2O2 content (Jardim-Messeder et  al., 2018). Ascorbate has 
been described to be a cofactor for some enzymes involved in 
phytohormone biosynthesis (Anjum et al., 2014), such as gib-
berellins, ET, and abscisic acid (ABA) (Pastori et al., 2003; Barth 
et al., 2006; Ye et al., 2012; Zhang et al., 2012; Chen et al., 2014). 
For example, ET, cyanide, and dehydroascorbate (DHA) are 
formed from 1-aminocyclopropane-1-carboxylate (ACC) and 
AA through a chemical reaction which is catalysed by ACC 
oxidase.

The redox status of the apoplastic AA pool, which is regulated 
by ascorbate oxidase (AO) (Pignocchi and Foyer, 2003; Foyer 
and Noctor, 2005; Fotopoulos and Kanellis, 2013), influences 
plant growth and responses to hormones, antioxidant enzyme 
activities, mitogen-activated protein kinase (MAPK) activity, 
and transcripts associated with calcium channels (Pignocchi 
and Foyer, 2003). AO catalyses oxidation of AA to DHA via 
the unstable radical monodehydroascorbate (MDHA). DHA 
is transported from the apoplast to the symplast and reduced 
back to AA through the symplastic AA–glutathione (AA–
GSH) cycle (Horemans et al., 2000a) including among others 
dehydroascorbate reductases (DHARs) (Foyer, 2017; Smirnoff, 
2018). AO gene expression is induced by light (Pignocchi and 
Foyer, 2003; Nanasato et al., 2005), auxin (Esaka et al., 1992; 
Pignocchi and Foyer, 2003), and JA (Sanmartin et  al., 2007). 
Studies show that the apoplastic AO influences both symplastic 
and apoplastic AA/DHA ratios (Yamamoto et al., 2005), and 
that apoplastic oxidation has major effects on cell expansion 
(Esaka et al., 1992; Li et al., 2017). Although both AO and APX 
are responsible for the oxidation of the ascorbate pool, the 
electron acceptors are different, namely O2 in the former and 
H2O2 in the latter reaction.

Several studies show a negative correlation between the 
amount of AA and resistance to aboveground pathogens. Pavet 
et al. (2005) showed that Arabidopsis vtc1 mutants exhibit en-
hanced basal resistance against Pseudomonas syringae, accom-
panied by increased cell death activation. Confirming this 
view, these mutants were shown to contain elevated levels of 
SA and H2O2, and the authors proposed that AA may hinder 
H2O2-facilitated defence (Mukherjee et  al., 2010). However, 
there are also reports on the role of AA in defence against 
pathogens. Brassica rapa cultivars with naturally high amounts 
of AA showed enhanced resistance to Turnip mosaic virus, while 
vtc1 plants are more susceptible than wild-type lines (Fujiwara 
et al., 2016).

In our previously published transcriptome analyses on galls 
and giant cells induced by the RKN M. graminicola in rice roots, 
a significant differential expression of several genes encoding 
proteins involved in AA recycling (e.g. DHAR and APX) was 
detected in nematode-induced galls and in isolated giant cells 
(Kyndt et al., 2012; Ji et al., 2013). In a follow-up analysis on 
aboveground tissue of RKN-infected plants, we revealed that 
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the rice shoot is under oxidative stress, with significant differ-
ential expression of redox signalling genes, associated with ac-
cumulation of H2O2 and lipid peroxidation (Kyndt et al., 2017). 
It is well known that upon pathogen infection in shoots, accu-
mulation of ROS directs the AA pool towards a more oxidative 
state (Foyer and Noctor, 2005). Similarly, although AA levels 
are generally extremely low in plant roots (Mozafar and Oertli, 
1993; Matamoros et al., 2006), oxidized AA—DHA—has been 
found to accumulate in nodules induced by legumes (Puppo 
et al., 2005; Matamoros et al., 2006) and feeding sites induced 
by parasitic cyst nematodes in Arabidopsis (Siddique et  al., 
2014). When considering RKNs, Arrigoni et  al. (1979) have 
shown a significant accumulation of AA in roots of nematode-
resistant tomato cultivars upon nematode infection, but not 
in susceptible cultivars. In the compatible M. incognita–tomato 
interaction, treating tomato with AA suppressed the number 
of galls, females, and egg masses (Melillo et al., 1983; Al-Sayed 
and Thomason, 1988), and the activity and gene expression of 
APX were shown to be induced in galls (Veronico et al., 2017).

In this study, we sought to evaluate the role of AA and its 
redox state in controlling the susceptibility of rice to RKNs. 
We demonstrate that oxidation of AA is enhancing systemic 
defence against M. graminicola through activation of JA and ET 
biosynthesis and is correlated with primed H2O2 accumulation 
upon nematode infection in roots.

Materials and methods

Plant material and growth conditions
Seeds of wild-type rice Oryza sativa cv. ‘Nipponbare’ were obtained 
from USDA (GSOR-100). Different TOS17 insertional mutants in 
Nipponbare were obtained from the Rice Genome Resource Center 
of the National Institute of Agrobiological Sciences (Hirochika et  al., 
1996; Hirochika, 2001), a mutant in jasmonic acid amido-synthetase 
(Osjar1, NC2728 (Miyao et al., 2003; Riemann et al., 2008), a mutant in 
GDP-mannose-3,5-epimerase (gme=vtc1, ND6172; LOC_Os10g28200), 
known to contain 20–30% less ascorbate (Frei et  al., 2012), a mutant 
in mannose-6-phosphate isomerase (=phosphomannose isomerase, 
pmi, NF5987; LOC_Os01g03710), and a mutant in thylakoid-bound 
ascorbate peroxidase APX8 (apx, ND0462; LOC_Os02g34810) 
(Supplementary Table S1 at JXB online). Mutant lines were genotyped 
by triple primer PCR using gene-specific primers and the TOS17-tail6 
primer AGGTTGCAAGTTAGTTAAGA to produce homozygous T2 
seeds. The expression level of the mutated gene was checked by quantita-
tive reverse transcription–PCR (qRT–PCR) as described in Nahar et al. 
(2011) using primers listed in Supplementary Table S1. For each mu-
tated gene, the Cq was >39 in the corresponding T-DNA insertion line, 
while the Cq in wild-type plants varied between 25 and 30, confirming 
gene inactivation. Seeds were germinated on wet filter paper for 4–5 d at 
30 °C and seedlings were transferred to SAP-substrate (Sand mixed with 
Absorbent Polymer AquaPerla®, DCM, Belgium) and further grown at 
28 °C, under a light regime of (day/night) 12 h/12 h. Hoagland solution 
was given as a source of nutrients three times a week.

Nematode extraction, inoculation, and sample collection
Meloidogyne graminicola originally isolated in the Philippines (Batangas) 
was cultured on susceptible rice plants. Second-stage juveniles (J2s) were 
extracted using a sieve/tray extraction method and 250–300 J2s were in-
oculated per plant as described in Nahar et al. (2011). For susceptibility 
assays, at least two independent experiments were carried out, each time 
including eight plants per treatment. Twelve days after inoculation (dai), 

roots were stained using acid fuchsin (Nahar et al., 2011) to count galls 
and developmental stages of nematodes. In some experiments, length and 
width of galls were measured using the Fiji software, an image processing 
package based on ImageJ (Schindelin et al., 2012).

Chemical applications
Reduced AA (20  mM), DHA (20  mM), AO (20 U ml–1), MeJA 
(100 µM), aminooxyacetic acid (AoA, 12.5 mM), diethyldithiocarbamic 
acid (DIECA, 100 µM), and ethephon (100 µM) were purchased from 
Sigma. For foliar application, all chemicals were dissolved in water, and 
0.02% (v/v) of Tween-20 as a surfactant was added prior to spraying on 
aerial portions of the rice plants. Control plants were mock-sprayed with 
distilled water containing Tween-20, a surfactant with no effect on the 
enzymatic activity of AO (data not shown). Eight 2-week-old plants per 
treatment were sprayed until run-off with 6.5 ml of solution (at 24 h 
prior to nematode inoculation, in cases where infected plants were used). 
The substrate was covered to avoid direct contact with the roots and/or 
nematodes. For soil application, 6.5 ml of each solution was drenched on 
the SAP-substrate, 24 h prior to nematode inoculation.

mRNA sequencing
Four different treatment groups were made: mock-sprayed con-
trol plants, AO-sprayed plants, nematode-inoculated plants, and 
AO-sprayed+nematode-inoculated plants. Nematode inoculation was 
done 24 h after foliar AO treatment (20 U ml–1). To evaluate systemic ef-
fects, root systems were collected 3 d after nematode inoculation, which 
corresponds to 4 d after treatment with AO. For each treatment, three in-
dependent biological replicates, containing a pool of 4–5 individual plants, 
were taken. RNA was extracted using the QIAGEN RNeasy Plant Mini 
kit, with additional sonication after adding extraction buffer RLT. RNA 
integrity was checked using the Agilent BioAnalyzer 2100 (Agilent). 
Approximately 1 µg of RNA was used for 3' mRNA-Seq library con-
struction using the QuantSeq 3' mRNA-Seq Library Prep Kit FWD for 
Illumina. To minimize lane effects, the samples were multiplexed, using the 
multiplexing sequencing adaptors provided in the Multiplexing Sample 
Preparation Oligo Kit (Illumina). Size selection was performed on a 2% 
agarose gel (Low Range Ultra Agarose, Biorad 161-3107). The denatured 
library was diluted to a final concentration of 6 pM and loaded on a 
flow cell (Illumina). After cluster generation, the multiplexed library was 
sequenced on an Illumina NextSeq500 (75 cycles, single end, high output).

Reads were trimmed with Trimmomatic (0.36) and mapped to the 
O. sativa subsp. japonica reference genome (build MSU7.0) using STAR 
(2.5.2a). Only uniquely mapped reads were kept for further analysis. 
BAM files of multiplexed samples were merged using samtools (version 
1.3). Count tables were generated by the summarize overlaps function 
in the genomic alignments R package (version 1.16.0). Differential gene 
expression analysis was performed using the DESeq2 package (version 
2.1.20) with the annotations from the Rice Annotation Project Database 
(version 38). Genes with a false discovery rate (FDR) <0.05 were con-
sidered differentially expressed compared with the control group.

Gene Ontology (GO) analysis and GO enrichment were performed 
using agriGO (Du et al., 2010). Parametric analysis of gene set enrich-
ment (PAGE) was carried out (Kim and Volsky, 2005), based on dif-
ferential gene expression levels (log2FC). Benjamin and Hochberg 
FDR analysis was performed to adjust the PAGE P-values. In addition, 
MapMan (Thimm et al., 2004) was used to visualize the expression of 
genes onto metabolic pathways, and the WSR-test (with Benjamin and 
Hochberg correction) was used to test the statistical significance of differ-
ential expression of these pathways. The data were submitted to the Gene 
Expression Omnibus under accession number GSE125427.

Hormone measurements
Fourteen-day-old plants were either mock-sprayed or sprayed with 
chemicals. One day later, root material was collected. Whole root material 
was sampled from five biological replicates, each consisting of a pool of at 
least four individual plants.
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Following a cold solvent (modified Bieleski) extraction, filtration, and 
clean-up, hormone levels were measured on a UHPLC Q-Exactive™ 
high-resolution Orbitrap mass spectrometer (Thermo Fisher Scientific), 
according to the protocol described in Haeck et al. (2018). For ET meas-
urements, four root systems were pooled per biological replicate (n=6). 
Roots were cut into ~0.5 cm pieces and placed in separate 9.5 ml glass 
vials, which were subsequently sealed with a rubber syringe cap to allow 
ET accumulation in the headspace. After 3  h of incubation at room 
temperature, 1 ml of headspace was analysed by GC (Thermo Finnigan 
TRACE GC Ultra; CP-PoraBOND CP7354, 25 m, 0.53 mm, 10 µm, 
35 °C) with a flame ionization detector. Standards of 0.4 ppm and 1 ppm 
ET were used for calibration.

HPLC-based ascorbic acid measurement
For quantification of AA, the HPLC method introduced by Gökmen 
et al. (2000) was optimized for plant tissues. Samples (100–200 mg) were 
ground in a small mortar by using 400 µl of 1 M HClO4 per 100 mg 
FW. A  total of five biological replicates per treatment were used. For 
measurement of reduced AA, the samples (extract) were centrifuged at 
13 000 rpm for 2 min. A 300 µl aliquot of the clear supernatant was trans-
ferred to a new tube and neutralized to pH 4–5 by the addition of ~26 µl 
of 5 M K2CO3. The precipitated KClO4 was removed by centrifugation 
for 1 min. A 20 µl aliquot of the supernatant was analysed by HPLC-UV 
within a few minutes after preparation of the extract to avoid oxidation 
by oxygen.

For total AA, 100  µl of the neutralized extract was incubated with 
20 µl of a citric acid (0.3 M)/Na2HPO4 (0.5 M) buffer with a pH of 
4.6, and with 7 µl of 20 mM Tris (2-carboxyethyl) phosphine (TCEP). 
Samples were incubated for at least 1 h at room temperature to allow 
full reduction of oxidized AA to reduced AA. Then 20 µl of this mixture 
was analysed directly by HPLC-UV. The amount of oxidized AA was 
calculated as the difference between total and reduced AA. Analysis was 
done on a Dionex UHPLC with a photodiode array detector. A HILIC 
column (125×4 mm, Nucleodur Machery-Nagel, Düren, Germany) was 
used for separation. At a flow rate of 0.6 ml min−1, buffer A was 100 mM 
ammonium acetate and buffer B was acetonitrile (super gradient grade). 
Isocratic separation was performed with 80% buffer B. AA was detected 
at 262 nm. Quantification was done using authentic standards.

Biochemical analyses
Plant roots and the whole shoot region were collected from a pool of 5–6 
plants per treatment and crushed in liquid nitrogen. In each assay, 100 mg 
of crushed material was used per sample, and at least four biological repli-
cates were analysed per treatment. Glutathione was extracted using 1.5 ml 
of 4% sulfosalicylic acid and 5% insoluble polyvinylpolypyrrolidone 
(PVPP), and concentrations were determined using a microplate-
adjusted spectrometric assay (Matthus et  al., 2015). H2O2 levels were 
determined according to Velikova et  al. (2000), and malondialdehyde 
(MDA) levels were measured using the protocol described in Hodges 
et al. (1999). Reduced and oxidized AA were measured according to the 
method described in Ueda et al. (2013). Absorbance was monitored using 
a microplate reader (TECAN—Infinite200pro).

Results

Ascorbate oxidation has a role in plant immunity 
against RKNs

Previous transcriptome analyses on rice infected by 
M. graminicola revealed that genes involved in recycling of AA 
are differentially expressed in locally infected tissue (Kyndt 
et  al., 2012; Ji et  al., 2013; Supplementary Table S1) as well 
as in aboveground tissue (Kyndt et al., 2017). Our previously 
published biochemical measurements showed that shoots of 

root-infected rice plants are under oxidative stress (Kyndt 
et al., 2017) and suggested accumulation of DHA in galls and 
aboveground tissue early upon nematode infection (Foyer 
et al., 2020). To independently confirm the biochemical ana-
lyses, we used a HPLC-UV measurement to quantify the 
total AA (TAA) levels, the reduced form of AA (redAA), and 
the oxidized form of AA (DHA) in nematode-induced galls 
[M. graminicola (Mg+)] in comparison with uninfected root tips 
(no M. graminicola (Mg–)] at two different time points (3 and 7 
dai). Significant increases in TAA levels, and particularly levels 
of DHA, were observed in galls at both time points (Fig. 1A). 
The accumulation of DHA suggests that nematode infection 
causes oxidative stress in host plants, leading to ascorbate oxi-
dation. As a marker for oxidative stress, H2O2 was measured 
in nematode-induced galls at 3 and 7 dai and compared with 
uninfected root tips. A significantly higher H2O2 level was ob-
served in galls at 3 dai compared with galls at 7 dai (Fig. 1B), 
showing that oxidative stress signals are triggered as an early re-
sponse upon nematode infection. Further endorsing oxidative 
stress, levels of MDA, a by-product of the oxidation of polyun-
saturated fatty acids, also increased in galls, most strongly at 3 
dai (Fig. 1C). These data suggest that AA oxidation might play 
a role in the early interaction between RKN and rice.

To further study this potential role, loss-of-function rice 
mutants for three genes involved in AA biosynthesis or oxida-
tion, namely pmi, vtc1, and apx (collectively called AA mutants 
hereafter), were selected. Previous work with these or similar 
mutants has focused on aboveground tissues of the pmi and vtc1 
mutants grown under hydroponic conditions (e.g. Frei et al., 
2012; Höller et  al., 2014) or has investigated shoot tissue of 
OsAPX8 RNAi lines (Caverzan et  al., 2014). Knowing that 
M. graminicola preferentially infects root tips (Mantelin et  al., 
2017) and that the AA redox state can vary depending on the 
growth conditions, the AA levels and redox state were first 
evaluated in the root tips of the selected mutants, under the 
growth conditions used in our nematode infection protocol, 
where plants are grown under aerobic conditions in the 
SAP-substrate (Reversat et  al., 1999). It is noteworthy that 
under these conditions rice roots are provided with abun-
dant levels of Fe and oxygen, known to promote AA oxida-
tion (Wu et al., 2017). Our data show that wild-type rice root 
tips grown in this experimental set-up contained considerable 
amounts of DHA (>50% of the TAA) (Supplementary Table 
S2). Significantly lower amounts of TAA and more specifically 
DHA (Supplementary Table S2) were detected in roots of all 
three mutants in comparison with the wild type, which correl-
ates with increased amounts of oxidative stress markers H2O2 
and MDA in their roots (Supplementary Fig. S1).

Subsequently, susceptibility of these mutants to nematode 
infection was investigated. A  significant increase in number 
of galls (Fig. 2A), total number of nematodes (Supplementary 
Fig. S2A), and gall size (Supplementary Fig. S2B–D) was ob-
served at 12 dai in all AA mutants when compared with the 
wild type. Considering the fact that glutathione is known to 
be involved in plant defence activation (Han et al., 2013), and 
that glutathione is oxidized during ascorbate recycling through 
the ‘Foyer–Halliwell–Asada’ pathway, we questioned whether 
glutathione and/or its oxidation levels might be changed in the 
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AA mutants. Contradicting this hypothesis, no significant dif-
ferences in glutathione levels/oxidation were observed in roots 
and shoots (Supplementary Table S3A, B). These data indicate 
that AA and/or its oxidation state is involved in plant defence 
against RKN.

AA oxidation activates systemic root defence against 
nematodes

Knowing that ascorbate is mainly produced in photosynthetic-
ally active aboveground tissues (Foyer, 2017), and based on the 
observation that the whole rice plant is under oxidative stress 

upon nematode infection (Fig. 1; Kyndt et al., 2017), we ques-
tioned whether AA oxidation could be involved in defence 
signalling. To investigate this, rice plants were foliar sprayed, 
or soil drenched with redAA, DHA, or AO (20 U ml–1), 24 h 
prior to nematode inoculation. It is noteworthy that the ef-
fects of soil drenching can be related to direct nematicidal ac-
tivity and/or induced defence in the rice roots, which cannot 
be distinguished with this set-up. As previously used for other 
treatments—with confirmed systemic effects (Nahar et  al., 
2011)—we added a surfactant to all foliar sprays to promote 
adherence and uptake of the products.

We first evaluated the effect of foliar application with these 
chemicals (AA, AO, and DHA) on endogenous redAA and 
DHA levels, 24 h after their application. The amount of redAA 
was significantly increased in shoots of redAA-sprayed plants 
(Supplementary Fig. S3C), while no changes in roots were ob-
served (Supplementary Fig. S3D). Upon foliar AO application, 
TAA levels were slightly decreased in shoots, while three times 
higher amounts of TAA were detected in roots of AO-sprayed 
plants versus control plants, suggesting potential transport and/
or systemic signalling towards the roots (Supplementary Fig. 
S3D). DHA-sprayed shoots contained significantly higher 
amounts of DHA than control plants, while a minor TAA in-
crease was observed in roots (Supplementary Fig. S3D). These 
data reveal that foliar AO application is an effective treatment 
to enhance DHA levels in roots.

Next, we investigated the effect of these treatments on the 
number of galls and number of nematodes at 12 dai, using ei-
ther foliar spray or soil drenching. For foliar spraying, there were 
no significant differences in number of galls and total number 
of nematodes between the control and redAA-sprayed plants 
(Fig. 2B), but a significantly lower number of galls (Fig. 2B) 
and a lower number of nematodes (Supplementary Fig. S3A) 
was observed in rice plants sprayed with AO or with DHA.

Our results with soil drenching showed no significant dif-
ference in number of galls and total number of nematodes 
between control and AO soil-drenched plants, which is prob-
ably related to low enzyme stability in substrate and/or the 
low presence of AA in root tissues. However, a significantly 
lower number of galls (Fig. 2C) and lower number of nema-
todes (Supplementary Fig. S3B) was observed in rice plants soil 
drenched with AA or with DHA.

Collectively, our data indicate that the level of root DHA 
plays a role in plant defence against nematodes. The results 
obtained with foliar applications indicate that endogenous as-
corbate oxidation systemically reduces rice susceptibility to 
RKNs.

Ascorbate oxidation activates systemic rice defence 
against RKNs through induction of H2O2, and JA and 
ET pathway in the roots

To determine how oxidation of ascorbate leads to enhanced 
defence in rice roots, we investigated the defence response 
and the transcriptome of roots upon foliar AO treatment. This 
analysis was done both with and without nematode inocula-
tion (3 dai), so that we could also evaluate the typical priming 
phenomenon, where defence metabolites and genes are not 

Fig. 1.  Oxidative stress markers are accumulating in nematode-infected 
root tissue. (A) Levels of reduced ascorbic acid (RedAA) and oxidized 
ascorbic acid (DHA) in galls (induced by Meloidogyne graminicola, Mg+) 
of rice roots at 3 and 7 dai in comparison with uninfected control root tips 
(Mg–). The ascorbate levels are expressed as nmol mg–1 of fresh tissue. 
Bars show the average and SE of five independent measurements, and 
letters represent significant differences (Duncan’s multiple range test 
with α=0.05) Each of the five biological replicates consists of a pool of 
5–6 plants. (B) Hydrogen peroxide (H2O2) content in galls (Mg+) versus 
uninfected root tips (Mg–) at 3 and 7 dai. Bars represent the average and 
the SE from four biological replicates, each containing a pool of 4–5 plants. 
Different letters represent statistically significant differences (Duncan’s 
multiple range test with α=0.05). (C) Malondialdehyde (MDA) content in 
galls (Mg+) versus uninfected root tips (Mg–) at 3 and 7 dai. Bars represent 
the average and the SE from four replicates, each containing a pool of 
4–5 plants. Different letters represent statistically significant differences 
(Duncan’s multiple range test with α=0.05).
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Fig. 2.  The role of ascorbate oxidation in rice root defence against the root-knot nematode M. graminicola. (A) Nematode susceptibility test in AA mutant 
lines. Number of galls in AA mutants versus wild-type Nipponbare. Fifteen-day-old plants were inoculated with 250–300 nematodes. At 24 h before the 
inoculation, plants were sprayed with respective chemicals. The number of galls per plant was counted at 12 dai. Different letters indicate statistically 
significant differences (Duncan’s multiple range test with α=0.05). Bars show the average and SE of eight plants. Data represent one of three independent 
experiments with similar results. GDP-mannose-3'5'-epimerase (GME/vtc1), phosphomannose isomerase (pmi), and ascorbate peroxidase (apx). (B) 
Susceptibility assay on rice plants sprayed with AA (20 mM), AO (20 U ml–1), DHA (20 mM), or water as a negative control. Fifteen-day-old plants were 
inoculated with 250–300 nematodes. At 24 h before the inoculation, plants were sprayed with respective chemicals. The number of galls per plant was 
counted at 12 dai. Bars represent means and SE of eight plants. Different letters indicate statistically significant differences (Duncan’s multiple range 
test with α=0.05). Data represent one of three independent experiments with similar results. (C) Susceptibility assay on rice plants soil drenched with AA 
(20 mM), AO (20 U ml–1), DHA (20 mM), or water as a negative control. Fifteen-day-old plants were inoculated with 250–300 nematodes. At 24 h before 
the inoculation, plants were soil drenched with the respective chemicals. The number of galls per plant was counted at 12 dai. Bars represent means 
and SE of eight plants. Different letters indicate statistically significant differences (Duncan’s multiple range test with α=0.05). Data represent one of three 
independent experiments with similar results. (D) Hydrogen peroxide (H2O2) content in the galls of AO-sprayed plants (Mg+) and in the uninfected root 
tips of AO sprayed plants (Mg–) versus galls of the mock-sprayed plants (Mg+) and uninfected root tips (Mg–). Fifteen-day-old plants were inoculated 
with nematodes or mock inoculated. One day before inoculation the plants were sprayed. Samples were collected at 3 dai. H2O2 levels are expressed as 
nmol g–1 of fresh tissue. Bars represent the average and SE of four biological replicates, each containing a pool of 4–5 plants. Different letters represent 
statistically significant differences (Duncan’s multiple range test with α=0.05).
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strongly induced by  a defence-activating molecule but ra-
ther vigorously induced upon subsequent pathogen invasion 
(Conrath et al., 2015). H2O2 accumulation is an early hallmark 
for activated immune responses. Measurements of this com-
pound (Fig. 2D) showed a significant increase in H2O2 levels 
in the galls formed on AO-sprayed plants when compared with 
galls from non-infected AO-sprayed plants or mock-sprayed 
plants. These data show that ascorbate oxidation is correlated 
with primed H2O2 generation upon nematode infection in the 
root system.

Next, mRNA-seq was done on root material of AO-sprayed 
plants, nematode-infected plants, and AO-sprayed+nematode-
infected plants (Supplementary Table S4). When comparing 
AO-sprayed plants with control plants, minor changes were 
found in genes related to nitrogen metabolism, proteins, RNA, 
protein phosphorylation, sugars (glucans), cell wall biosynthesis, 
chromatin assembly, and oxidative stress. Considering nematode-
infected plants, the data confirmed previous observations 
(Kyndt et  al., 2012) showing a disturbance of genes involved 
in, for example, metabolism, redox, amino acids, starch, regula-
tion, signal transduction, and phenylpropanoids (Supplementary 
Table S5). When focusing on AO-sprayed+nematode-infected 
plants, the transcriptional response seemed most similar to the 
response upon nematode infection alone (Supplementary Fig. 
S4A; Supplementary Table S5). Parametric analysis of gene 
enrichment of the mRNA-seq data showed that AO did not 
lead to statically significant changes in any GO group (q<0.05; 
Supplementary Table S5), revealing a very modest tran-
scriptional response in the plants (Supplementary Fig. S4A). 
However, the nematodes, which are well known to manipulate 
cellular metabolism (Kyndt et al., 2012; Ji et al., 2013), are no 
longer or are less able to do so when plants were pre-sprayed 
with AO (Supplementary Table S5), confirming the decreased 
plant susceptibility (Fig. 2B). This phenomenon was observed 
for several GO groups related to cellular/organelle metabolism 
and development. The typical priming response, namely activa-
tion of plant defence only or more strongly in sprayed+infected 
plants, was observed for genes related to cell wall biosynthesis 
such as hemicellulose and xylan metabolic processes, as well 
as nucleotidyltransferase activity (Supplementary Table S5). The 
mRNA-seq data confirmed differential expression of several 
genes related to ascorbate/glutathione metabolism in galls at 3 
dai (Supplementary Fig. S4B). At 4 d after AO treatment, no sig-
nificant induction/repression patterns were observed in genes 
related to AA biosynthesis or recycling, while induced expres-
sion was observed for redox-related genes, more specifically 
those encoding haem proteins, glutaredoxins, thioredoxins, 
peroxiredoxins, and dismutases/catalases (Supplementary Fig. 
S4B). These data confirm that the redox status of the roots is 
significantly affected upon foliar AO treatment. When specific-
ally focusing on hormone pathways, a higher expression of JA 
biosynthesis genes was detected in roots of AO-sprayed plants, 
where some genes were directly induced while others showed 
a primed response (e.g. LOX10, AOC, OPR2, and JMT1 
are only activated in AO-sprayed+nematode-infected plants) 
(Table  1; Supplementary Fig. S4). Also, ET response genes 
were activated in roots upon foliar AO treatment (Table  1; 
Supplementary Fig. S4).

To verify the transcriptome data, the effect of foliar AO ap-
plication on root levels of plant hormones JA, ET, SA, ABA, and 
indole acetic acid (IAA) were evaluated. Significantly higher 
amounts of JA were observed in rice roots 24 h after spraying 
the plants with AO, while SA was slightly higher and other 
hormone levels were not affected (Fig. 3A). Considering ET, 
evaluation was initially done 24 h after AO treatment but, since 
there were no significant changes at this time point and this 
volatile hormone tends to accumulate very rapidly, ET levels 
were also evaluated at earlier time points. Root ET levels were 
significantly higher 12 h after spraying with AO (Fig. 3B).

To confirm the link between ascorbate oxidation and hor-
mone levels, root tips of 15-day-old AA mutant plants were col-
lected, and hormones of interest, namely JA, ET, and SA, were 
measured. All three AA mutants, which are hypersusceptible 
(Fig. 2A), showed significantly lower levels of JA in the roots 
(Fig. 4A). No significant change in the amount of SA was ob-
served in pmi and apx mutants in comparison with wild-type 
plants, but a significantly lower level of SA was observed in the 
vtc1 mutant (Fig.  4B). Significantly lower levels of ET were 
observed in pmi and vtc1 mutants compared with control root 
tips, and marginally lower levels of ET were found in the apx 
mutant (Fig. 4C).

Based on the knowledge that (i) JA is the key hormone in 
plant defence against RKNs in rice, and that this hormone 
is modulated by ET (Nahar et  al., 2011); and (ii) that foliar 
AO treatment activates systemic ET and JA accumulation 
(Fig. 3A, B), we hypothesized that lower endogenous JA/ET 
levels in the vtc1 mutant (Fig. 4) may be a major reason for its 
hypersusceptibility to RKNs. To test this hypothesis, wild-type 
Nipponbare and the vtc1 mutant were sprayed with MeJA or 
the ET-generator ethephon, 24 h before nematode inoculation. 
Our results with the wild type confirm published information 
(Nahar et al., 2011) that aboveground MeJA and ethephon ap-
plication leads to systemic enhanced defence against RKNs in 
rice. While the number of galls increased significantly in the 
vtc1 mutant as compared with the wild type, this increase was 
not observed when the vtc1 mutant was sprayed with MeJA 
or ET prior to inoculation (Fig. 5A). This shows that applica-
tion of MeJA or ethephon can rescue the hypersusceptibility 
phenotype of the vtc1 mutant.

To further confirm that ascorbate oxidation leads to systemic 
induced defence against RKNs through activation of ET and 
JA, an infection experiment was carried out using foliar applica-
tion of AO or DHA on the jasmonate signalling Osjar1 mutant, 
and on plants sprayed with AO or DHA in combination with 
the JA biosynthesis inhibitor DIECA or the ET biosynthesis in-
hibitor AoA (Fig. 5B). A significantly increased number of galls 
was observed in the Osjar1 mutant and DIECA-sprayed plants 
when compared with wild-type Nipponbare, confirming that 
JA is a major player in defence against RKNs in rice (Nahar 
et  al., 2011). Again, a significant reduction in number of galls 
(reduction of 50–70%) was observed in plants sprayed with AO 
or DHA. However, only a 25–30% reduction was observed in 
Osjar1 mutants sprayed with AO or DHA, and similarly, only a 
20% reduction was observed in plants sprayed with a combin-
ation of DIECA and AO or DHA. Plants sprayed with the ET 
biosynthesis inhibitor AoA had a significantly higher number 
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of galls when compared with control plants. However, when 
AoA was combined with AO or DHA, again only a 20% re-
duction was seen (Fig. 5B). Furthermore, AoA was applied on 
the Osjar1 mutant, and susceptibility of these plants to RKNs 
was compared with single AoA treatment or only Osjar1 defi-
ciency, revealing that ET and JA have a synergistic effect on plant 
defence against nematodes (Fig. 5C). Interestingly, AO-induced 
defence was negated when the Osjar1 mutant was treated with 
AoA, showing that AO-induced defence is dependent on activa-
tion of both JA and ET (Fig. 5C).

Discussion

In this research, we show that ascorbate oxidation induces sys-
temic rice defence against RKNs by activating the ET and JA 
pathway in roots and by priming for increased H2O2 gener-
ation upon nematode infection.

Genetic AA deficiency leads to significantly higher susceptibility 
to RKNs. Under basal conditions, roots of the used AA-deficient 

mutant plants showed lower TAA and DHA, and increased H2O2 
and MDA levels, confirming that ascorbate is important to scav-
enge ROS production in rice roots, as previously shown by Frei 
et al. (2012). The fact that all three investigated rice AA mutants 
contain a higher amount of ROS but are not able to generate 
defence responses against RKN reveals that ROS signalling in 
rice root defence is ascorbate dependent. In contrast, Mukherjee 
et al. (2010) showed that the Arabidopsis vtc1 mutant is more re-
sistant to P. syringae, and they proposed that AA may hinder H2O2-
facilitated defence. Whether this contradiction could be related to 
the difference in infection strategy between those pathogens or to 
plant/tissue-specific defence responses remains to be elucidated. 
It is noteworthy that AA and AO effects have previously been re-
ported to be different when comparing shoot and root tissue. For 
example, Pignocchi et al. (2006) observed an AO-induced auxin 
insensitivity in tobacco shoots, but not in roots, as stimulation of 
growth by exogenous auxin was only lost in the shoots of the AO 
overexpression line.

Arrigoni et  al. (1979) and Zacheo et  al. (1981) previously 
reported AA accumulation in the roots of resistant pea and 

Table 1.  Overview of root expression pattern of JA biosynthesis genes, based on mRNA-seq data of (i) nematode-infected galls (3 dai); 
(ii) roots of AO-treated plants (4 d after foliar treatment); and (iii) AO-treated+infected plants

Rap-DB locus number Protein 
encoded by 
this locus

FC (infected versus  
control roots)

FC (AO-treated versus  
control roots)

FC (infected+AO-treated  
versus control roots)

Jasmonate biosynthesis genes     
Os03g0699700 LOX3 0.61 1.71 1.69
Os11g0575600 LOX10 0.97 0.79 1.59
Os08g0509100 LOX8 1.53 1.74 1.70
Os08g0508800 LOX2 0.46 0.70 0.62
Os04g0447100 LOX6 0.65 0.71 0.46
Os03g0700400 LOX3 2.73 1.81 1.79
Os03g0700700 LOX4 1.25 0.99 1.16
Os02g0218800 AOS4 0.68 0.92 0.76
Os03g0225900 AOS2 1.43 0.76 1.00
Os03g0767000 AOS1 0.60 0.82 0.53
Os02g0218700 AOS3 0.85 1.80 1.46
Os03g0438100 AOC 1.09 0.63 3.12
Os08g0459600 OPR7 0.84 0.82 0.78
Os06g0216200 OPR2 1.48 1.81 3.27
Os01g0370000 OPR9 0.79 1.37 1.06
Os06g0215500 OPR6 2.22 1.68 2.36
Os05g0102000 JMT1 3.63 2.92 4.15
Ethylene response genes     
Os12g0603300 ERF112 1.48 ND 6.59
Os06g0181700 ERF2 1.64 0.90 2.14
Os03g0183200 ER69 1.01 2.90 2.11
Os05g0437100 ERF105 2.77 3.31 5.12
Os08g0545500 ER28 ND 6.93 1.79
Os08g0521600 ERF115 0.51 4.18 0.31
Os04g0429050 ERF100 0.15 1.63 0.36
Os04g0610400 ERF77 0.78 1.78 0.48
Os02g0546600 ERF98 ND 1.81 ND
Os03g0860100 ERF83 1.52 4.76 1.95
Os05g0497200 ERF130 1.03 2.16 1.14
Os09g0572000 ERRF87 0.42 1.71 0.93
Os09g0522100 ERF133 0.47 2.16 0.11

Data show the fold change (FC) of the number of transcripts detected in each tissue in comparison with control root tissue of untreated and uninfected 
plants of the same age. Values indicated in bold represent significant induction (FDR <0.05). Rap-DB: locus number based on the Rice Annotation 
Project Database Genome Annotation. The GEO number for the AO data is GSE125427. LOX, lipoxygenase; AOS, allene oxide synthase; ACO, allene 
oxide cyclase; OPR, 12-oxo-phytodienoic acid reductase; JMT, jasmonate methyl transferase; ERF, ethylene response factor.
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tomato upon nematode invasion. Here, we demonstrate that 
the nematode-induced galls mainly contain DHA, and that this 
DHA plays a role in plant defence.

Similar to our observations, Arrigoni et  al. (1977) showed 
that soil application of redAA inhibits invasion of tomato roots 
by M. incognita. Since direct nematicidal effects of AA or DHA 
cannot be ruled out in the case of soil applications, we decided 
to continue with foliar application to stimulate endogenous 
ascorbate oxidation. Mainly foliar AO application was a potent 
activator of DHA accumulation in the roots (Supplementary 
Fig. S3). Foliar application of redAA did not affect nematode 
infection in roots (Fig. 2B), which is correlated with only a 
localized accumulation of redAA in shoots, but no effects on 
roots (Supplementary Fig. S3). It has been previously described 
that ascorbate preferentially crosses cellular membranes in the 
oxidized form (Horemans et al., 1997, 2000b).

Our data showed that oxidation of the endogenous AA 
pool—by foliar AO application—results in strongly increased 
DHA levels in roots (Supplementary Fig. S3), which are nega-
tively correlated with root susceptibility to nematodes. Most 
probably, a systemic signalling cascade based on redox signals 
and/or DHA is activated upon foliar AO treatment. Wang et al. 
(2019) demonstrated that a shoot–root signalling pathway, 
integrating ROS, electric signals, and JA, is required to acti-
vate defence against RKNs in tomato. Further investigations, 
for example by labelling of candidate compounds or grafting, 

Fig. 4.  Hormone measurements in the AA mutants show reduced levels 
of ET and JA. (A) JA, (B) SA, and (C) ET contents in the roots of 15-day-
old AA mutant and wild-type plants. Values presented are average ±SE of 
five biological replicates, each consisting of at least four individual plants. 
Asterisks indicate statistically significant differences between the control and 
mutant plants (Duncan’s multiple range test with α=0.05). JA, jasmonic acid; 
SA, salicylic acid; ET, ethylene; GDP-mannose-3'5'-epimerase (GME/vtc), 
phosphomannose isomerase (pmi), and ascorbate peroxidase (apx).

Fig. 3.  Ascorbate oxidation triggers ET and JA accumulation in rice roots. 
(A) JA, SA, IAA, and ABA content in the roots of plants sprayed with 
ascorbate oxidase (AO) (20 U ml–1), or water as a control. Root samples 
were collected 24 h after spraying. Values presented are average ±SE of 
five biological replicates each consisting of at least four individual plants. 
Asterisks indicate statistically significant differences (Duncan’s multiple 
range test with α=0.05). ABA, abscisic acid; IAA, indole-3-acetic acid; JA, 
jasmonic acid; SA, salicylic acid. (B) ET levels of roots sampled at 6, 12, 
and 24 h after spraying with water (ctrl) or AO (20 U ml–1). The plants were 
15 days old. Values presented are average ±SE of six biological replicates 
each consisting of at least four individual plants. Asterisks indicate 
statistically significant differences between control and AO-sprayed plants 
(Duncan’s multiple range test with α=0.05). ET, ethylene.
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could shed light on the nature of the transported signal upon 
AO treatment.

Overexpression of AO in Nicotiana tabacum resulted in H2O2 
and ABA accumulation, and increased susceptibility to Botrytis 
cinerea and to agents provoking oxidative stress (Fotopoulos 
et  al., 2008). Enhanced H2O2 production was also observed 
here (Fig. 2D), but, in contrast to these observations, we found 
rather that foliar AO application activates systemic defence 

against RKNs in rice and increases plant stress tolerance. In 
contrast to external applications, ectopic overexpression of AO 
might put the plant’s immune system in non-responsive modus, 
leading to cell death and lack of long-term stress tolerance. 
Hormone measurements and transcriptome data confirmed 
enhanced activation of root defence upon foliar applications 
with AO, pointing to an indirect and systemic signalling effect 
of ascorbate oxidation on plant immunity against nematodes. It 

Fig. 5.  Ascorbate oxidation-induced defence against root-knot nematodes is dependent on the JA and ET pathways. (A) Wild-type and vtc1 mutant 
plants were sprayed with water as negative control, AA (20 mM), MeJA (100 µM), or ethephon (100 µM).  (B) Wild-type Nipponbare (Nip) and the JA 
signaling mutant jar1 were sprayed with water, AO (20 U ml–1), DHA (20 mM), DIECA (JA biosynthesis inhibitor, 100 μM), or AoA (12.5 mM) either alone 
or in combination with AO (20 U ml–1) or DHA (20 mM). (C) The wild-type Nip ponbare (Nip) and the JA signalling mutant jar1 were sprayed with AO (20 
U ml–1) or AoA (12.5 mM) either alone or in combination. In all experiments (A, B, C), plant roots were inoculated with 300 M. graminicola juveniles at 
24 h after spraying with the respective chemicals. Bars represent means ±SE of the number of galls of eight plants at 12 dai. Different letters indicate 
statistically significant differences (Duncan’s multiple range test with α=0.05). Data represent one of three independent experiments with similar results. 
MeJA, methyl jasmonate; AO, ascorbate oxidase; DHA, dehydroascorbate; AoA, aminooxyacetic acid; DIECA, diethyldithiocarbamic acid.
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is noteworthy that the AO treatment is inactive when applied 
on soil (Supplementary Fig. S3B), most probably because the 
substrate of this enzyme is not present in root tissue or because 
of enzyme instability in the SAP-substrate.

The role of AA in production of plant defence metabolites has 
been described for anthocyanins, flavonoids and glucosinolates 
(Turnbull et  al., 2004), zeaxanthin (Müller-Moulé et  al., 2004; 
Giacomelli et al., 2006), and the hormones ABA, gibberellic acid, 
and ET (Arrigoni and De Tullio, 2002; Mirica and Klinman, 
2008). Foyer and Noctor (2011) proposed two possible reasons 
for the effect of AA oxidation on defence pathways: (i) the avail-
ability of AA may regulate the synthesis and abundance of hor-
mones; and (ii) there is a compensation for a decrease in AA by an 
increase in the abundance of glutathione, potentially enhancing 
redox signalling. The second option can be ruled out here, as 
we did not observe shifts in glutathione levels or oxidation in 
the investigated AA mutants here (Supplementary Table S3). 
Rather, transcriptome analysis revealed that the JA biosynthesis 
pathway and ET-responsive genes were activated in the rice roots 
upon foliar AO application (Table 1; Supplementary Fig. S4). 
Confirming a link between DHA and JA/ET in rice roots, AA 
mutants contain lower root levels of JA and ET as well as lower 
DHA levels, while foliar AO-treated rice contains enhanced 
levels of DHA and both hormones in roots (Figs 3, 4). The JA 
pathway, modulated by ET, is a key player in protecting rice from 
M. graminicola (Nahar et al., 2011) and also protects other plants 
from RKNs (Soriano et al., 2004; Cooper et al., 2005; Gleason 
et al., 2016; Martínez-Medina et al., 2017) and Heterodera schachtii 
(Kammerhofer et al., 2015). AA is a well-known cofactor during 
the formation of ET through ACC oxidase, and DHA is formed 
as a co-product. By applying AO onto plants, this reaction seems 
to have been positively influenced in rice roots.

Work with genetic and chemical inhibition of JA/ET 
confirms that systemic defence activated by AO or DHA 
is dependent on activation of the JA/ET pathways (Fig. 5). 
AO-induced defence involves an early accumulation of ET 
and subsequent JA accumulation in the rice roots (Fig. 3). 
This is a novel link establishing that ascorbate oxidation 
leads to a ET/JA-based defence response in roots. While in 
our research we reveal that AA oxidation activates JA, the 
inverse has also been shown where treatment of N. tabacum 
and Arabidopsis thaliana suspension cells with MeJA stimu-
lated de novo biosynthesis of AA (Wolucka et  al., 2005). 
Interestingly, a combined application of JA and AA en-
hances the accumulation of sakuranetin, a phytoalexin iden-
tified from blast-resistant rice cultivars, compared with JA 
alone (Tamogami et al., 1997). Hence, we hypothesize that 
ascorbate oxidation and JA together form a positive feed-
back loop to prime the plant for enhanced activation of im-
munity upon pathogen attack. Some reports have previously 
suggested that the quantity and redox state of AA may influ-
ence JA signaling. For example, in tomato, silencing of the 
terminal enzyme in the Man/Gal pathway resulted in DHA 
accumulation and increased expression of JA-responsive 
transcripts such as proteinase inhibitors and arginine de-
carboxylase (Suza et  al., 2010). Although JA is known to 
activate AA synthesis and recycling in Arabidopsis, Brassica, 
and tobacco (Sasaki-Sekimoto et  al., 2005; Wolucka et  al., 

2005; Suza et al., 2010; Fujiwara et al., 2016), no evidence 
of AA acting as a cofactor or trigger for JA biosynthesis has 
been reported before in the scientific literature.

The primed accumulation of H2O2 in AO-treated plants 
(Fig. 2D) indicates that oxidation of the endogenous AA pool 
hampers H2O2 detoxification, permitting H2O2 to accumulate 
strongly and exert its role in root defence against RKNs in rice. 
Additionally, it is possible that DHA formed upon ascorbate 
oxidation is hydrolysed to diketogulonic acid and eventually to 
oxalic acid and H2O2 (Green and Fry, 2005; Dewhirst and Fry, 
2018). AA accumulation upon pathogen infection was found 
to be correlated with increased oxalic acid biosynthesis and 
increased H2O2 in cacao, as a defence response upon fungal in-
fection (Dias et al., 2011). This reflects the concept of defence 
‘priming’ as coined by Conrath et al. (2006, 2015), where de-
fence responses are not activated directly, but are ‘memorized’ 
and expressed in an accelerated manner once an actual stress 
signal is being perceived (Conrath et al., 2015). Although for 
ET and JA direct accumulation was observed (Fig. 3), our data 
do reveal a primed increase in H2O2 levels in AO-pre-sprayed 
nematode-inoculated plants (Fig. 2D).

Based on the results presented here, we conclude that ascor-
bate oxidation has a positive role in rice defence against RKNs 
by systemically activating the ET/JA pathway and increased 
H2O2 accumulation upon nematode infection. Application of 
AO or DHA could be used as a novel strategy to protect plants 
from these damaging pathogens.
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Supplementary data are available at JXB online.
Fig. S1. Oxidative stress markers in AA mutants.
Fig. S2. Details of nematode susceptibility assays on AA 

mutants.
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Table S2. Ascorbate levels in roots and shoots of AA mutants.
Table S3. Glutathione levels in roots and shoots of AA 

mutants.
Table S4. Number of reads and mapping percentage of the 

transcriptome data.
Table S5. Gene set enrichment analyses on transcriptome data.

Acknowledgements

The Special Research Fund of Ghent University is acknow-
ledged for their financial support through BOF13/GOA/030 and 
BOFSTA/2016/00070. The authors also acknowledge the financial 
support (AUGE/11/016) from the Hercules Foundation of the Flemish 
Government for the UHPLC-Q-Exactive™ mass spectrometry equip-
ment available at the EnVOC research group and used for hormone 
analysis. We also want to thank Lies Harinck and Lien De Smet for their 
excellent technical support.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/71/14/4271/5815339 by guest on 09 D

ecem
ber 2020

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa171#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa171#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa171#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa171#supplementary-data


4282  |  Singh et al.

Author contributions

TK, RS, GG, MF, and SS planned and designed the research. RS and 
AMT performed all infection experiments. SP and MF measured gluta-
thione levels. BV and TK performed the mRNA sequencing analysis. AH, 
KD, RT, and RS executed hormone measurements. RS, SS, and TK wrote 
the manuscript, with input from all authors.

References
Al-Sayed AA, Thomason IJ. 1988. Meloidogyne incognita and tomato re-
sponse to thiamine, ascorbic acid, l-arginine, and l-glutamic acid. Journal 
of Nematology 20, 451–456.

Anjum NA, Gill SS, Gill R, Hasanuzzaman M, Duarte AC, Pereira E, 
Ahmad  I, Tuteja  R, Tuteja  N. 2014. Metal/metalloid stress tolerance 
in plants: role of ascorbate, its redox couple, and associated enzymes. 
Protoplasma 251, 1265–1283.

Apel  K, Hirt  H. 2004. Reactive oxygen species: metabolism, oxida-
tive stress, and signal transduction. Annual Review of Plant Biology 55, 
373–399.

Arrigoni O, Arrigoni-Liso R, Calabrese G. 1977. Ascorbic acid require-
ment for biosynthesis of hydroxyproline-containing proteins in plants. FEBS 
Letters 82, 135–138.

Arrigoni O, De Tullio MC. 2002. Ascorbic acid: much more than just an 
antioxidant. Biochimica et Biophysica Acta 1569, 1–9.

Arrigoni O, Zacheo G, Arrigoni-Liso R, Bleve-Zacheo T, Lamberti F. 
1979. Relationship between ascorbic acid and resistance in tomato plants 
to Meloidogyne incognita. Phytopathology 69, 579–581.

Asada  S, Fukuda  K, Oh  M, Hamanishi  C, Tanaka  S. 1999. Effect 
of hydrogen peroxide on the metabolism of articular chondrocytes. 
Inflammation Research 48, 399–403.

Barth  C, De  Tullio  M, Conklin  PL. 2006. The role of ascorbic acid in 
the control of flowering time and the onset of senescence. Journal of 
Experimental Botany 57, 1657–1665.

Bridge J, Plowright RA, Peng D. 2005. Nematode parasites of rice. In: 
Sikora R, Coyne D, Hallmann J, Timper P, eds. Plant parasitic nematodes 
in subtropical and tropical agriculture. Wallingford, UK: CABI Publishing, 
87–130.

Caverzan A, Bonifacio A, Carvalho FE, et al. 2014. The knockdown of 
chloroplastic ascorbate peroxidases reveals its regulatory role in the photo-
synthesis and protection under photo-oxidative stress in rice. Plant Science 
214, 74–87.

Chen C, Letnik I, Hacham Y, Dobrev P, Ben-Daniel B-H, Vanková R, 
Amir R, Miller GJPP. 2014. Ascorbate peroxidase 6 protects Arabidopsis 
thaliana desiccating and germinating seeds from stress and mediates 
cross talk between reactive oxygen species, abscisic acid, and auxin. Plant 
Physiology 166, 370–383.

Conrath U, Beckers GJ, Flors V, et al. 2006. Priming: getting ready for 
battle. Molecular Plant-Microbe Interactions 19, 1062–1071.

Conrath  U, Beckers  GJ, Langenbach  CJ, Jaskiewicz  MR. 2015. 
Priming for enhanced defense. Annual Review of Phytopathology 53, 
97–119.

Cooper WR, Jia L, Goggin L. 2005. Effects of jasmonate-induced de-
fenses on root-knot nematode infection of resistant and susceptible tomato 
cultivars. Journal of Chemical Ecology 31, 1953–1967.

Davey MW, Montagu MV, Inzé D, Sanmartin M, Kanellis A, Smirnoff N, 
Benzie IJJ, Strain JJ, Favell D, Fletcher J. 2000. Plant l-ascorbic acid: 
chemistry, function, metabolism, bioavailability and effects of processing. 
Journal of the Science of Food and Agriculture 80, 825–860.

Dewhirst RA, Fry SC. 2018. The oxidation of dehydroascorbic acid and 
2,3-diketogulonate by distinct reactive oxygen species. Biochemical Journal 
475, 3451–3470.

Dhankher OP, Foyer CH. 2018. Climate resilient crops for improving global 
food security and safety. Plant, Cell & Environment 41, 877–884.

Dias CV, Mendes JS, dos Santos AC, Pirovani CP, da Silva Gesteira A, 
Micheli  F, Gramacho  KP, Hammerstone  J, Mazzafera  P, 
de Mattos Cascardo JC. 2011. Hydrogen peroxide formation in cacao 
tissues infected by the hemibiotrophic fungus Moniliophthora perniciosa. 
Plant Physiology and Biochemistry 49, 917–922.

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. 2010. agriGO: a GO analysis toolkit 
for the agricultural community. Nucleic Acids Research 38, W64–W70.

EPPO. 2018. EPPO global database. www.eppo.int.

Esaka M, Fujisawa K, Goto M, Kisu Y. 1992. Regulation of ascorbate 
oxidase expression in pumpkin by auxin and copper. Plant Physiology 100, 
231–237.

Fotopoulos V, De Tullio MC, Barnes J, Kanellis AK. 2008. Altered sto-
matal dynamics in ascorbate oxidase over-expressing tobacco plants sug-
gest a role for dehydroascorbate signalling. Journal of Experimental Botany 
59, 729–737.

Fotopoulos  V, Kanellis  AK. 2013. Altered apoplastic ascorbate redox 
state in tobacco plants via ascorbate oxidase overexpression results in de-
layed dark-induced senescence in detached leaves. Plant Physiology and 
Biochemistry 73, 154–160.

Foyer CH. 2017. Ascorbic acid. Antioxidants in higher plants. Boca Raton, 
FL: CRC Press, 31–58.

Foyer CH, Kyndt T, Hancock RD. 2020. Vitamin C in plants: novel con-
cepts, new perspectives, and outstanding issues. Antioxidants & Redox 
Signaling 32, 463–485.

Foyer CH, Noctor G. 2005. Redox homeostasis and antioxidant signaling: 
a metabolic interface between stress perception and physiological re-
sponses. The Plant Cell 17, 1866–1875.

Foyer CH, Noctor G. 2011. Ascorbate and glutathione: the heart of the 
redox hub. Plant Physiology 155, 2–18.

Frei  M, Wissuwa  M, Pariasca-Tanaka  J, Chen  CP, Südekum  K-H, 
Kohno Y. 2012. Leaf ascorbic acid level—is it really important for ozone 
tolerance in rice? Plant Physiology and Biochemistry 59, 63–70.

Fujiwara A, Togawa S, Hikawa T, Matsuura H, Masuta C, Inukai T. 
2016. Ascorbic acid accumulates as a defense response to Turnip mosaic 
virus in resistant Brassica rapa cultivars. Journal of Experimental Botany 67, 
4391–4402.

Gakière B, Fernie AR, Pétriacq P. 2018. More to NAD+ than meets the 
eye: a regulator of metabolic pools and gene expression in Arabidopsis. 
Free Radical Biology & Medicine 122, 86–95.

Gechev  TS, Van  Breusegem  F, Stone  JM, Denev  I, Laloi  C. 2006. 
Reactive oxygen species as signals that modulate plant stress responses 
and programmed cell death. Bioessays 28, 1091–1101.

Giacomelli L, Rudella A, van Wijk KJ. 2006. High light response of the 
thylakoid proteome in Arabidopsis wild type and the ascorbate-deficient 
mutant vtc2-2. A  comparative proteomics study. Plant Physiology 141, 
685–701.

Gilroy S, Białasek M, Suzuki N, Górecka M, Devireddy AR, Karpiński S, 
Mittler R. 2016. ROS, calcium, and electric signals: key mediators of rapid 
systemic signaling in plants. Plant Physiology 171, 1606–1615.

Gleason  C, Leelarasamee  N, Meldau  D, Feussner  I. 2016. OPDA 
has key role in regulating plant susceptibility to the root-knot nematode 
Meloidogyne hapla in Arabidopsis. Frontiers in Plant Science 7, 1565.

Gökmen V, Kahraman N, Demir N, Acar J. 2000. Enzymatically valid-
ated liquid chromatographic method for the determination of ascorbic and 
dehydroascorbic acids in fruit and vegetables. Journal of Chromatography. 
A 881, 309–316.

Green MA, Fry SC. 2005. Vitamin C degradation in plant cells via enzym-
atic hydrolysis of 4-O-oxalyl-l-threonate. Nature 433, 83–87.

Haeck A, Van Langenhove H, Harinck L, Kyndt T, Gheysen G, Höfte M, 
Demeestere KJA. 2018. Trace analysis of multi-class phytohormones in 
Oryza sativa using different scan modes in high-resolution Orbitrap mass 
spectrometry: method validation, concentration levels, and screening 
in multiple accessions. Analytical and Bioanalytical Chemistry 410, 
4527–4539.

Han  B, Xue  Y, Li  J, Deng  XW, Zhang  Q. 2007. Rice functional gen-
omics research in China. Philosophical Transactions of the Royal Society B: 
Biological Sciences 362, 1009–1021.

Han Y, Mhamdi A, Chaouch S, Noctor G. 2013. Regulation of basal and 
oxidative stress-triggered jasmonic acid-related gene expression by gluta-
thione. Plant, Cell & Environment 36, 1135–1146.

Hirochika H. 2001. Contribution of the Tos17 retrotransposon to rice func-
tional genomics. Current Opinion in Plant Biology 4, 118–122.

Hirochika  H, Sugimoto  K, Otsuki  Y, Tsugawa  H, Kanda  M. 1996. 
Retrotransposons of rice involved in mutations induced by tissue culture. 
Proceedings of the National Academy of Sciences, USA 93, 7783–7788.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/71/14/4271/5815339 by guest on 09 D

ecem
ber 2020

http://www.eppo.int


Ascorbate oxidation activates defence nematodes   |  4283

Hodges  DM, DeLong  JM, Forney  CF, Prange  RK. 1999. Improving 
the thiobarbituric acid-reactive-substances assay for estimating lipid 
peroxidation in plant tissues containing anthocyanin and other interfering 
compounds. Planta 207, 604–611.

Höller S, Meyer A, Frei M. 2014. Zinc deficiency differentially affects redox 
homeostasis of rice genotypes contrasting in ascorbate level. Journal of 
Plant Physiology 171, 1748–1756.

Höller  S, Ueda  Y, Wu  L, Wang  Y, Hajirezaei  MR, Ghaffari  MR, 
von Wirén N, Frei M. 2015. Ascorbate biosynthesis and its involvement 
in stress tolerance and plant development in rice (Oryza sativa L.). Plant 
Molecular Biology 88, 545–560.

Horemans  N, Asard  H, Caubergs  RJ. 1997. The ascorbate carrier of 
higher plant plasma membranes preferentially translocates the fully oxidized 
(dehydroascorbate) molecule. Plant Physiology 114, 1247–1253.

Horemans N, Foyer CH, Asard H. 2000a. Transport and action of ascor-
bate at the plant plasma membrane. Trends in Plant Science 5, 263–267.

Horemans N, Foyer CH, Potters G, Asard H. 2000b. Ascorbate func-
tion and associated transport systems in plants. Plant Physiology and 
Biochemistry 38, 531–540.

Huang WK, Ji HL, Gheysen G, Kyndt T. 2016. Thiamine-induced priming 
against root-knot nematode infection in rice involves lignification and 
hydrogen peroxide generation. Molecular Plant Pathology 17, 614–624.

Ivanov  Kavkova  E, Blöchl  C, Tenhaken  RJ. 2019. The myo-inositol 
pathway does not contribute to ascorbic acid synthesis. Plant Biology 21, 
95–102.

Jardim-Messeder D, Caverzan A, Rauber R, et al. 2018. Thylakoidal 
APX modulates hydrogen peroxide content and stomatal closure in rice 
(Oryza sativa L.). Environmental and Experimental Botany 150, 46–56.

Ji H, Gheysen G, Denil S, et al. 2013. Transcriptional analysis through 
RNA sequencing of giant cells induced by Meloidogyne graminicola in rice 
roots. Journal of Experimental Botany 64, 3885–3898.

Ji H, Kyndt T, He W, Vanholme B, Gheysen G. 2015. β-Aminobutyric 
acid-induced resistance against root-knot nematodes in rice is based on in-
creased basal defense. Molecular Plant-Microbe Interactions 28, 519–533.

Jisha  KC, Puthur  JT. 2016. Seed priming with BABA (β-amino butyric 
acid): a cost-effective method of abiotic stress tolerance in Vigna radiata (L.) 
Wilczek. Protoplasma 253, 277–289.

Jones JD, Dangl JL. 2006. The plant immune system. Nature 444, 323.

Kammerhofer  N, Radakovic  Z, Regis  JM, Dobrev  P, Vankova  R, 
Grundler  FM, Siddique  S, Hofmann  J, Wieczorek  K. 2015. Role 
of stress-related hormones in plant defence during early infection of the 
cyst nematode Heterodera schachtii in Arabidopsis. New Phytologist 207, 
778–789.

Kim SY, Volsky DJ. 2005. PAGE: parametric analysis of gene set enrich-
ment. BMC Bioinformatics 6, 144.

Kyndt  T, Denil  S, Haegeman  A, Trooskens  G, Bauters  L, 
Van  Criekinge  W, De  Meyer  T, Gheysen  G. 2012. Transcriptional re-
programming by root knot and migratory nematode infection in rice. New 
Phytologist 196, 887–900.

Kyndt  T, Fernandez  D, Gheysen  G. 2014. Plant-parasitic nema-
tode infections in rice: molecular and cellular insights. Annual Review of 
Phytopathology 52, 135–153.

Kyndt T, Zemene HY, Haeck A, Singh R, De Vleesschauwer D, Denil S, 
De Meyer T, Höfte M, Demeestere K, Gheysen G. 2017. Below-ground 
attack by the root knot nematode Meloidogyne graminicola predisposes 
rice to blast disease. Molecular Plant-Microbe Interactions 30, 255–266.

Li R, Xin S, Tao C, Jin X, Li H. 2017. Cotton ascorbate oxidase promotes 
cell growth in cultured tobacco bright yellow-2 cells through generation of 
apoplast oxidation. International Journal of Molecular Sciences 18, 1346. 

Lyu J. 2018. An indoor rice model. Nature Plants 4, 740.

Mantelin  S, Bellafiore  S, Kyndt  T. 2017. Meloidogyne graminicola: a 
major threat to rice agriculture. Molecular Plant Pathology 18, 3–15.

Martínez-Medina  A, Fernandez  I, Lok  GB, Pozo  MJ, Pieterse  CM, 
Van Wees S. 2017. Shifting from priming of salicylic acid- to jasmonic acid-
regulated defences by Trichoderma protects tomato against the root knot 
nematode Meloidogyne incognita. New Phytologist 213, 1363–1377.

Matamoros  MA, Loscos  J, Coronado  MJ, Ramos  J, Sato  S, 
Testillano PS, Tabata S, Becana M. 2006. Biosynthesis of ascorbic acid 
in legume root nodules. Plant Physiology 141, 1068–1077.

Matthus E, Wu LB, Ueda Y, Höller S, Becker M, Frei M. 2015. Loci, 
genes, and mechanisms associated with tolerance to ferrous iron toxicity 
in rice (Oryza sativa L.). Theoretical and Applied Genetics 128, 2085–2098.

Melillo M, Zacheo G, Beleve-Zacheo T. 1983. Effect of ascorbic acid 
on gall formation in tomatoes susceptible to Meloidogyne incognita. 
Nematologica Mediteranea 11, 157–167.

Miller G, Shulaev V, Mittler R. 2008. Reactive oxygen signaling and abi-
otic stress. Physiologia Plantarum 133, 481–489.

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R. 2010. Reactive oxygen 
species homeostasis and signalling during drought and salinity stresses. 
Plant, Cell & Environment 33, 453–467.

Mirica  LM, Klinman  JP. 2008. The nature of O2 activation by the 
ethylene-forming enzyme 1-aminocyclopropane-1-carboxylic acid oxidase. 
Proceedings of the National Academy of Sciences, USA 105, 1814–1819.

Mittler  R, Vanderauwera  S, Suzuki  N, Miller  G, Tognetti  VB, 
Vandepoele K, Gollery M, Shulaev V, Van Breusegem F. 2011. ROS 
signaling: the new wave? Trends in Plant Science 16, 300–309.

Miyao  A, Tanaka  K, Murata  K, Sawaki  H, Takeda  S, Abe  K, 
Shinozuka Y, Onosato K, Hirochika H. 2003. Target site specificity of the 
Tos17 retrotransposon shows a preference for insertion within genes and 
against insertion in retrotransposon-rich regions of the genome. The Plant 
Cell 15, 1771–1780.

Mozafar A, Oertli J. 1993. Vitamin C (ascorbic acid): uptake and metab-
olism by soybean. Journal of Plant Physiology 141, 316–321.

Mukherjee M, Larrimore KE, Ahmed NJ, Bedick TS, Barghouthi NT, 
Traw MB, Barth C. 2010. Ascorbic acid deficiency in Arabidopsis induces 
constitutive priming that is dependent on hydrogen peroxide, salicylic acid, 
and the NPR1 gene. Molecular Plant-Microbe Interactions 23, 340–351.

Müller-Moulé P, Golan T, Niyogi KK. 2004. Ascorbate-deficient mutants 
of Arabidopsis grow in high light despite chronic photooxidative stress. 
Plant Physiology 134, 1163–1172.

Nahar K, Kyndt T, De Vleesschauwer D, Höfte M, Gheysen G. 2011. 
The jasmonate pathway is a key player in systemically induced defense 
against root knot nematodes in rice. Plant Physiology 157, 305–316.

Nanasato Y, Akashi K, Yokota A. 2005. Co-expression of cytochrome 
b561 and ascorbate oxidase in leaves of wild watermelon under drought 
and high light conditions. Plant & Cell Physiology 46, 1515–1524.

Pastori  GM, Foyer  CH. 2002. Common components, networks, and 
pathways of cross-tolerance to stress. The central role of ‘redox’ and ab-
scisic acid-mediated controls. Plant Physiology 129, 460–468.

Pastori GM, Kiddle G, Antoniw J, Bernard S, Veljovic-Jovanovic S, 
Verrier PJ, Noctor G, Foyer CH. 2003. Leaf vitamin C contents modu-
late plant defense transcripts and regulate genes that control development 
through hormone signaling. The Plant Cell 15, 939–951.

Pavet V, Olmos E, Kiddle G, Mowla S, Kumar S, Antoniw J, Alvarez ME, 
Foyer CH. 2005. Ascorbic acid deficiency activates cell death and disease 
resistance responses in Arabidopsis. Plant Physiology 139, 1291–1303.

Pétriacq  P, de  Bont  L, Tcherkez  G, Gakière  B. 2013. NAD: not just 
a pawn on the board of plant–pathogen interactions. Plant Signaling & 
Behavior 8, e22477.

Pignocchi C, Foyer CH. 2003. Apoplastic ascorbate metabolism and its 
role in the regulation of cell signalling. Current Opinion in Plant Biology 6, 
379–389.

Pignocchi  C, Kiddle  G, Hernández  I, Foster  SJ, Asensi  A, Taybi  T, 
Barnes J, Foyer CH. 2006. Ascorbate oxidase-dependent changes in the 
redox state of the apoplast modulate gene transcript accumulation leading 
to modified hormone signaling and orchestration of defense processes in 
tobacco. Plant Physiology 141, 423–435.

Puppo A, Groten K, Bastian F, Carzaniga R, Soussi M, Lucas MM, 
de Felipe MR, Harrison J, Vanacker H, Foyer CH. 2005. Legume nodule 
senescence: roles for redox and hormone signalling in the orchestration of 
the natural aging process. New Phytologist 165, 683–701.

Reversat G, Boyer J, Sannier C, Pando-Bahuon A. 1999. Use of a mix-
ture of sand and water-absorbent synthetic polymer as substrate for the 
xenic culturing of plant-parasitic nematodes in the laboratory. Nematology 
1, 209–212.

Riemann  M, Riemann  M, Takano  M. 2008. Rice JASMONATE 
RESISTANT 1 is involved in phytochrome and jasmonate signalling. Plant, 
Cell & Environment 31, 783–792.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/71/14/4271/5815339 by guest on 09 D

ecem
ber 2020



4284  |  Singh et al.

Sanmartin M, Pateraki I, Chatzopoulou F, Kanellis AK. 2007. Differential 
expression of the ascorbate oxidase multigene family during fruit develop-
ment and in response to stress. Planta 225, 873–885.

Sasaki-Sekimoto  Y, Taki  N, Obayashi  T, Aono  M, Matsumoto  F, 
Sakurai N, Suzuki H, Hirai MY, Noji M, Saito K. 2005. Coordinated ac-
tivation of metabolic pathways for antioxidants and defence compounds 
by jasmonates and their roles in stress tolerance in Arabidopsis. The Plant 
Journal 44, 653–668.

Schindelin J, Arganda-Carreras  I, Frise E, et al. 2012. Fiji: an open-
source platform for biological-image analysis. Nature Methods 9, 676.

Seck PA, Diagne A, Mohanty S, Wopereis MC. 2012. Crops that feed 
the world 7: Rice. Food Security 4, 7–24.

Shimamoto K, Kyozuka J. 2002. Rice as a model for comparative gen-
omics of plants. Annual Review of Plant Biology 53, 399–419.

Siddique  S, Matera  C, Radakovic  ZS, Hasan  MS, Gutbrod  P, 
Rozanska  E, Sobczak  M, Torres  MA, Grundler  FM. 2014. Parasitic 
worms stimulate host NADPH oxidases to produce reactive oxygen species 
that limit plant cell death and promote infection. Science Signaling 7, ra33.

Singh  RR, Chinnasri  B, De  Smet  L, Haeck  A, Demeestere  K, 
Van  Cutsem  P, Van  Aubel  G, Gheysen  G, Kyndt  T. 2019. Systemic 
defense activation by COS-OGA in rice against root-knot nematodes de-
pends on stimulation of the phenylpropanoid pathway. Plant Physiology and 
Biochemistry 142, 202–210.

Smirnoff N. 2018. Ascorbic acid metabolism and functions: a comparison 
of plants and mammals. Free Radical Biology & Medicine 122, 116–129.

Smirnoff  N, Wheeler  GL. 2000. Ascorbic acid in plants: biosynthesis 
and function. Critical Reviews in Biochemistry and Molecular Biology 35, 
291–314.

Soriano IR, Riley IT, Potter MJ, Bowers WS. 2004. Phytoecdysteroids: 
a novel defense against plant-parasitic nematodes. Journal of Chemical 
Ecology 30, 1885–1899.

Suza WP, Rowe ML, Hamberg M, Staswick PE. 2010. A tomato enzyme 
synthesizes (+)-7-iso-jasmonoyl-l-isoleucine in wounded leaves. Planta 
231, 717–728.

Tamogami  S, Rakwal  R, Kodama  O. 1997. Phytoalexin production 
elicited by exogenously applied jasmonic acid in rice leaves (Oryza sativa 
L.) is under the control of cytokinins and ascorbic acid. FEBS Letters 412, 
61–64.

Thimm O, Bläsing O, Gibon Y, Nagel A, Meyer S, Krüger P, Selbig J, 
Müller LA, Rhee SY, Stitt M. 2004. MAPMAN: a user-driven tool to dis-
play genomics data sets onto diagrams of metabolic pathways and other 
biological processes. The Plant Journal 37, 914–939.

Triantaphyllou AC. 1969. Gametogenesis and the chromosomes of two 
root-knot nematodes, Meloidogyne graminicola and M.  naasi. Journal of 
Nematology 1, 62–71.

Turnbull  JJ, Nakajima  J-i, Welford  RW, Yamazaki  M, Saito  K, 
Schofield  CJ. 2004. Mechanistic studies on three 2-oxoglutarate-
dependent oxygenases of flavonoid biosynthesis anthocyanidin synthase, 
flavonol synthase, and flavanone 3β-hydroxylase. Journal of Biological 
Chemistry 279, 1206–1216.

Ueda Y, Wu L, Frei M. 2013. A critical comparison of two high-throughput 
ascorbate analyses methods for plant samples. Plant Physiology and 
Biochemistry 70, 418–423.

Velikova  V, Yordanov  I, Edreva  A. 2000. Oxidative stress and some 
antioxidant systems in acid rain-treated bean plants: protective role of ex-
ogenous polyamines. Plant Science 151, 59–66.

Veronico P, Paciolla C, Sasanelli N, De Leonardis S, Melillo MT. 2017. 
Ozonated water reduces susceptibility in tomato plants to Meloidogyne 
incognita by the modulation of the antioxidant system. Molecular Plant 
Pathology 18, 529–539.

Wang G, Hu C, Zhou J, et al. 2019. Systemic root–shoot signaling drives 
jasmonate-based root defense against nematodes. Current Biology 21, 
3430–3438.e4.

Wheeler G, Ishikawa T, Pornsaksit V, Smirnoff N. 2015. Evolution of 
alternative biosynthetic pathways for vitamin C following plastid acquisition 
in photosynthetic eukaryotes. eLife 4, e06369.

Wolucka BA, Goossens A, Inzé D. 2005. Methyl jasmonate stimulates 
the de novo biosynthesis of vitamin C in plant cell suspensions. Journal of 
Experimental Botany 56, 2527–2538.

Wu LB, Ueda Y, Lai SK, Frei M. 2017. Shoot tolerance mechanisms to 
iron toxicity in rice (Oryza sativa L.). Plant, Cell & Environment 40, 570–584.

Yamamoto A, Bhuiyan MN, Waditee R, Tanaka Y, Esaka M, Oba K, 
Jagendorf AT, Takabe T. 2005. Suppressed expression of the apoplastic 
ascorbate oxidase gene increases salt tolerance in tobacco and Arabidopsis 
plants. Journal of Experimental Botany 56, 1785–1796.

Ye N, Zhu G, Liu Y, Zhang A, Li Y, Liu R, Shi L, Jia L, Zhang J. 2012. 
Ascorbic acid and reactive oxygen species are involved in the inhibition of 
seed germination by abscisic acid in rice seeds. Journal of Experimental 
Botany 63, 1809–1822.

Zacheo G, Arrigoni-Liso R, Blevo-Sacheo T, Lamberti F, Perrino F, 
Arrigoni O. 1981. Changes of ascorbate free radical reductase in pea roots 
infested by Heterodera goettingiana. Nematologica Mediterranea 9, 181.

Zhan  LP, Peng  DL, Wang  XL, Kong  LA, Peng  H, Liu  SM, Liu  Y, 
Huang WK. 2018. Priming effect of root-applied silicon on the enhance-
ment of induced resistance to the root-knot nematode Meloidogyne 
graminicola in rice. BMC Plant Biology 18, 50.

Zhang  Z, Wang  J, Zhang  R, Huang  R. 2012. The ethylene response 
factor AtERF98 enhances tolerance to salt through the transcriptional ac-
tivation of ascorbic acid synthesis in Arabidopsis. The Plant Journal 71, 
273–287.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/71/14/4271/5815339 by guest on 09 D

ecem
ber 2020


