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Abstract

Activation of induced plant resistance to contrebts and diseases is regaining attention in
the current climate where chemical pesticides aragoprogressively banned. Formulations
of chitosan oligomers (COS) and pectoterived oligogalacturonides (OGA), COS-OGA,

have previously been described to induce resistagaast fungal diseases in different crop
plants. Here, we investigated their potential armb@of-action as preventive measures to

control root-knot nematoddel oidogyne graminicola infection in rice.

The results show a significant reduction in rodtigg and nematode development in rice
plants that were treated through foliar applicatvtin the COS-OGA formulations FytoSol®
and FytoSave® 24h before nematode inoculation. ldosrmeasurements, gene expression
analyses, corroborated by treatments on salicgiid €5A) and jasmonic acid (JA)-mutants
indicated that the systemic COS-OGA induced defemsehanism against nematodes is not
based on SA or JA activation. However, phenylalanaammonia lyase PAL) gene
expression in roots as well as enzymatic PAL agtin the shoots were significantly
induced 24 h after foliar COS-OGA spraying in congzn with untreated plants. COS-
OGA-induced systemic defense was abolished initee€OsPAL4-mutant, demonstrating that
COS-OGA-induced defense is dependent on OsPAL¥adictn in rice plants.

Keywords. plant defense elicitorMeloidogyne graminicola, Oryza sativa, hormone,

phenylpropanoids
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1. Introduction

With a world population that is currently growing@8 million per year, the pressure on food
production will only increase. Ric&®(yza sativa) is one of the most important staple foods
in the world, with a production of more than 730llimm tons per year (FAO, 2016).
Although not well-known because they cause maielpwground symptoms, plant parasitic
nematode infections contribute to major agricultiosses in rice production (Mantelin et al.,
2017). The root-knot nematode (RKMjeloidogyne graminicola is probably the most
damaging root pathogen affecting — mainly aerobiwe fields in Asia, and it was recently
also detected in Italian rice fields (Fanelli et 2017; Mantelin et al., 2017). RKN induce the
formation of ‘giant cells’ inside the root tissdfegm which they withdraw plant metabolites
for their nutrition, leading to the visible formati of root-knots (galls) (Mantelin et al.,
2017). The control of RKN using conventional methagl challenging because of their wide
host range, ability to survive in soil and weeds] the low inherent level of resistance in rice
against this nematode. An alternative to use ofatemes, activation of the plant innate
immunity could be a more environmentally friendgnérol method (Conrath et al., 2015).
Through evolutionary history, plants have acquiredmplex defense or ‘immunity’
mechanisms towards biotic stress factors like biactéungi, insects and nematodes. Plant
innate immunity is based on recognition of pathegssociated molecular patterns (PAMPS),
activating basal immune responses. Plant immun@onses typically include rapid
physiological changes such as*Captake and production of reactive oxygen and géro
species (ROS and RNS). After signal transductitvesé changes induce production of
secondary metabolites, including hormones (amonghwalicylic acid (SA), jasmonic acid
(JA), ethylene (ET), and abscisic acid (ABA)) aradhmgenesis-related (PR) proteins. In case
of PAMP-triggered immunity (PTI), the responseatatively small in magnitude but active

against a broad range of pathogédsnes & Dangl, 2006). The highly specific effeetor
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triggered immunity (ETI) - that is activated upatognition of pathogen effectors - is much
stronger and often accompanied by a hypersensgs@onse (HR) — induced cell death — at
the site of attempted host colonization (Jones &dba2006).

Triggering a defensive state in a plant can beeaeh by applying chemical or biological
molecules or micro-organisms. Traditionally, thetigiction is being made between SAR
(systemic acquired resistance (SAR)) that depemdthe plant hormone SA, and the SA-
independent induced systemic resistance (ISR),wisibased on JA/ET activation (Pieterse
et al, 2014). Strong activation of plant immunity can é&eergy-consuming, but a more
energy-efficient mechanism to trigger plant acqliimmunity, known as priming, has been
described in the early 2000’s. During priming, eatment, such as a (minor) stress or
application of a certain molecular agent or micrgamism, puts a plant in a state of
increased alertness with no or minimal direct immugene induction or hormone
accumulation, and hence no energy and yield lopsnipathogen attack, a faster and more
robust defense response is activated in the prpteeds than in unprimed plants (Conrath et
al.,, 2015). In the dicotyledonous model plarabidopsis thaliana, priming has been shown
to involve (1) the accumulation of dormant mitogestivated protein kinases; and/or (2)
epigenetic modifications; and/or (3) accumulatidrsecondary metabolites (Conrath et al.,
2015). In our research we are evaluating the piaiesshd mode of action of priming agents
in the protection of rice against RKN. In previaesearch, we have identified the activity
and involved pathways for priming agents, such et®-amino butyric acid (BABA), and
thiamine (Huang et al2016; Ji et a).2015). Thiamine treatment leads to increases,®,H
production in rice (Huang et aR016). Increases inJ, and callose as well as lignification
were observed in nematode-infected plants pretteatth BABA (Ji et al, 2015). Lignin
precursors are formed by the phenylpropanoid pathwawhich enzymatic conversion of

phenylalanine into trans-cinnamate, mediated byhylaéganine ammonia lyase (PAL), is the
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first and rate-limiting step. Next to monolignothijs plant-specific pathway, which is of
significant importance to growth and developmeat) also convert phenylalanine into other
secondary metabolites, such as flavonoids, sati@did, stilbenes and many other products

playing a role in plant immunity (Vogt, 2010).

FytoSol and FytoSave are commercial formulations af plant defense elicitor,
commercialized by the company FytoFend. FytoSolytdSave contain chitosan oligomers
(COS) combined with pectinderived oligogalacturonides (OGA), aka COS-OGA oSgave
(12.5 g/L COS-OGA) has been described to incre&se resistance of Cucurbitaceae
(cucumber, zucchini and melon), grapes and Solaeafterato and sweet pepper) against
powdery mildew (Van Aubel et al2014), through a mechanism relying on the inductb
SA-related genes and proteins in tomato leaves (arel et al. 2016). FytoSave can also
alleviate late blight caused by the oomyc@&eytophthora infestans in potato, and this
phenomenon is correlated with PR-gene activatidm¢kemaillie et al. 2017). FytoSol is a
new composition still under development by the campFytoFend. Recently, FytoSol was
shown to be even more effective at preventing lalight in potato under controlled
conditions (Van Aubel et al2018). Although FytoSave strongly increased thecBatent, it
failed to induce sufficient protection against latght, while FytoSol maintained or even
decreased the free SA content in the presené® iofestans and was more effective. In this
manuscript, foliar application of FytoSave and Bgbas potential activators of systemic
defense was evaluated against root-knot nematadésel By using hormone measurements,
gene expression and biochemical analyses and nt¢ants we investigated the involvement
of the plant defense hormones SA and JA and ophieaylpropanoid pathway in COS-OGA

induced root defense against RKN.
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2. Materials& Methods

2.1. Plant material and growth conditions

Rice Oryza sativa) seeds of cultivar Nipponbare were provided by .D®&partment of
Agriculture (GSOR-100). Seeds of thspal4-mutant (Tonnessen et al., 2015) and its wild-
type IR64 were kindly provided by the lab of J. tlegColorado State University, CO,
USA). Seeds were germinated on wet filter papea petri dish for 4 days at 30°C. They
were transplanted in in-house-made polyvinyl-clder{PVC) tubes (height: 15 cm; diameter
3 cm) containing a mixture of fine sand and synthabsorbent polymer (SAP) substrate (for
more details see Nahar et al., 2011; Huang ek@l5). The polymer used is Aquaperla®
(DCM, Belgium). The plants were further kept in @wth room at 2&, 12 h/12 h light
regime (150 pmol/Gs) and relative humidity of 70-75%. The plants weraintained by
supplying 10 mL Hoagland solution three times akvd® avoid possible effects induced by
the photoperiod, all inoculations and samplingsengne at the same moment of the day, 10

am, which is 2h after sunrise.

2.2.Plant treatments

FytoSol and FytoSave (patent: US2015045221 (A1),8873923B2) are commercial

formulations containing 12.5 g/l oligosaccharidengtex (chitosan fragments and pectin-
derived fragments: COS-OGA,; Van Aubel et al., 2018)the first experiment the product
was applied as foliar spray on 14-days-old riceslaat different concentrations (1%, 0.5%,
0.25% and 0.125%, v/v) to evaluate the dose effétt.following experiments, the

recommended dose of 0.5% was used, which correspmn@2.5 ppm COS-OGA in the
spray solution. In case of nematode infection erpemts root inoculation was done 24 h

after foliar treatment.
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2.3. Infection experiments

M. graminicola - originally isolated in the Philippines (Batangasvas kindly provided by
Prof. D. De Waele (Catholic University, Leuven, @am). The nematode culture was
maintained on susceptible rice plants grown inipgtsoil, under light and temperature
conditions as described above. About 3 months afteulation, infected roots were cut into
1 mm pieces and nematodes (second stage juved@gswere extracted using a Baermann
funnel (Luc et al., 2005). The nematode suspensias collected 48 hrs later and
concentrated by centrifugation for 10 minutes &@QLBpm at room temperature. Nematodes

were counted under light microscopy to estimatentimaber of nematodes in the suspension.

Fifteen-day-old rice plants were inoculated witfD3&veniles ofM. graminicola or mock
inoculated with water. The infection level of théams was evaluated at 14 days after
inoculation by counting the number of galls and atdes per plant. Individual root systems
were removed from the substrate, gently washed pauted in a tissue bag (Miracloth,
VWR). They were stained with acid fuchsin, whichds to intense pink staining of the galls:
roots were boiled for 3 min in a solution of 0.8%etc acid and 0.013% acid fuchsin.
Nematode development inside the galls as well ast giells can be observed when the acid
fuchsin-stained root system is destained for apprately 4 d in acid glycerol. The
development of nematodes until maturity (femalesgonsidered as a measure of general
nematode development in the root system. Gallsfam@les were counted microscopically

using a stereomicroscope (Leica S8 APO, Leica Migstems, Diegem, Belgium).

2.4. Direct effect on nematodes

Approximately 50 J2s were placed into a 2.5-cm @i@mwell on a 12-well culture plate

containing 1.5 ml of Fytosave or Fytosol at twdehént concentrations (1 and 0.5%) or 1.5
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ml of distilled water for the mock treatment. Tinarlg and dead nematodes were counted at
different time points under a stereomicroscoped@ &8 APO, Leica Microsystems, Diegem,
Belgium). Nematodes were considered dead if they wet moving and did not respond to
being touched by a small protiéhe experiment was performed three times with Gaajes

each.

2.5. RNA extraction, cDNA synthesis, and gRT-PCR

RNA was extracted using the Plant RNeasy Plant Miiti (Qiagen) following the
manufacturer’s instructions. For each treatmemip®gical replicates were taken, consisting
of a pool of at least 4 plants. qRT-PCR was peréatrand analyzed as described in Huang et
al.,2015. Expression levels were normalized usimget reference geneSsEIF5C, OsEXP

andOsEXPNarsai. Primer pairs are listed in Huang et 20,15 and Tonnessen et al., 2015.

2.6. Hor mone measur ements

For hormone measurement root and shoot tissues eodlected and were homogenized
using liquid N, and 100 mg of ground material was extracted @tG8using the modified
Bieleski solvent. After filtration (30 kDa Amic6nUItra centrifugal filter unit), solvent
evaporation and extract reconstitution, chromatolgiaseparation was performed on a U-
HPLC system (Thermo Fisher Scientific) with a Nocler C18 column (50 x 2 mm; 1.8 um
dpy). The detailed procedure is described in Haeclalet(2018). For each treatment, 5

biological replicates, each consisting of a pochbleast 3 plants, were measured.

2.7. PAL -activity measur ement

PAL-activity was measured as described in Camaadistébal et al. 2002. For each

treatment, 4 biological replicates, each consisting pool of 3 plants, were sampled. From
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each replicate, 100 mg of shoot or 100 mg of raat@es were ground in liquid nitrogen and
dissolved in 800 pl of 50 mM sodium phosphate asyaduffer containing 2% (w/v) poly-
vinylpolypyrrolidone (PVPP), 2 mM EDTA, 18 mM-megaethanol and 0.1% (v/v) Triton
X-100. The homogenate was centrifuged at 7168 @ afor 10 mins. In different 2 ml
tubes, 135 ul of reaction buffer, 50 pl of 5 mMLephenlyalanine, and 20 pl of supernatant
were mixed. Absorbance was measured using a spbotameter at 290 nm. The reaction
was started by incubating the samples in a watér fta 30 mins at 40. To stop the
reaction, 10 ul of hydrochloric acid was added #m@sample was mixed for 10 mins, after
which PAL activity was assayed by measuring thengttfon of trans-cinnamic acid at 290
nm. One unit (U) of PAL activity was defined as #maount of the enzyme that produced 1

nmol cinnamic acid per hour. Control assays hat-pbenylalanine as substrate.

2.8. Data collection and statistical analyses

All statistical analyses were performed in SPSSrnNdity of the data was checked by
applying the Kolmogorov-Smirnov test of normality£ 0.05). Homoscedasticity of the data
was checked by applying the Levene test (0.05). Since the assumptions of normality and
homoscedasticity of the data were found to belkedfiin all cases, a Student’s t-test or an
ANOVA and Duncan’s multiple mean comparison testenvapplied ¢ = 0.05). In case of
gene expression analysis, the REST2009-softwariehvid based on a data permutation test

was used.



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

3. Results

3.1. Foliar COS-OGA treatment reduces the number of galls and female nematodes in

riceroots

In a first experiment, four different concentrasoof COS-OGA (2 formulations: FytoSol
and FytoSave) were applied to rice plants to asHesseffect on subsequent nematode
infection. Rice cv. Nipponbare roots were inocudatgth M. graminicola 1 day after foliar
spraying with COS-OGA, and the numbers of galls f@ntale nematodes were counted at 14
days post-inoculation (dpi). Compared with contrplants, pre-treatment with all
concentrations and both formulations of COS-OGAllted in a significantly lower number
of root galls per plant at 14 dpi (Fig. 1A). In &duh, a significant decline in number of
females was observed in roots of pre-treated pla&nt$4 dpi, the number of adult females in
the treated plants was significantly lower thancontrol plants, for all formulations and
dilutions except 0.125% FytoSol (Fig. 1B). The tneants did not have any negative effect
on visual plant appearance (data not shown) ot gi@wth, based on an evaluation of shoot
and root fresh weight at 14 dpi (Supplementary FagulA and 1B). COS-OGA is not
directly nematicidal, as no increased mortality wasn after nematode incubation even up to
7 days in 1% of FytoSol or FytoSave in comparisath water incubation (data not shown).
These data demonstrate that foliar COS-OGA tredtimea day before inoculation not only
hinders root infection byM. graminicola, indicating that COS-OGA induces systemic
defense againd¥l. graminicola in rice. Based on these data, it was decided t¢iraon all

further experiments with the recommended dose5#0COS-OGA.

10
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3.2. COS-OGA induced defense acts independently of the major hormonal defense

pathways salicylate and jasmonate

We hypothesized that COS-OGA might be activating tlormonal pathways involved in
plant defense. Therefore, SA, JA, ABA and IAA |le/elere measured inside shoots (Figures
2A and 2B) and roots (Fig. 2C) of treated and wat&e rice at 24 h after foliar application,
which is the moment when nematodes are usuallylated (although in this experiment the
plants were not infected). Results presented inrEi@A and 2B show that foliar application
of both COS-OGA formulations resulted in decrea&Bé and SA levels in the shoots at 24
h after treatment. FytoSave additionally led tongigantly decreased JA levels in the shoots,
a trend which was not significant for Fytosol teshtplants. No significant changes in
hormone levels were observed in the roots of tckatee plants at 24 h after treatment
(Figure 2C), although JA levels were slightly basignificantly increased and IAA levels

decreased in roots of COS-OGA treated plants.

Gene expression analysis revealed only minor angwagiable induction of the investigated
defense genes in the shoot tissue at 24h posineeatvith Fytosol (Fig. 3A). For Fytosave
treatment, significant repression|@Sl, PAL2, PAL4 andPALG6 expression was observed in
the shoots. In the root tissue, clear inductiormainy defense genes was seen (Fig. 3B).
More specifically, both Fytosave and Fytosol indtive expression oAOS2, PAL4, PAL6
and PR1b in the roots at 24 after foliar treatment. Simiteends were seen foCSl and

PAL2, although this was not statistically significakitg 3B).

The involvement of SA and JA in COS-OGA inducedetisk was further evaluated by
investigating a set of mutants in the SA and JAwval: the SA-signaling deficient
WRKY45-RNAI line, and JA biosynthesis mutamtbiba. Results, presented in Fig. 4, show

that all three lines are more susceptible to RK&leapected based on previously shown

11
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importance of these genes for basal defense adrii$t(Nahar et al.2011; Ji et al.2015).
However, COS-OGA systemic induced defense is atiiive in these three lines (Fig. 4A &
B), demonstrating that this phenomenon acts ind#graty of SA-levels, SA-signaling and

JA biosynthesis.

3.3. COS-OGA induced defense against nematodes activates PAL -activity in shoots and

isdependent on the OsPAL4 gene

Based on the above-described results, the typied¢énde hormones seem not to be
underlying COS-OGA-induced defense against RKN. e\@v, gene induction did confirm
enhanced expression of multigPdL-genes in the rice roots of treated plants. Theeefwe
decided to focus on the phenylpropanoid pathwaweb-known biosynthesis pathway for
several defense-related metabolites. PAL-activigswneasured in root and shoots of the
treated plants at 24h after treatment. Data shawiig. 5A reveal significant induction of
PAL-activity in shoots of COS-OGA treated plantgtib for FytoSave and FytoSol. No

increase in PAL-activity was seen in the roots (big).

To confirm the involvement oOsPAL-enhancement in COS-OGA induced defense, the
OsPAL4-mutant was used in an infection experiment. Thigd-tyipe line ‘IR64’, which
belongs to the subspecies ‘indica’, is slightlyslagsponsive to FytoSol and FytoSave
treatment than the ‘japonica’ cultivars. ‘Nippondaand ‘Nihonmasari’ (> 50% reduction,
Fig. 1A; Fig. 4B), although still a significant nection in gall number was seen in treated
IR64-plants (33% reduction, Fig. 5C). It deservis® & be noted that a negative effect on
root length was observed in the COS-OGA treate@4IRice plants (Supplementary Fig. 2).
Interestingly, theDsPal4 mutant is not responding to COS-OGA treatmentdemild-type
IR64 does (Fig. 5C). These data demonstrate tleailCtBS-OGA induced defense against

nematodes is dependent ©gPal4.

12
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4. Discussion

Due to the current ban on chemical nematicidesptassure to present alternative nematode
control strategies is increasing. Next to the dsesistant varieties, crop rotation, flooding or
other agronomic prevention strategies, the actwatf plant innate immunity against
nematodes and other pathogens gains more and teméan (Oka et al., 1999; Cohen et al.,
2016; Asif et al., 2017; Medeiros et al., 2017)thalugh 100% resistance is not achievable
with products acting as plant defense elicitorsythre very useful as one of the prevention
methods in a well-designed integrated pest manageph@n, and as such can replace one or
more pesticide applications in a seasonal prograplamt protection (Walters et al., 2013).
Interestingly, the protection conferred by thesgiters is often not specific and can
potentially provide broad-spectrum protection aghttiseases and peg&harathchandra et
al., 2004). For example, BABA application provigestection against nematodes as well as
many bacterial and fungal diseases (reviewed bye@at al., 2016). Similarly, chitosan-
induced resistance has a.o. been shown to praggptants fromM. inognita infection (Asif

et al.,, 2017) as well aBinus patula againstFusarium circinatum infection (Fitza et al.,
2013).

In this paper, we demonstrate the activity of smch defense elicitor formulations, based on
COS-OGA, as a foliar spray to control RKN infectiam rice roots. Depending on the
experiment and the rice cultivar, reductions in gald female numbers ranging between 25
and 75% were observed in roots after one singlarf@dpplication of COS-OGA. The
systemic control provided by FytoSave and FytoSa$ womparable for both products and
was similar to what has been observed in our pusviesearch with BABA (Ji et ak015) ,
while thiamine gave less pronounced effects to robmtematode infection in rice roots

(Huang et al.2016).
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In order to elucidate the mode-of-action of COS-O&ystemic induced defense against
RKN, hormone measurements were executed on rootslaoots of rice plants, 24 h after
treatment. ABA-levels in shoots of treated plantravsignificantly reduced in comparison
with untreated plants, while ABA root levels wemaffected. In previous research we found
that foliar ABA application leads to increasesaotr ABA levels and enhanced susceptibility
to RKN through a negative antagonistic interactiath jasmonate-based defense (Kyndt et
al.,, 2017). In combination with the current data showtimat FytoSave and FytoSol treatment
do not affect root ABA levels, ABA seems unliketylte responsible for COS-OGA systemic

induced defense.

It has been demonstrated that FytoSave-inducechskefes based on activation of the SA
pathway in tomato leaves starting after the sedd@&-OGA spraying (Van Aubel et al.,
2016). In tomato, leaf proteomic analysis of plaspsayed twice with COS-OGA showed
accumulation of Pathogenesis-Related proteins (B$pecially subtilisin-like proteases, and
gRT-PCR confirmed upregulation of PR-genes and &ated genes (Van Aubel et ,al.
2016). Here, PR1b expression was not activatedenldcally treated tissue (shoots), but
showed activation in the roots. Enhanced activatibi®R1 has previously been correlated
with enhanced RKN-resistanae tomato(Molinari et al., 2014; de Medeiros et al., 2017).
Although induction of this gene is generally coatedd with SA, our observations do not
show a clear role for SA in COS-OGA induced deferide experiments with one single
spraying on rice showed that shoot SA levels wageifscantly lower 24 h after COS-OGA
treatment in rice, while root SA levels were uneféel and the transcripts of the SA
biosynthesis gen®sICS1 were not significantly induced or even slightlpressed in shoots
or roots upon COS-OGA treatment. In addition, COSAOwas still inducing systemic
defense in the SA-deficieMahG line. Rice shoot tissue is well-known to contaeryhigh

basal levels of SA, which do not significantly rispon pathogen inoculation, although
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activation of SA-signaling can activate defensg@oases against for exampliagnaporthe
oryzae (Shimono et a).2007). Hence, one could reason that while act@aleSels are not
important, the SA-signaling pathway could still ypla role in COS-OGA systemic induced
defense. However, contradicting this hypothesiso&gve and FytoSol application were still
fully active in theOsWRKY45 RNAI line. From these observations we conclud¢ the SA—
dependent defense pathway is not the main driv&€@@®B-OGA systemic induced defense in

rice against RKN.

Gene expression analysis showed a clear activafi@sPAL4 andOsPAL6-gene expression
in root systems of COS-OGA treated plants, sinibathe observations reported by Fitza et
al. (2013) in chitosan-treatedPinus patula. PAL is the committed step into the
phenylpropanoid pathway, that involves a compleiesef branching biochemical pathways
to provide plants with structural cell componenlignin, suberin and other cell wall-
associated phenolics), pigments (flavonoids, anoas), SA and toxins (coumarins and
furanocoumarins) (Vogt, 2010). Our data show DsRAL4-activation is essential for COS-
OGA systemic induced defense, as t@ePal4-mutant was insensitive to COS-OGA
treatments. PAL-activity measurements confirmedemgymatic activation in the shoots,
although gene expression of differétAL-paralogues was negatively affected in this tissue.
PAL has been shown to be tightly metabolically tatpd through negative feedback by
cinnamic acid orPAL transcription and on enzyme activity (Blount et 2D00). Based on
our data, we propose that the COS-OGA induced P&iity lead to negative feedback
control of PAL-gene expression in shoot tissue. Hormone datal@ye& minor accumulation
of JA in roots of COS-OGA treated plants, while afsdevels were significantly reduced 24h
after FytoSave-treatment. The jasmonate pathwkyag/n to play a central role in immunity
against RKN in (Nahar et al2011; Gleason et al., 2016) and it is known thag t

phenylpropanoid pathway is positively regulated 3y ( Pauwelset al., 2008; Taheri &
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Tarighi, 2010). However, since only a small chamgexpression of JA-related genes and in
JA accumulation was observed in the COS-OGA trepladts and seeing the fact that both
COS-OGA formulations were still effective in the -dli&ficient hebiba mutant, JA-

biosynthesis seems not to be required for FytoBdIRytoSave systemic induced defense.

However, our data demonstrate that activationOsPAL4 is essential for COS-OGA
systemic induced defense. Similar to these obsensgPAL expression has been shown to
correlate with thiamine-induced systemic defensairegM. graminicola in rice (Huanget

al., 2015) as well as chitosan-induced defencenatiausarium in Pinus (Fitza et al., 2013).
OsPAL4 was found to be upregulated upon infection in Mhegraminicola-resistant rice
cultivar Vandana, while no differences in expressiwere observed in the susceptible
cultivar Pusa (Kumari et al2016). In addition, the phenylpropanoid pathwayatsleast
partially responsible for resistance against tHefonematodeDitylenchus angustus in the

rice genotype ‘Manikpukha’ (Khanam et,&2017). Despite these observations and the fact
that theOsPal4-mutant is highly susceptible to rice blast (Torsseset al.2015), this mutant
was here found to be less susceptible towards RKfNch would indicate a role for this gene
in rice susceptibility towards RKN. However, prevsoobservations with the general PAL-
inhibitor AOPP, showed that PAL inhibition does tnsignificantly influence rice
susceptibility towards RKN (Ji et al2015). Transcriptome analyses have shown that the
phenylpropanoid pathway is generally suppressed®KiN-induced feeding sites in rice
(Kyndt et al, 2012). This, together with the fact that PAL-fayndlontains many paralogues
and leads to a complex variety of metabolites, dmaies interpretation of these data.
Nevertheless, upon induced defense by COS-OGARHKN might not be able anymore to

overcome the activated plant immune response.

While our data demonstrate that activationOsPAL4 is essential for COS-OGA systemic
induced defense, it remains to be determined wimetabolite produced in the shoot by the
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phenylpropanoid pathway determines RKN resistandie roots. The fact that COS-OGA
activity against RKN is not dependent on SA biokgsts and signaling is an indication that
other products derived from the phenylpropaonidhwal could be responsible for the

observed lower nematode susceptibility.

The phenylpropanoid pathway can contribute to tiwsymthesis of many defense-related
compounds, such as phenolics, lignins, stilbenphytoalexins and isoflavonoids (Vogt,
2010) ). Recent findings show that the phenylprophrpathway is also involved in the
induction of resistance in other pathogen-planéranttions, although no systemic effects
have ever been investigated. For example, BABA-teduresistance against downy mildew
(Plasmopara viticola) in grapevine was associated with the primed déposof, among
others, phenylpropanoid-derived phenolics in tleated tissue (Hamiduzzaman ef 2005).
Foliar silicon application to the ros®dsa hybrida) cultivar Smart increased the expression
of phenylpropanoid pathway genes and the concemirat antimicrobial phenolic acids and
flavonoids (rutin and quercitrin), and this was retated with increased plant protection
against infection by rose powdery mildew in thevk=saPodosphaera pannosa) (Shetty et al.
2011). Concerning nematodes (Fujimoto et 2015) found that induced resistance against
M. incognita in Arabidopsis by root sclareol treatment was @ated with higher transcript
levels of PAL1, cinnamoyl 4-hydroxylaseCdH) and cinnamoyl-CoA reductas€CR2).
Similarly, root benzothiadiazole (BTH) applicatioted to induced expression of
phenylpropanoid biosynthesis genes, and this waglated with significant changes in the
monomer composition of lignin in RKN-induced galls tomato roots (Veronico et al.
2018). Whether the flavonoid and/or lignin compositof rice roots is affected by COS-
OGA treatment remains to be studied in follow-upegach. Additionally, the observation

that PAL-activity is mainly induced in the shoofdle treated plants, while phenylpropanoid
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gene expression and plant defense against nemasodieserved in the root system raises the

guestion which PAL4-dependent signal is transpdir@eh the shoot to the root system.

In conclusion, we have shown that foliar COS-OGAlmations can effectively protect rice
roots from RKN infection. We demonstrate for thestfitime that the effect of COS-OGA is
systemic and its systemic mode-of-action is noetasn the traditional SA or JA defense

hormones, but on activation of the phenylpropamaithway.
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Figurelegends

Figure 1. Effect of COS-OGA formulations FytoSol (Sol) angtéSave (Save) at different
concentrations (0.1, 0.5, 0.25, 0.125% v/v) on duasceptibility to the root-knot nematode
M. graminicola. (A) Average number of root galls per plant codn#& 14 dpi, (B) average
number of females per plant counted at 14 dpi. @drs are the means * standard error (SE)
of 8 individual plants per treatment. Differentiées indicate significant differences (Duncan;

a = 0.05). The whole experiment was independenpgaged with similar results

Figure 2. Hormone levels in COS-OGA (0.5% v/v) treated nptants in comparison with
mock-treated control plants, measured 24 h afterfapplication. (A) Abscisic acid (ABA),
indole-3-acetic acid (IAA), and jasmonic acid (Jédntent in the shoots of treated and
control plants. (B) Salicylic acid (SA) contenttime shoots of treated and control plants. (C)
ABA, IAA, JA and SA content in the roots of treataad control plants. Values presented are
means + SE of 5 biological replicates (each a mdoB individual plants) per treatment.

Asterisks indicate statistically significant difégrces (t-testy = 0.05).

Figure 3. Gene expression analysis with gRT-PCR on shodtsu@d roots (B) of COS-OGA
treated rice plants. The relative expression levafisJA biosynthesisOsAOS2, SA-
biosynthesis gen®sICSl1, PAL-encoding gene®sPAL2, OsPAL4, OsPAL6 and the general
plant defense genBR1b, were analyzed using qRT-PCR at 24h after treatméalues
presented are means + SE of 3 biological replicgash a pool of 4 individual plants) per
treatment. Gene expression levels were normalizg@dgutwo internal reference genes,
OsEXP and OsEif5C. Data are shown as relative transcript levelsamgarison with the
control plants (expression level set at 1). Askarisdicate significant differential expression

(REST-analysisq = 0.05).
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Figure 4. Role of SA and JA in the COS-OGA systemic indudefense against RKN in
rice. (A) Activity of COS-OGA against nematodes tile SA-deficientNahG line and
OsWRKY45 RNAI line and their corresponding wild-type (‘Nippbare’). Plants were treated
with 0.5% FytoSave or FytoSol at 24 h before inatah. Number of galls per plant were
counted at 14 dpi. (B) Activity of COS-OGA agaim&matodes in the JA-deficiehébiba
mutant and its corresponding wild-type (‘NihonmégaPlants were treated with FytoSave
or FytoSol at 24 h before inoculation. Number dfgyper plant were counted at 14 dpi. The
bars are the means + SE of 8 individual plants tpeatment. Different letters indicate
statistically significant differences (Duncam; = 0.05). The whole experiment was

independently repeated with similar results.

Figure 5. Role of the phenylpropanoid pathway in the COS-Ogystemic induced defense
against RKN in rice. (A) PAL enzymatic activity the shoots of treated and control plants.
(B) PAL enzymatic activity in the roots of treatadd control plants. Values presented are
means = SE of 4 biological replicates (each a pbdlindividual plants) per treatment.
Asterisks indicate statistically significant difeerces from control plantsx (= 0.05). (C)
Activity of COS-OGA against nematodes in t@sPAL4-mutant line and its corresponding
wild-type (‘IR64’). Plants were treated with Fytof®aor FytoSol at 24h before inoculation.
Number of galls per plant were counted at 14 dgie bars are the means + SE of 8
individual plants per treatment. Different lett@nslicate statistically significant differences

(Duncan;a = 0.05). The whole experiment was independenpgaged with similar results.
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Supplementary information

Sl. Effect of COS-OGA formulations FytoSol (Sol) andtéSave (Sav) at different
concentrations (0.1, 0.5, 0.25, 0.125% v/v) on gee‘Nipponbare’ shoot (A) and root (B)
fresh weight under root-knot nematollle graminicola infected conditions, measured at 14
dpi. The bars are the means + SE of 8 individuanisl per treatment. No significant
differences were observed (Duncars 0.05).

SlI. Effect of COS-OGA formulations FytoSol (Sol) aRgtoSave (Sav) at 0.5% v/v) on rice
cv. ‘IR64" root length under root-knot nematodié. graminicola infected conditions,
measured at 14 dpi. The bars are the means = SE ionflividual plants per treatment.

Different letters indicate significant differengguncan;a = 0.05).
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Highlights
- Foliar application of two formulations of chitosan oligomers and pectin_derived

oligogal acturoni des reduces nematode infection by more than 30% in rice roots, showing for the

first time a systemic effect of these defence elicitors.
- Systemic defence activation is not correlated with defence hormone accumulation in therice

shoots and roots.
- The systemic defence against root-knot nematodes is dependent on stimulation of the

phenylpropanoid pathway.
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