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Abstract

While many phenylpropanoid pathway-derived molecules act as physical and chemical barriers to pests and pathogens, com-

paratively little is known about their role in regulating plant immunity. To explore this research field, we transiently perturbed

the phenylpropanoid pathway through application of the CINNAMIC ACID-4-HYDROXYLASE (C4H) inhibitor piperonylic

acid (PA). Using bioassays involving diverse pests and pathogens, we show that transient C4H inhibition triggers systemic,

broad-spectrum resistance in higher plant without affecting growth. PA treatment enhances tomato (Solanum lycopersicum)

resistance in field and laboratory conditions, thereby illustrating the potential of phenylpropanoid pathway perturbation in

crop protection. At the molecular level, transcriptome and metabolome analyses reveal that transient C4H inhibition in tomato

reprograms phenylpropanoid and flavonoid metabolism, systemically induces immune signaling and pathogenesis-related genes,

and locally affects reactive oxygen species metabolism. Furthermore, C4H inhibition primes cell wall modification and phenolic

compound accumulation in response to root-knot nematode infection. Although PA treatment induces local accumulation of the

phytohormone salicylic acid, the PA resistance phenotype is preserved in tomato plants expressing the salicylic acid-degrading

NahG construct. Together, our results demonstrate that transient phenylpropanoid pathway perturbation is a conserved inducer

of plant resistance and thus highlight the crucial regulatory role of this pathway in plant immunity.

Introduction

Induced resistance (IR) refers to a phenotypic state in which an exogenous stimulus conditions the plant
for reduced susceptibility to future biotic challenges (De Kesel et al. 2021). IR stimuli include chemical
compounds, beneficial microbes and various (a)biotic stresses (Conrath et al. 2006; Martinez-Medina et
al.2016; Mauch-Mani, Baccelli, Luna & Flors 2017). Once triggered, IR is memorized through long-term
epigenetic, proteomic and metabolic alterations (Balmer, Pastor, Gamir, Flors & Mauch-Mani 2015; Conrath,
Beckers, Langenbach & Jaskiewicz 2015) and may last the plant’s entire life cycle (Conrath et al. 2015).

IR has been successfully used in crop protection (Walters & Fountaine 2009), and several IR-inducers are
available commercially. Examples include beneficial microbes such as Trichoderma spp. (Perazzolli, Roatti,
Bozza & Pertot 2011; Mart́ınez-Medina et al. 2017), functional analogs of the defense hormone salicylic acid
(SA) such as acibenzolar-S-methyl (Romero, Kousik & Ritchie 2001) or probenazole (Yoshioka, Nakashita,
Klessig & Yamaguchi 2001), as well as oligosaccharide-based products such as COS-OGA, a combination
of chito-oligosaccharides and oligogalacturonides (van Aubel, Buonatesta & Van Cutsem 2014; van Aubel,
Cambier, Dieu & Van Cutsem 2016).
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. IR involves both direct activation of plant defense mechanisms and priming, enhanced induction of defense
responses upon later challenge (Mauch-Mani et al. 2017; De Kesel et al. 2021). Examples of defense mecha-
nisms involved in IR include accumulation of proteins with anti-pathogen activity (van Loon, Rep & Pieterse
2006), production of phytoalexins (Ahuja, Kissen & Bones 2012; Desmedt, Mangelinckx, Kyndt & Vanholme
2020) and cell wall reinforcement (Lunaet al. 2011; Malinovsky, Fangel & Willats 2014; Veronicoet al. 2018).

Both defense metabolite accumulation and cell wall reinforcement depend at least partially on the phe-
nylpropanoid pathway (PPP) (Dixon et al. 2002; La Camera et al. 2004; Miedes, Vanholme, Boerjan &
Molina 2014). In this pathway, phenylalanine is deaminated by PHENYLALANINE AMMONIA LYASE
(PAL) to trans -cinnamic acid, which is para -hydroxylated by CINNAMIC ACID-4-HYDROXYLASE (C4H)
topara -coumaric acid. Para -Coumaric acid is activated by 4-COUMAROYL-CoA-LIGASE to form para
-coumaroyl-CoA, a reactive intermediary in the biosynthesis of lignin monomers and numerous other PPP-
derived metabolites (Vogt 2010). Several phenylpropanoids are phytoanticipins or phytoalexins in their own
right, as are numerous PPP-derived metabolites such as flavonoids, coumarins, stilbenoids and diarylhepta-
noids (Mathesius 2018; Desmedt et al. 2020). Finally, the PPP is also, together with the shikimate pathway,
involved in SA biosynthesis (Dempsey, Vlot, Wildermuth & Klessig 2011).

Given the PPP’s diverse roles in plant defense, one might expect PPP inhibition to impair plant immunity.
Chemical or genetic PAL inhibition is indeed associated with increased susceptibility in various pathosystems,
and high basal or induced PAL activity is often positively correlated with resistance (Wang, Wang & Ning
2019; Yadav et al.2020). Downstream of the core PPP, stress-induced lignification and accumulation of
PPP-derived phytoalexins are common resistance mechanisms (Dixon et al. 2002; Obermeier et al. 2013;
Chezem, Memon, Li, Weng & Clay 2017; Veronico et al. 2018; Ranjan et al. 2019; Lee et al. 2019; Desmedt
et al.2020). Accordingly, it seems logical that C4H inhibition would also reduce disease resistance. However,
Schoch and colleagues hinted that the opposite might be true by showing that co-application of piperonylic
acid (PA), a C4H inhibitor (Schalk et al. 1998), and β-megaspermin, a Phytophthora megasperma elicitor
protein,to tobacco BY-2 cells dramatically increased SA accumulation – something not seen when PA or
β-megaspermin were applied individually (Schoch, Nikov, Alworth & Werck-Reichhart 2002). This led the
authors to suggest that SA accumulation after combined PA and β-megaspermin elicitation might induce
SA-dependent defense responses (Schoch et al. 2002). However, the hypothesis that PA might induce plant
resistance has, to the best of our knowledge, never been tested.

We investigated if and how PA induces plant resistance by performing bioassays with various pathogens
and pests, transcriptome and metabolome analysis, RT-qPCR and biochemical assays. As a model plant,
we focused on tomato, which is the world’s most widely consumed horticultural crop and is susceptible to
numerous agriculturally important pests and diseases (Gould 1992; Blancard 2013).

Materials and methods

Plant material

Tomato (Solanum lycopersicum L. ‘Moneymaker’) seeds were germinated in potting soil in a growth chamber
(24°C, 12/12 light/dark). Five days after emergence, seedlings were transplanted to pots containing a 3:1
(v/v) mixture of sand and sieved potting soil (Structural Type 1, Snebbout). Seedlings were watered three
times a week and fertilized weekly with 30 ml of fertilizer (Soluplant NPK 19-8-16+4MgO+ME, Haifa
Chemicals, 1 g l-1). Rice (Oryza sativa L. ‘Nipponbare’) seeds (GSOR-100, USDA) were grown as in Nahar
et al. (2011).

Chemical treatments

Piperonylic acid (PA; Sigma-Aldrich, catalog nr. P49805) was prepared as a 100 mM stock solution in
dimethyl sulfoxide (DMSO; Duchefa Biochemie), diluted with distilled water and amended with 0.1% (v/v)
Tween 20 (Sigma-Aldrich). Mock treatments consisted of distilled water with the same concentrations of
Tween 20 and DMSO. Plants were sprayed with an atomizer until thoroughly wetted. Unless otherwise
mentioned, PA was applied twice (8 and 1 days before inoculation) at a concentration of 300 μM.
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. Tomato bioassays with pathogens and pests

Tomato seedlings were inoculated two weeks after transfer (24 h after second PA treatment) with 250
Meloidogyne incognita second-stage juveniles (J2s), unless otherwise mentioned. Roots were collected 28 days
after inoculation (dai), washed and stained with 1:8-diluted Alcoferm Raspberry Red dye. After destaining
in acidified glycerol, galls were counted under a stereo microscope. Rice - Meloidogyne graminicola assays
were performed similarly, but plants were harvested 14 dai. N = 8, repeated at least twice.

Pseudomonas syringae DC3000 was grown on King’s B agar with 75 mg l-1 rifampicin and transferred to
liquid King’s B (without rifampicin, 28°C). Cells were centrifuged, resuspended in 10 mM MgSO4 (OD600

= 0.15) and amended with 0.05% (v/v) Silwet 77. Tomato seedlings (two fully expanded leaves, 24 h after
second PA treatment) were then dipped in the bacterial suspension. Seedlings were kept at 100% relative
humidity (RH) 24 h before and after dip-inoculation. Five dai, leaves were detached and photographed and
the number of visible specks per cm2of leaf area was counted. N = 12, repeated twice.

Bioassays with Botrytis cinerea R16 (Faretra & Pollastro 1991) were performed as in Audenaert et al. (2002)
using tomato leaves from four-week old plants detached 24 h after the second PA treatment. Four dai, disease
progression was monitored in a phenotyping robot as in Meng et al. (2020). N = 8 (8 plants, 32 leaflets),
repeated twice.

Aculops lycopersici was cultured on tomato (S. lycopersicum ‘Moneymaker’, 28°C, 50% RH, 16:8 light/dark).
Thirty adults were transferred to a 1 cm-diameter tomato leaf disk, which was placed on the second leaf of a
tomato seedling (24 h after second PA treatment). Ten dai, mites were counted under a stereo microscope.
N = 6, repeated twice.

Tetranychus urticae (London strain, tomato-adapted (Wybouwet al. 2015)) was expanded on common bean
(Phaseolus vulgaris L. ‘Prelude’). Ten adult females were transferred to tomato plants (S. lycopersicum
‘Moneymaker’, 28°C, 50% RH, 16:8 light/dark) 24 h after second PA treatment, and ten dai offspring (mobile
stages) were counted under a stereo microscope. N = 8, repeated twice.

Frankliniella occidentalis was reared on bean pods (28°C, 70% relative humidity, 14:10 light/dark). Ten syn-
chronized adult females were transferred to three-week-old tomato seedlings (S. lycopersicum ‘Moneymaker’)
in ventilated Plexiglass cylinders (90 x 35 mm). Thrips could oviposit for 24 h, after which they were remo-
ved. Only plants from which all ten adults could be recovered were retained. Four days after adult removal,
offspring were counted under a stereo microscope. N = 15, repeated twice.

Field trial with root-knot nematodes

A Good Experimental Practice-compliant trial was performed between September 2019 and February 2020
in a naturally nematode-infested greenhouse in Ispica (Sicily, Italy; coordinates 36.723783°N 14.968736°E) by
SATA s.r.l (Quargernata, Italy). Treatments were arranged in a randomized complete block design with four
22 m2 plots per treatment (22 tomato plants per plot,S. lycopersicum ‘Ciringuito F1’, planted September
9th 2019). The pre-trial nematode population was assessed as in Hallmann & Viaene (2013). PA was applied
using a handheld sprayer (300 μM PA, 0.1% (v/v) DMSO and 0.1% (v/v) Tween 20) three times: eight
and one days before transplanting and two weeks after transplanting. The nematicide Cedroz (Eastman),
containing geraniol (121 g l-1) and thymol (41 g l-1), was used as a reference treatment and was applied
per the manufacturer’s guidelines (9 l ha-1 total, 6 fortnightly applications). Starting in October 2019, four
(intermediate assessments) or ten (final assessment) tomato plants per plot were uprooted and evaluated for
vigor, phytotoxicity and galling severity on the Zeck scale (Zeck 1971). Yield was evaluated by picking and
weighing ripe fruits weekly between December 2019 and February 2019.

Evaluation of acute toxicity of piperonylic acid

Acute toxicity of PA to M. incognita was evaluated by incubating 50 J2s in 300 μM PA or a corresponding
mock solution and assessing motility after 48 h. PA’s acute toxicity to P. syringae DC3000 and B. cinerea
R16 was tested by adding 300 μM PA to their media and monitoring growth (OD600 after 24 h for P.
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. syringae and colony area after five days for B. cinerea). Acute toxicity to T. urticae, A. lycopersici and F.
occidentaliswas tested as by Xue et al. (2020). Briefly, ±25 adults (T. urticae, A. lycopersici) or larvae (F.
occidentalis) were placed on 1 cm2 leaf discs and sprayed with 300 μM PA or a mock solution in a spray
tower; mortality was recorded after three days.

Biochemical assays for phenylpropanoid pathway activity

Tomato roots, stems and leaves were harvested seven dai with 400M. incognita J2s (three weeks after
transplantation). Stem samples consisted of the stem section between roots and cotyledons, leaf samples of
the first, second and third leaves and root samples of the whole root system. Samples were ground in a liquid
nitrogen-chilled mortar. Lignin and phenolic compound quantification were repeated three times, using five
biological replicates per treatment (consisting of 2-3 pooled seedlings).

Lignin was quantified using the acetyl bromide assay. Cell walls were prepared as in Van Acker et al. (2013),
and the resulting extract was dried in a fume hood, weighed and suspended in 300 μl 25% acetyl bromide
(Sigma-Aldrich). After two hours incubation (50°C, 800 rpm), samples were placed on ice and diluted with
1.5 ml acetic acid. After centrifugation (10 minutes, 19 330g, RT), 300 μl supernatant was mixed with equal
volumes 2M NaOH and 0.5M hydroxylamine (Sigma-Aldrich) and centrifuged (10 minutes, 19 330g, RT).
Absorbance at 280 nm was measured in a microplate reader (Tecan Infinite F200 Pro) and lignin content
was calculated according to Barnes & Anderson (2017). Because no extinction coefficient for tomato lignin
was available, that of A. thalianareported by Xue et al. (2008) was used.

Free and cell-wall bound phenolic compounds were quantified using the Folin-Ciocalteu assay (Ainsworth
& Gillespie 2007). Free phenolics were extracted from ±100 mg tissue with 20 μl mg-1 80% (v/v) ethanol
(30 minutes, RT). After centrifugation (5 minutes, 19 330g, RT), 125 μl supernatant was mixed with 675
μl distilled water, 37.5 μl Folin-Ciocalteu reagent (Sigma-Aldrich) and 375 μl 20% (w/v) Na2CO3. After
15 minutes, absorbance at 765 nm was measured in a spectrophotometer (VWR UV1600PC) and phenolic
compound concentration was calculated using a gallic acid standard curve.

The residue left after ethanol extraction was washed with 80% ethanol and extracted overnight with 20 μl
mg-1 1M NaOH to release cell wall-bound phenolic compounds. After centrifugation (5 minutes, 19 330g,
RT), 125 μl NaOH extract was mixed with 1.05 ml distilled water and 37.5 μl Folin-Ciocalteu reagent and
absorbance was measured as for free phenolic compounds.

3,3-diaminobenzidine (DAB) staining

Second leaves of three-week-old tomato plants were detached, petioles were wrapped in wet tissue paper and
leaves were placed on petri dishes in trays filled with water with only the petiole touching the water. After
24 h in an incubator (24°C, 16:8 light/dark), each leaflet was treated by applying three 20 μl droplets of 300
μM PA solution, three 20 μl droplets of mock solution or wounding with a scalpel (positive control). Leaflets
were sampled 1, 3, 6 and 24 h post treatment and DAB-stained as in Daudi & O’Brien (2012). Four leaves
(16 leaflets) were used per treatment and time point, and the experiment was repeated twice.

Guaiacol peroxidase assay

Guaiacol peroxidase activity was quantified as in MacAdam et al. (1992). Roots and shoots (from cotyledons
upwards) of tomato seedlings were flash-frozen in liquid nitrogen 14 days after transplantation (24 h after
second PA treatment) and ground in a liquid nitrogen-chilled mortar. ±75 mg powder was extracted with
8 μl mg-1cold extraction buffer (0.8 M KCl and 8 g l-1polyvinylpyrrolidone in 50 mM potassium phosphate
buffer, pH 6.0). After centrifugation (10 minutes, 19 330g, 4°C), 10 μl extract was mixed with 990 μl assay
buffer (3.3 mM guaiacol and 0.4 mM H2O2 in 100 mM potassium phosphate buffer, pH 6.0). Absorbance
increase at 436 nm was recorded every 15 seconds for 3 minutes. Six biological replicates were used per
treatment (each consisting of 2-3 pooled seedlings) and the experiment was repeated twice. The slope of the
resulting curve was used as a measure of guaiacol peroxidase activity.

Untargeted metabolomic profiling and phytohormone analysis
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. Tomato seedlings were flash-frozen in liquid nitrogen fourteen days after transplantation (24 h after the
second PA treatment). Roots and shoots (from cotyledons upwards) were ground in a liquid-nitrogen chilled
mortar. Six samples (3 plants per sample) were analyzed per treatment. 100 mg powder was extracted with 2
ml cold methanol (30 minutes, 1000 rpm, 25°C) and centrifuged (10 minutes, 19 330g, RT). The supernatant
was dried in a vacuum concentrator (Labconco CentriVap) at 35°C, while the residue was air-dried (24 h,
60°C) and weighed. Metabolites were dissolved in 200 μl 1:1 miliQ-water-cyclohexane (15 minutes, 1200 rpm,
RT) and centrifuged (5 minutes, 19 330g, RT).

Seventy μl aqueous phase was filtered through a 0.2 μm filter (PAL AcroPrep) and 3 μl filtrate was ana-
lyzed by reversed-phase UPLC (Acquity UPLC I-class, Waters) coupled to a quadrupole-time-of-flight mass
spectrometer (Vion IMS QToF, Waters) via an electrospray ionization source in negative ionization mode.
Chromatography and MS conditions were as in De Meester et al. (2018). Pooled control samples, prepared
by combining 3 μl of each sample, were used for chromatogram alignment and quality control.

Data were normalized to sample dry weight, and features were filtered using three criteria: (a) non-zero
intensity in all replicates of at least one treatment, (b) mean MS intensity > 5 in at least one treatment and (c)
relative SD < 30% in pooled control samples. Features were quantile-normalized (Bolstad, Irizarry, Åstrand
& Speed 2003), centered and generalized logarithm-transformed (Durbin, Hardin, Hawkins & Rocke 2002)
using MetaboAnalyst v. 5.0 (Chong, Wishart & Xia 2019). Differentially abundant features were identified
using FDR-adjusted heteroscedastic t-tests with a significance threshold of P < 0.05 and absolute log2-fold
change > 1. Pathway analysis was performed using Mummichog v. 2.0 (Li et al. 2013) as implemented in
MetaboAnalyst v. 5.0, with following parameters: mass tolerance 5.0 ppm, retention time included, primary
ions enforced, P-value cut-off 0.05, A. thaliana pathway library.

For the targeted quantification of phytohormones, plant material was collected in the same manner as
for metabolome profiling and 100 mg of this material was used for analysis using the methodology and
instrumentation described in (Haeck et al. 2018).

Nematicidal assay on extracts from PA-treated plants

Extracts for nematicidal assays were prepared in the same manner as for UPLC-MS/MS profiling. Briefly,
ground tissue was extracted with 5 ml methanol g-1 tissue (30 minutes, RT), after which the extract was
filtered, dried in a rotary evaporator (35°C), dissolved in 0.5 ml water g-1 tissue and defatted with cyclohe-
xane. A two-fold dilution series (from 2:1 to 1:8 mass-to-solvent ratio) was prepared, and ±100 M. incognita
J2s were incubated in 600 μl diluted extract. Nematode motility was evaluated after 4, 24 and 48 h. Four
biological replicates, each consisting of 5-6 tomato plants, were used per treatment.

Gene expression analysis

Roots and shoots (from cotyledons upwards) were collected for mRNA sequencing 14 days after transplan-
tation (one day after second PA treatment). For RT-qPCR, roots and shoots were harvested 6, 24 and 72 h
after the second PA treatment. Samples were ground in a liquid-nitrogen chilled mortar.

For mRNA sequencing, RNA was extracted from ±100 mg ground tissue (Quick-RNA Plant Miniprep Kit,
Zymo Research). Three biological replicates, each consisting of four pooled plants, were used per treatment.
Library preparation, sequencing and data analysis were as in (Ghaemi et al. 2020). Briefly, libraries were
prepared using the QuantSeq 3’ mRNA-Seq library prep kit (Lexogen), library quality was verified using an
Agilent Bioanalyzer 2100 and libraries were sequenced on an Illumina NextSeq 500 platform. Data quality was
assessed using FastQC (Andrews 2010), reads were trimmed with Trimmomatic (Bolger, Lohse & Usadel 2014;
5 bp sliding window, bases with Phred scores < 20 were trimmed and reads < 40 bp were removed). Trimmed
reads were mapped to the tomato reference genome (ITAG 4.0, Hosmani et al. 2019) using STAR (Dobin &
Gingeras 2015) and reads were counted using the summarizeOverlaps function of the RGenomicAlignments
package (Lawrence et al. 2013). Differentially expressed genes were identified using the R DeSeq2 package
(Love, Huber & Anders 2014). Genes were considered differentially expressed if FDR-adjusted P < 0.05 and
|log2 FC| > 0.7. PLAZA 4.5 (Van Bel et al. 2018) was used for gene ontology analysis.
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. For RT-qPCR, RNA was extracted from ±100 mg ground tissue (RNEasy Plant kit, Qiagen,), DNAse-treated
(DNAse I, Thermo Fisher Scientific) and converted to cDNA (Tetro cDNA synthesis kit, Bioline). RT-qPCR
conditions were as in De Kesel et al. (2020). Primer sequences are listed in Supplementary Table S1 .
Three reference genes were used, using primer sequences obtained from Cheng et al. (2017). Reference gene
stability in shoot and root was verified using our mRNA-seq dataset. Amplification efficiency and relative
expression were calculated using LinRegPCR v. 2020.0 (Ruijter et al. 2009). Statistical significance was
determined using FDR-adjusted t-tests. Four biological replicates, consisting of 2-3 pooled plants, were used
per treatment.

Statistical analysis

Statistical analyses were performed in R (v. 4.0.0). For bioassays, generalized linear models were fitted
(binomial for binary variables, negative binomial for count data and Gaussian for continuous variables)
and model assumptions were verified through diagnostic plots. Tukey’s range test was used for post-hoc
comparison.

Results

Piperonylic acid (PA) treatment induces systemic plant resistance against plant-parasitic nematodes, without
negative effects on plant growth and development

Foliar PA pre-treatment enhanced resistance to the root-knot nematodeMeloidogyne incognita, as evidenced
by a reduced number of galls 28 dai (-56%, P < 0.001), an effect that showed no dose-dependence over
the tested concentration range (100 - 1000 μM;Figure 1a ). PA also induced resistance against the rice
root-knot nematode M. graminicola at 14 dai (-40%, P < 0.001; Figure 1b ). As PA is not acutely toxic to
M. incognita or M. graminicola (Table 1 ), reduced susceptibility is likely due to induced resistance (IR)
rather than direct toxicity. Our data suggest a conservation of PA-IR between dicots and monocots.

To verify that PA-IR is not triggered by an unknown off-target effect of PA, we tested whether two other
previously described C4H inhibitors, 4-Propynyloxybenzoic acid and 3-(4-Pyridyl)-acrylic acid (Schochet al.
2002), also induced resistance against M. graminicola in rice (see Supplementary Figure S1 ). Since these
two inhibitors induced the same resistant phenotype as PA, despite their very different chemical structures
and inhibition mechanisms (Schochet al. 2002), it is highly likely that C4H inhibition is indeed the root
cause of PA-IR.

Since IR may have negative effects on plant growth and development, the effect of weekly foliar PA treatment
at concentrations ranging from 100 - 1000 μM on tomato growth was investigated. No effect on leaf area,
shoot dry mass or root length was seen (P = 0.97, P = 0.71 and P = 0.45, respectively; Figures 1c-e ).
300 μM was chosen as the standard dose for all following experiments.

The efficacy of PA-IR against root-knot nematodes was validated in a greenhouse naturally infested with
M. incognita and M. javanica. Soil samples taken before the trial contained 14 000 J2s per liter of soil,
indicating a severe infestation.

The effect of PA on plant health and yield was evaluated, and its effect on root-knot nematode disease
severity was compared to both an untreated control and the commercial nematicide Cedroz. Both PA and
Cedroz reduced disease severity, as indicated by plant gall index (P = 0.042 and P = 0.025 respectively,
Figure 1f ). By the end of the trial, untreated plants showed a mean gall index (± SEM) of 8.1 ± 0.4,
versus 6.3 ± 0.3 in PA-treated plants and 4.6 ± 1.1 in Cedroz-treated plants. Neither treatment significantly
affected cumulative yield (PA: +13%, P = 0.77; Cedroz: +34%, P = 0.21 – Figure 1g ). No phytotoxicity
or growth reduction was observed with any treatment.

Piperonylic acid treatment enhances tomato resistance to the foliar pathogens Botrytis cinerea and Pseudo-
monas syringae.

Foliar PA treatment enhances resistance against two foliar pathogens,B. cinerea R16 (Figure 2a-c ) and
P. syringaeDC3000 (Figure 2d ). PA treatment increased the percentage of resistant interactions with B.
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. cinerea from 34% in the control to 64% (P = 0.014), and inoculation sites also exhibited higher Fv/Fm

(and thus higher photosynthetic efficiency) in PA-treated plants (+11%, P = 0.018). In an experiment with
higher disease pressure, PA pre-treatment still reduced B. cinerea disease pressure (3% resistant interactions
in mock-treated plants versus 34% in PA-treated plants, P < 0.001;Supplementary Figure S2a ) and again
increased Fv/Fm (+20%, P = 0.003;Supplementary Figure S2b). Reduced B. cinerea disease severity
was also observed in a greenhouse experiment with strawberry (Fragaria x ananassa Duchesne ‘Elsanta’),
shown in

Supplementary Figure S3.

PA-pretreatment similarly reduced tomato susceptibility to P. syringae DC3000, as the mean number of
specks per cm2of leaf area in the first and second leaves was reduced by 33% and 50% respectively (P =
0.038 and P < 0.001). In the third leaf, which was still emerging, there was no significant effect (P = 0.11).
As PA is not acutely toxic to either P. syringae or B. cinerea (Table 1 ), the reduced disease severity is
likely caused by IR.

PA treatment reduces the population growth of arthropod herbivores on tomato

The reproduction of three arthropods pests of tomato, the mites T. urticae and A. lycopersici (Vervaet,
De Vis, De Clercq & Van Leeuwen 2021) and the insect F. occidentalis , was significantly lower on PA-
pretreated tomato plants. As shown in Figure 2 ,T. urticae had 54% fewer living offspring (P < 0.001)
on PA-treated plants, A. lycopersici 63% fewer (P = 0.002) andF. occidentalis 40% fewer (P < 0.001). PA
similarly induced resistance against F. occidentalis in pepper (Capsicum annuum L. ‘Cayenne Long Slim’),
as shown inSupplementary Figure S4. As PA is not acutely toxic to these arthropods (Table 1 ), their
reduced reproductive rate is likely caused by PA-IR.

PA treatment induces genome-wide transcriptional changes consistent with IR

To gain insights into the molecular mechanisms behind PA-IR, mRNA from roots and shoots of PA-treated
tomato plants was sequenced. By sequencing root and shoot samples, both local responses (shoots) and
systemic (roots) transcriptional responses were analyzed. Principal component analysis and hierarchical
clustering showed that PA treatment led to substantial transcriptome shifts in both tissues (Figure 3 ).
When comparing PA-treated and mock-treated plants, 164 genes were differentially expressed (DE) in shoots
(133 up, 31 down) and 309 in roots (86 up, 223 down). A full list of transcripts and their expression changes
can be found in Supplementary Table S2.

Local transcriptional response to PA treatment

Gene ontology (GO) analysis identified 69 enriched GO terms in PA-treated shoots compared to mock-treated
shoots, of which 23 were related to immunity (e.g., systemic acquired resistance andregulation of immune
response; Supplementary Table S3 ), 11 to abiotic stress and four to photosynthesis. InterPro domain ana-
lysis also identified enrichment of immunity- and photosynthesis-related domains (Supplementary Table
S3 ).

Among immunity-related genes, 15 genes annotated as encoding pathogenesis-related (PR) proteins were
DE in PA-treated shoots, all of which were upregulated. Some of these have been used as IR markers in
tomato, e.g. PR1a (Schuhegger et al. 2006; Mart́ınez-Medinaet al. 2017). Other genes involved in IR are also
upregulated in shoots after PA treatment, including four NIM1-INTERACTING2-like (NIMIN2-like) genes
and the tomato ortholog of Arabidopsis thaliana SAD4 (SAR-DEFICIENT 4). NIMIN2 is an interactor of
NPR1 (Nonexpressor of PR genes) and has a role in IR establishment (Zwicker, Mast, Stos, Pfitzner &
Pfitzner 2007), and SAD4 is involved in the biosynthesis of the immunity regulator L-pipecolic acid (Shan
& He 2018). The effect of PA on shoot immunity is further reflected by the induction of six genes encoding
WRKY transcription factors.
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. Both NIMIN2-like and PR1a are SA-inducible, but no genes known to be involved in SA biosynthesis
were DE. There were no clear expression changes in genes involved in abscisic acid, auxin or jasmonic acid
biosynthesis and signaling, but two1-aminocyclopropane-1-carboxylate oxidase-like genes possibly involved
in ethylene biosynthesis were upregulated in shoots.

PA also appears to affect shoot reactive oxygen species (ROS) metabolism, as four genes encoding PEROXI-
DASES and six encoding GLUTHATIONE-S-TRANSFERASES were upregulated.

Although PA is a well-characterized C4H inhibitor (Schalk et al.1998; Schoch et al. 2002), our data show
no change in shoot expression of C4H , nor in that of PAL or 4CL, two other early phenylpropanoid pa-
thway (PPP) gene families. However, several downstream PPP-related genes were upregulated: seven genes
involved in flavonoid biosynthesis and glycosylation (two putativeFLAVANONE-3-HYDROXYLASES, one
putativeISOFLAVONE-2’-HYDROXLYASE and fourUDP-GLYCOSYLTRANSFERASES acting on flavo-
noids, includingTOMATO WOUND-INDUCED 1 ) and three genes involved in lignification and cell wall
reinforcement (Caffeoyl-CoA-O-methyltransferase 1 , a cinnamyl alcohol dehydrogenase and THT1-3, an
N-hydroxycinnamoyl-CoA:tyramine N-hydroxycinnamoyl transferase) . Several other genes involved in cell
wall development were also upregulated, including a CELLULOSE SYNTHASE and twoGLYCINE-RICH
CELL WALL PROTEINS. Together, these results suggest active cell wall remodeling upon PA treatment.

Systemic transcriptional response to PA treatment -

To investigate the effect of foliar PA application on gene expression in systemic (untreated) tissues, mRNA-
sequencing was performed on roots of PA-treated tomato plants. GO analysis of DE genes in roots is con-
sistent with an IR phenotype, 20 out of 45 enriched GO terms were related to plant immunity and five to
abiotic stress response (Supplementary Table S3 ).

As in shoots, foliar PA treatment strongly induced PR gene expression in roots: 16 genes annotated as possible
PR genes were DE, of which 14 were upregulated. Again as in shoots, these PR genes include IR markers
such as PR1a . ROS metabolism might also be altered in roots upon PA treatment: four PEROXIDASES ,
one LACCASE and oneCATALASE (but no GLUTHATIONE-S-TRANSFERASES) were upregulated.

In contrast to PR- and ROS-related genes, WRKY and ERF transcriptions factors show a divergent ex-
pression pattern between root and shoot after PA treatment. While five WRKY genes were upregulated
in shoots after PA treatment, seven were downregulated in roots and none upregulated. Genes encoding
ETHYLENE RESPONSE FACTORS (ERFs), another major class of transcription factors involved in biotic
stress response, also show a contrasting expression pattern between root and shoot: in shoots one such gene
is upregulated, whereas in roots nine ERFgenes were downregulated and three upregulated.

The expression of PPP and cell wall remodeling genes upon PA treatment also differs between shoot and
root. One PAL gene (Solyc09g007900.5) is downregulated in roots after PA treatment, but no other early
PPP genes are DE. One Hydroxycinnamoyl-CoA-quinate transferase involved in chlorogenic acid biosynthe-
sis and oneSINAPATE GLUCOSYLTRANSFERASE were upregulated, but – in marked contrast to shoots
– no genes related to flavonoid biosynthesis were DE. Several cell wall-related genes were DE in roots of
PA-treated plants: two cellulose synthases and THT1-3 were downregulated, whereas Xyloglucan endotrans-
glucosylase/hydrolaseand two pectinesterases were upregulated.

RT-qPCR validation of mRNA sequencing and time course analysis

To validate mRNA-sequencing results and to investigate the temporal dynamics of PA-IR, twelve genes were
chosen for RT-qPCR analysis in a time-course experiment. These genes were selected based on differential
expression after PA treatment in the mRNA-sequencing dataset, and because they covered most pathways
or groups of functionally related genes identified in the mRNA-sequencing data (see Supplementary Table
S1 ).

Gene expression was measured at three time points (6, 24 and 72 hours after PA treatment) in root and
shoot to study the spatiotemporal evolution of the plant response to PA (Figure 4) . There was signi-
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. ficant agreement between mRNA-seq and RT-qPCR data at 24 hours (Spearman’s ρ = 0.57, P = 0.003;
Supplementary Figure S5 ), which supports the validity of our mRNA-sequencing results.

For most genes assayed via RT-qPCR, PA-treated shoot samples showed the highest differential expression
after 6 and 24 hours. Root samples showed a smaller fold change at 6 hours, followed by greater differences
after 24 and 72 hours. This hints at a temporal difference in gene expression changes after PA treatment,
with (directly treated) shoots showing a more rapid response than (systemic) roots.

PA treatment induces a localized ROS burst

To investigate whether upregulation of peroxidase genes in PA-treated shoots (see e.g. POX51 induction in
Figure 4 ) is indicative of altered ROS metabolism, histological staining with 3,3-diaminobenzidine (DAB)
was executed on tomato leaflets pre-treated with droplets of a PA or mock solution. Sites of PA droplets
showed faint staining one hour PA application, intense staining at three and six hours and faint staining
after 24 hours (Figure 5a and5c ). The size of the stained area did not exceed that of the PA droplet,
which suggests that intense ROS accumulation after PA treatment is a local phenomenon.

To further test the hypothesis that ROS metabolism is affected by PA treatment, guaiacol peroxidase activity
was measured in shoots and roots sampled 24 hours after the second foliar PA treatment. PA treatment
increased guaiacol peroxidase activity in shoots (+58%, P < 0.001; Figure 5b ), but not in roots (P =
0.91), which further suggests that PA treatment locally affects ROS metabolism.

PA treatment induces extensive metabolic reprogramming

Untargeted UPLC-MS/MS profiling of shoots and roots of tomato seedlings 24h after the second PA treat-
ment was used to further investigate the molecular basis of PA-IR.

After pre-processing, 4692 features were retained in shoots, of which 1672 were differentially abundant (DA).
985 features were more abundant in PA-treated than in mock-treated shoots, whereas 687 were less abundant.
A substantial number of DA features were unique to either mock (17)- or PA-treated (396) samples. In roots,
2549 features were retained, of which 186 were significantly DA between PA- and mock-treated samples - a
much smaller proportion than in shoots. There was a clear bias towards overaccumulation after PA treatment
in roots: 177 features were significantly more abundant, while 9 were less abundant. The smaller effect of
PA on the root metabolome is reflected by principal component analysis and hierarchical clustering, both of
which show complete separation between PA- and mock-treated shoot samples, but only partial separation
for root samples (Figure 6 ).

Pathway analysis identified five metabolic pathways enriched upon PA treatment in tomato shoots: phenyl-
propanoid biosynthesis (P < 0.001), stilbenoid and diarylheptanoid biosynthesis(P < 0.001), flavonoid biosyn-
thesis (P = 0.020),riboflavin metabolism (P < 0.001) and thiamine metabolism (P = 0.030). In roots, four
pathways were enriched:phenylpropanoid biosynthesis (P < 0.001),stilbenoid and diarylheptanoid biosynthe-
sis (P < 0.001), flavonoid biosynthesis (P = 0.040) and galactose metabolism (P = 0.030). A full list of
pathways is shown inSupplementary Table S4 .

PA itself was found in both shoot and root samples from PA-treated plants, both as free PA and as a hexose
conjugate. This indicates that PA is taken up, conjugated and possibly systemically transportedin planta
. The hexose conjugate was eleven times more abundant than free PA in shoots, and thirteen times more
abundant in roots. Both free and conjugated PA were approximately ten times more abundant in shoots
than in roots.

A second feature of interest is the defense hormone SA, which was 6.2 times more abundant in PA-treated
than in mock-treated shoots (P < 0.001). By contrast, SA abundance in roots was unaffected by foliar
PA treatment. To confirm the effect of PA treatment on SA seen after untargeted metabolome profiling,
and to verify the absence of responses to other major plant hormones suggested by our transcriptome
data, we also performed targeted UPLC-MS/MS measurement of SA, JA, abscisic acid and indole-3-acetic
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. acid. We observed a similar SA accumulation in tomato shoots after PA treatment (4.8-fold increase) in this
experiment, and found no major changes in the level of the other measured phytohormones (Supplementary
Table S6 ).

Since foliar PA treatment induces SA accumulation in shoots, we investigated whether SA accumulation is
necessary for PA-IR by testing the efficacy of PA in tomato plants expressing the NahGtransgenic construct,
which converts SA to catechol (Brading, Hammond-Kosack, Parr & Jones 2000). Plants expressing NahG
were more susceptible to M. incognita (+14%, P = 0.037),confirming the role of SA in defense against M.
incognita(Mart́ınez-Medina et al. 2017). However, PA was almost as effective in NahG plants (-36%, P <
0.001) as in wild type plants (-43%, P < 0.001; Figure 6 ), which suggests that PA-IR against M. incognita
is at least partially SA-independent.

Besides PA and SA, 59 other DA features were annotated with a high degree of confidence by matching
against an in-house database using mass and retention time. A further 226 DA features were putatively
annotated to a metabolite class by matching their m/z against the METLIN database (Guijas et al. 2018).
Both features identified against the in-house database and annotated using METLIN were notably enriched
in PPP derivatives and flavonoids. PPP derivates identified via the in-house database include para- coumaroyl
quinic acid (4-fold increase after PA treatment, P < 0.001), syringin (12-fold increase, P < 0.001), feruloyl
hexose (3-fold reduction, P < 0.001), benzoic acid (66-fold increase, P < 0.001) and benzoyl hexose (16-fold
increase, P < 0.001). The PPP precursor phenylalanine was two times more abundant in PA-treated than in
mock-treated shoots (P < 0.001). Several PPP derivatives were also DA in roots, but generally with smaller
fold changes. Examples include para- coumaroyl quinic acid (2.3-fold increase, P < 0.001), syringin (2.2-fold
increase, P = 0.031) and benzoyl hexose (12.6-fold increase, P = 0.002).

Among DA features, 153 had m/z values whose only METLIN matches were flavonoids or flavonoid glycosides
and whose retention times were compatible with these metabolite classes. Of these 153 features, 67 were less
and 86 were more abundant in PA-treated than in mock-treated shoots. Remarkably, 50 of the 86 upregulated
flavonoids were unique to PA-treated samples; these flavonoids were either absent in mock-treated plants, or
present below the limit of detection. No putative flavonoids were unique to mock-treated samples. In root
samples, twelve putative flavonoids were DA, all of which were upregulated and six of which were unique to
PA-treated samples.

There is a strong overlap between DA features in root and shoot: 156 out of 186 DA features (84%) in roots
were also DA in shoots. Putatively annotated features that were more abundant in both PA-treated roots
and shoots include two benzoic acid hexosides, a cinnamoyl hexoside,para- coumaroyl quinic acid, a hexose
conjugate of 5-hydroxyferulic acid, syringin, seven unidentified flavonoid glycosides and three unidentified
flavonoids. A full list of DA features, alongside their empirical formulas and putative annotations, is provided
inSupplementary Table S5 .

The altered metabolome induced by PA treatment impairs M. incognita motility

As PA treatment significantly alters the plant metabolome and reduces tomato susceptibility to M. incognita
, we wondered whether exposure to a methanol extract from PA- and mock-treated plants would differentially
affect the motility of M. incognita J2s. AsFigure 7 shows, shoot extracts from PA-treated plants are more
nematistatic than shoot extracts from mock-treated plants after 4 and 24 hours of exposure (4 h: P < 0.001;
24 h: P < 0.001), while root extracts from PA-treated plants are more nematistatic only at 24 hours (4 h: P
= 0.098; 24 h: P < 0.001).

PA pre-treatment primes the accumulation of phenylpropanoid pathway products in nematode-infected roots

To further investigate the effect of PA treatment on the PPP, tomato seedlings were mock- or PA-treated and
then either mock-inoculated or inoculated with M. incognita 24 hours later. Free and cell-wall bound phenolic
substances as well as lignin were quantified in leaves, stems and roots seven dai. M. incognita infection in
PA-treated plants led to a significant increase in the abundance of free phenolic compounds (+25%, P =
0.013), cell wall-bound phenolic compounds (+20%, P = 0.008) and lignin (+21%, P = 0.002) in roots, but
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. not in (uninfected) stems or leaves (Figure 8 ). Neither PA treatment nor M. incognita infection alone
affected these parameters.

Together with our metabolome data, these results indicate that PA initially reprograms PPP and flavonoid
metabolism without significantly increasing the total abundance of these compounds, while also priming
plants for local phenolic compound accumulation upon pathogen attack.

Discussion

Resistance inducers have considerable potential in integrated pest management, but remain rarely used
due to concerns including phytotoxicity and limited efficacy (Walters & Fountaine 2009). Our work identi-
fies piperonylic acid (PA) as an effective, broad-spectrum and non-phytotoxic novel resistance inducer. PA
treatment significantly reduces the susceptibility of several crop plants to a panel of pests and pathogens
that includes organisms with different lifestyles (necrotrophs, (hemi)biotrophs and herbivores), degrees of
specialization (generalists and specialists), and host tissues (roots and shoots).

PA is a well-known inhibitor of C4H, the second enzyme of the phenylpropanoid pathway (PPP) (Schalk et
al. 1998). Prolonged inhibition of this pathway by growing plants on medium containing PA is detrimental
to plant growth and development (Naseer et al. 2012; Van de Wouwer et al. 2016), whereas we show that
pulsed PA application has no such effect. The absence of growth defects upon pulse treatment with PA is
likely explained by rapid inactivation of PA through conjugation, which we have observed here in tomato
and which had previously been reported in A. thaliana (Steenackers et al. 2016).

Foliar PA treatment does not affect growth, but does trigger several IR hallmarks. PA-treated plants expe-
rience a transient, local ROS burst which begins within one hour and peaks several hours later, a response
consistent with our understanding of ROS as an early messenger in plant immunity (Nanda, Andrio, Mari-
no, Pauly & Dunand 2010; Barna, Fodor, Harrach, Pogány & Király 2012; Segal & Wilson 2018). Further
evidence for altered ROS metabolism after PA treatment is provided by induction of peroxidase-encoding
genes and higher shoot guaiacol peroxidase activity, the latter of which has also been reported after exposure
to the IR inducer COS-OGA (van Aubel et al. 2016). In addition, PA treatment also induces the expres-
sion of several IR-associated genes, including PR1a (Schuhegger et al. 2006; Mart́ınez-Medinaet al. 2017),
NIMIN2-like (Zwicker et al. 2007) andSAD4 (Shan & He 2018).

The accumulation of (often glycosylated) PPP derivatives is a hallmark of IR, which has been observed with
diverse IR stimuli in several plant species (Mhlongo, Steenkamp, Piater, Madala & Dubery 2016; Gamiret
al. 2020; Ameye et al. 2020; Huang et al. 2021). While it is known that PPP perturbation is a consequence of
IR induction, our research suggests that PPP perturbation, in this case by transient inhibition of C4H, can
also be a cause of IR. Based on our results, we propose a model of PA-IR outlined in which transient C4H
inhibition by PA leads to an initial PPP perturbation, which results in the accumulation of (unidentified)
PPP-derived immune-signaling metabolites and, eventually, IR establishment. The PA-IR state includes
primed lignification and phenolic compound accumulation, induction of PR genes and accumulation of (likely
PPP-derived) nematistatic metabolites.

In this model, PPP-derived metabolites contribute to PA-IR in multiple ways. First, PPP derivatives are
involved in PA-IR signaling, a role consistent with the known role of flavonoids and other PPP-derivatives
in plant immune regulation (Mandal, Chakraborty & Dey 2010; Saijo & Loo 2020). Second, PPP derivatives
contribute to the PA-IR phenotype through their roles as phytoanticipins/phytoalexins (Yadav et al.2020;
Desmedt et al. 2020) and building blocks for cell wall reinforcement (Vogt 2010). Finally, their potent
antioxidant activity (Rice-Evans, Miller & Paganga 1997; Agati, Azzarello, Pollastri & Tattini 2012) might
help the plant cope with the oxidative stress involved in pathogen attack (Barna et al. 2012; Lehmann,
Serrano, L’Haridon, Tjamos & Metraux 2015; Segal & Wilson 2018). With regards to the role of PPP derivates
as phytoalexins and phytoanticipins, it is noteworthy that we found that PA-IR induces accumulation of
metabolites with a nematistatic effect on M. incognita . A similar accumulation of nematistatic compounds
upon IR induction has been reported in oat (Avena sativa) (Soriano, Asenstorfer, Schmidt & Riley 2004).
In addition to direct induction of defense metabolites upon PA treatment, we also found evidence that PA
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. primes local lignification and phenolic compound accumulation in roots infected by M. incognita . Local
lignification upon pathogen exposure has previously been implicated in both induced and genetic resistance
against various pathogens (Yadav et al. 2020), including P. syringae (Leeet al. 2019) and M. incognita
(Veronico et al.2018).

When considering potential metabolites involved in initial IR establishment upon PPP perturbation, it is
tempting to look at the defense hormone SA. SA accumulates in PA-treated shoots, and SA accumulation is
a known IR marker in dicots (Pieterse et al.2014). However, we found that PA-IR was largely preserved in
tomato plants impaired in SA accumulation. SA-independence has also been shown for IR stimuli including
COS-OGA and beta-aminobutyric acid in various pathosystems (Cohen, Vaknin & Mauch-Mani 2016; Singh
et al.2019).

Metabolites involved in PA-IR signaling might instead be found amongst (glycosylated) flavonoids and phe-
nylpropanoids, as several such metabolites show a very large increase in abundance after PA treatment.
Several genes encoding glycosyltransferases acting on flavonoids and phenylpropanoids were induced by
PA treatment, including TOMATO WOUND-INDUCED 1 (Twi1). Twi1 encodes a promiscuous glycosyl-
transferase acting on various benzoic acids, flavonoids and coumarins (Camposet al. 2019). Twi1 silencing
perturbs flavonoid metabolism and increases susceptibility to tomato spotted wilt virus (Camposet al. 2019).
Although Twi1 is SA-inducible, the continued ability of elicitors to induce Twi1 in tomato plants expres-
sing the NahG construct suggests the existence of SA-independentTwi1 regulation (O’Donnell et al. 1998).
Interestingly,Twi1 is already upregulated 6 hours after PA treatment in shoots and roots and remains upre-
gulated by 72 hours in both tissues, indicating that Twi1 induction is an early, systemic and relatively
long-lived response to PA treatment. In support of a regulatory role for phenylpropanoid and flavonoid
glycosylation in plant immunity, it was recently shown that the A. thalianaglycosyltransferaseUGT73C7 ,
which glycosylates phenylpropanoids including para- coumaric acid and ferulic acid, plays a major role in A.
thaliana immunity against P. syringae and that its overexpression leads to constitutive PR gene induction
and SA accumulation (Huang et al. 2021).

A key feature of IR is that it is a systemic as well as a local phenomenon (Vlot et al. 2020). A systems
biology view of PA-IR reveals considerable differences between (systemic) roots and (directly treated) shoots.
Whereas the root metabolome is much less affected by PA treatment than the shoot metabolome, the
transcriptional response (as measured by the number of differentially expressed genes) to PA treatment is
comparable in magnitude. This suggests that PA-IR involves systemic transcriptional changes, while direct
accumulation of (defense-related) metabolites is mostly confined to local tissues. By contrast, metabolome
analysis of tomato plants foliarly treated with oligogalacturonides found greater metabolic changes in distal
root tissues than in directly treated leaves (Gamir et al. 2020).

Our data are compatible with at least two - non-exclusive - explanations for the systemic spread of PA-IR.
The first is that metabolites with IR signaling functions, most likely PPP-derived, are transported from
treated to distal tissues. In tentative support of this hypothesis, it can be noted that the metabolites which
accumulate in systemic root tissues during PA-IR form a small subset of those accumulating in directly
treated shoot tissues. A second possibility is that the small quantities of PA found in roots after foliar
PA treatment are sufficient for establishing PA-IR in roots. Grafting experiments combined with further
metabolomic analysis might elucidate the role of metabolite transport in PA-IR.

Although the precise mechanisms behind PA-IR induction and spread remain to be fully elucidated, our re-
search shows that PA-IR is broad-spectrum and that the PA-IR phenotype appears to be conserved amongst
flowering plants. While further multi-season and multi-location field trials as well as ecotoxicological assess-
ments will be required before PA can be used in agriculture, our results – which include data from a field trial
in naturally nematode-infested soil - indicate the potential of PA as a sustainable crop protection product.
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Tables

Table 1: Evaluation of acute in vitro toxicity of piperonylic acid to the pests and pathogens used in this
study. Reported values are means +- SEM. Exposure duration for A. lycopersici and T. urticae is not given,
because these were sprayed with PA instead of being continuously exposed. P-values were calculated using
Fisher’s exact test for M. incognita, M. graminicola, A. lycopersici, T. urticae and F. occidentalis , and
using a heteroskedastic T-test for P. syringaeand B. cinerea .

Organism

Variable

Exposure (hours)

PA

(300 μM)

Control

P-value

N

Meloidogyne incognita

Motile J2s (%)

48

96 ± 1

97 ± 1

0.78

6 (6 x 50 J2s)
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. Meloidogyne graminicola

Motile J2s (%)

48

94 ± 1

94 ± 1

0.46

6 (6 x 50 J2s)

Pseudomonas syringae

OD600

24

0.76 ± 0.01

0.74 ± 0.04

0.68

6

Botrytis cinerea

Colony area (cm2)

120

21.1 ± 2.4

20.3 ± 1.4

0.78

6

Aculops lycopersici

Living adults (%)

NA

60 ± 4

57 ± 6

0.77

6 (6 x 25 adults)

Tetranychus urticae

Living adults (%)

NA

96 ± 3

99 ± 2

0.21
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. 6 (6 x 25 adults)

Frankliniella occidentalis

Living larvae (%)

NA

97 ± 1

96 ± 2

1.00

6 (6 x 25 larvae

Figure legends

Figure 1: The effects of PA treatment on tomato growth and susceptibility to root-knot nematodes.(a)
Number of galls in the roots of tomato plants 28 days after inoculation with 250 M. incognita J2s. (b)
Number of galls in the roots of rice plants 14 days after inoculation with 250M. graminicola J2s. (c-e)
Effect of weekly PA treatment on the dry shoot mass (c), leaf area (b) and root system length (c) of tomato
seedlings. Treatments with different letters differ significantly (P < 0.05). N = 8. (f-g) Efficacy of PA (applied
thrice as a 300 μM foliar spray) at controlling root-knot nematodes in tomato plants grown in soil naturally
infested with a mixed population of M. incognita and M. javanica . Cedroz, a commercial nematicide, was
used as reference treatment. PA was applied three times, Cedroz was applied six times according to the
manufacturer’s instructions. Error bars indicate the standard error of the mean. (f) Disease severity (as
indicated Zeck’s galling index) over the course of the trial. N = 4 plots per treatment (from each of which
four plants were uprooted and evaluated at the first three time points and ten at the final time point). (g)
Cumulative yield (in kg tomatoes per plot). N = 4 plots per treatment.

Figure 2: Efficacy of PA against foliar pests and diseases of tomato: Botrytis cinereaR16, Pseudomonas
syringae DC3000, Tetranychus urticae, Aculops lycopersici and Frankliniella occidentalis . (a)Percentage of
B. cinerea inoculation sites that led to successful colonization four days after inoculation (N = 32 inoculation
sites on 8 leaves). (b) Fv/Fm(photosynthesis quantum yield) in B. cinerea infection sites.(c) chlorophyll
images of B. cinerea inoculation sites in tomato leaves pre-treated with 300 μM piperonylic acid (PA) or a
corresponding mock treatment (Control); black coloration indicatesB. cinerea -induced necrosis. (d) Number
of P. syringae DC3000 specks per cm2 of leaf area five days after dip inoculation (N = 12). (e) Number of
T. urticaeoffspring present on tomato plants ten days after inoculation with 10 adult females (N = 8). (f)
Number of A. lycopersicioffspring present on tomato plants ten days after inoculation with 30 mixed-sex
mites (N = 6). (g) Number of F. occidentalisoffspring present on tomato plants five days after ten adult
females were given 24 hours to deposit eggs (N = 15).

Figure 3: (a) Principal component analysis scatterplot of samples from tomato roots and shoots harvested
24 hours after the second PA or mock treatment (CON), based on mRNA-sequencing based analysis of gene
expression. Shaded ellipses represent 95% confidence ellipses.(b) Heatmap (showing normalized, centered
and scaled expression values) and hierarchical clustering of samples and transcripts from tomato roots and
shoots harvested after PA or mock treatment (CON), based on the same dataset as (a).

Figure 4: Gene expression in shoots (a) and roots(b) of tomato seedlings harvested 6, 24 and 72 hours
after the second foliar treatment with 300 μM PA relative to mock-treated control plants. Relative expres-
sion values are log2-transformed; error bars indicate 95% confidence intervals. Asterisks indicate statistical
significance (*: FDR-adjusted P < 0.05; **: P < 0.01; ***: P < 0.001). BEB: Basic Endochitinase B
(Solyc10g055800.2), CHI9: Basic 30 kDa endochitinase CHI9 (Solyc10g055810.2), PR11: Acidic chitinase
PR11 (Solyc05g050130.5), POX51: peroxidase , ortholog to A. thaliana peroxidase 51 (Solyc02g092580.3),
NIMIN2:NIM-interacting 2-like (Solyc03g119590.1), SAD4: SAR deficient 4 (Solyc06g036330.1), WRKY40:
WRKY40 (Solyc06g068460.3), ERF:Ethylene Response Factor D3 (Solyc01g108240.4), NBS: NBS-LRRclass

20



P
os

te
d

on
A

u
th

or
ea

30
A

p
r

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

98
06

56
.6

64
82

37
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. disease resistance protein (Solyc07g056200.3), Twi1:Tomato Wound Induced 1 (Solyc01g107820.2), 23 kDa:
23 kDasubunit of oxygen evolving system of photosystem II (Solyc07g044860.3), CPK2: calcium-dependent
protein kinase(Solyc03g033540.3)

Figure 5: Effect of PA treatment on reactive oxygen species metabolism. (a) Percentage of droplets in
which DAB staining showed ROS accumulation at one, three, six and 24 hours post treatment. Treatments
with different letters are significantly different (P < 0.05). Error bars indicate the standard error of the
mean. N = 10 (ten leaflets per treatment, each with three droplets).(b) Peroxidase activity in shoot and
root samples of tomato seedlings harvested 14 days after emergence (24 hours after the second PA treatment)
and treated with PA or a corresponding control. Error bars indicate the standard error of the mean. (N =
6) (c)Representative images of PA-treated, DAB-stained leaflets from the experiment shown in Figure 4a.
The white arrow shows the location where the PA droplet was applied.

Figure 6: (a) PCA plot of samples from tomato roots and shoots harvested after PA or mock treat-
ment (Control), based on the features detected by negative mode UPLC-MS analysis. Shading represent
95% confidence ellipses. (b) Heatmap (showing normalized, centered and scaled feature abundances) and
hierarchical clustering of samples and features from tomato roots and shoots harvested after PA or mock
treatment (Control), based on the same dataset as used for Figure 6a(c) Number of galls in the roots of
tomato plants 28 days post inoculation with 250 J2 juveniles of M. incognita wild type tomato plants (WT)
or tomato plants expressing the NahG construct (NahG) and pre-treated with 300 μM piperonylic acid (PA)
or a corresponding mock treatment (Control). Treatments with different letters differ significantly.

Figure 7: Effect of exposure to a dilution series of crude methanol extracts from PA or mock-treated tomato
shoots and roots on the motility of M. incognita J2s. (a) after 4 hours of exposure (b) after 24 hours of
exposure. Data are plotted with a logarithmic x-axis. Quasibinomial regression lines, and their associated
95% confidence intervals (shown as shaded bands, are shown.

Figure 8: Primed accumulation of phenylpropanoid pathway-related products in leaves, stems and roots of
tomato plants pre-treated with PA or a corresponding mock treatment and subsequently inoculated with 400
M. incognita J2 juveniles (‘Mi’). Plants were harvested seven days after inoculation. (a) Quantity of free
phenolic compounds and other reducing substances as determined via the Folin-Ciocalteu assay, expressed
in mg gallic acid equivalent per g of fresh weight. (b) Quantity of cell-wall bound phenolic compounds and
other reducing substances released after sodium hydroxide digestion as determined via the Folin-Ciocalteu
reaction, expressed in mg gallic acid equivalent per g of fresh weight. (c) Amount of lignin as determined
through the acetyl bromide method (expressed as % of total dry cell wall mass). ‘ns’ (not significant) indicates
no differences between treatments in a tissue; where significant differences between treatments exist, letters
are used to indicate which treatments differ significantly (P < 0.05). N = 15.
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Figure 1: The effects of PA treatment on tomato growth and susceptibility to root-knot

nematodes. (a) Number of galls in the roots of tomato plants 28 days after inoculation with 250 M.

incognita J2s. (b) Number of galls in the roots of rice plants 14 days after inoculation with 250 M.

graminicola J2s. (c-e) Effect of weekly PA treatment on the dry shoot mass (c), leaf area (b) and

root system length (c) of tomato seedlings. Treatments with different letters differ significantly (P <

0.05). N = 8. (f-g) Efficacy of PA (applied three times as a 300 µM foliar spray) at controlling root-

knot nematodes in tomato plants grown in soil naturally infested with a mixed population of M.

incognita and M. javanica. Cedroz, a commercial nematicide, was used as reference treatment.

PA was applied three times, Cedroz was applied six times according to the             ’ 

instructions. Error bars indicate the standard error of the mean. (f) Disease severity (as indicated

Z   ’ galling index) over the course of the trial. N = 4 plots per treatment (from each of which

four plants were uprooted and evaluated at the first three time points and ten at the final time

point). (g) Cumulative yield (in kg tomatoes per plot). N = 4 plots per treatment.
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Figure 2: Efficacy of PA against foliar pests and diseases of tomato: Botrytis cinerea R16,

Pseudomonas syringae DC3000, Tetranychus urticae, Aculops lycopersici and Frankliniella

occidentalis. (a) Percentage of B. cinerea inoculation sites that led to successful colonization four

days after inoculation (N = 32 inoculation sites on 8 leaves). (b) Fv/Fm (photosynthesis quantum

yield) in B. cinerea infection sites (c) chlorophyll images of B. cinerea inoculation sites in tomato

leaves pre-treated with 300 µM piperonylic acid (PA) or a corresponding mock treatment (Control) ;

black coloration indicates B. cinerea-induced necrosis. (d) Number of P. syringae DC3000 specks

per cm2 of leaf area five days after dip inoculation (N = 12). (e) Number of T. urticae offspring

present on tomato plants ten days after inoculation with 10 adult females (N = 8). (f) Number of A.

lycopersici offspring present on tomato plants ten days after inoculation with 30 mixed-sex mites

(N = 6). (g) Number of F. occidentalis offspring present on tomato plants five days after ten adult

females were given 24 hours to deposit eggs (N = 15).
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Figure 3: (a) Principal component analysis scatterplot of samples from tomato roots and shoots

harvested 24 hours after the second PA or mock treatment (CON), based on mRNA-sequencing

based analysis of gene expression. Shaded ellipses represent 95% confidence ellipses. (b)

Heatmap (showing normalized, centered and scaled expression values) and hierarchical

clustering of samples and transcripts from tomato roots and shoots harvested after PA or mock

treatment (CON), based on the same dataset as (a).
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Figure 4: Gene expression in shoots (a) and roots (b) of tomato seedlings harvested 6, 24

and 72 hours after the second foliar treatment with 300 µM PA relative to mock-treated

control plants. Relative expression values are log2-transformed; error bars indicate 95%

confidence intervals. Asterisks indicate statistical significance (*: FDR-adjusted P < 0.05;

**: P < 0.01; ***: P < 0.001). BEB: BASIC ENDOCHITINASE B (Solyc10g055800.2), CHI9:

BASIC 30 KDA ENDOCHITINASE CHI9 (Solyc10g055810.2), PR11: ACIDIC CHITINASE

PR11 (Solyc05g050130.5), POX51: PEROXIDASE, ortholog to A. thaliana PEROXIDASE

51 (Solyc02g092580.3), NIMIN2: NIM-INTERACTING 2-LIKE (Solyc03g119590.1), SAD4:

SAR DEFICIENT 4 (Solyc06g036330.1), WRKY40: WRKY40 (Solyc06g068460.3), ERF:

ETHYLENE RESPONSE FACTOR D3 (Solyc01g108240.4), NBS: NBS-LRR CLASS

DISEASE RESISTANCE PROTEIN (Solyc07g056200.3), Twi1: TOMATO WOUND

INDUCED 1 (Solyc01g107820.2), 23 kDa: 23 kDa SUBUNIT OF OXYGEN EVOLVING

SYSTEM OF PHOTOSYSTEM II (Solyc07g044860.3), CPK2: CALCIUM-DEPENDENT

PROTEIN KINASE (Solyc03g033540.3)
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Figure 5: Effect of PA treatment on reactive oxygen species metabolism. (a) Percentage of

droplets in which DAB staining showed ROS accumulation at one, three, six and 24 hours post

treatment. Treatments with different letters are significantly different (P < 0.05). Error bars

indicate the standard error of the mean. N = 10 (ten leaflets per treatment, each with three

droplets). (b) Peroxidase activity in shoot and root samples of tomato seedlings harvested 14

days after emergence (24 hours after the second PA treatment) and treated with PA or a

corresponding control. Error bars indicate the standard error of the mean. (N = 6) (c)

Representative images of PA-treated, DAB-stained leaflets from the experiment shown in Figure

4a. The white arrow shows the location where the PA droplet was applied.
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Figure 6: (a) PCA plot of samples from tomato roots and shoots harvested after PA or mock treatment (Control), based on the features detected by negative mode UPLC-

MS analysis. Shading represent 95% confidence ellipses. (b) Heatmap (showing normalized, centered and scaled feature abundances) and hierarchical clustering of

samples and features from tomato roots and shoots harvested after PA or mock treatment (Control), based on the same dataset as used for Figure 6a (c) Number of galls

in the roots of tomato plants 28 days post inoculation with 250 J2 juveniles of M. incognita wild type tomato plants (WT) or tomato plants expressing the NahG construct

(NahG) and pre-treated with 300 µM piperonylic acid (PA) or a corresponding mock treatment (Control). Treatments with different letters differ significantly.
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Figure 7: Effect of exposure to a dilution series of crude methanol extracts from PA or mock-

treated tomato shoots and roots on the motility of M. incognita J2s. (a) after 4 hours of

exposure (b) after 24 hours of exposure. Data are plotted with a logarithmic x-axis.

Quasibinomial regression lines, and their associated 95% confidence intervals (shown as

shaded bands, are shown.

28



P
os

te
d

on
A

u
th

or
ea

30
A

p
r

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

98
06

56
.6

64
82

37
2/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

                                    

                                                        

                                

       

            

  

       

       

            

  

       

       

            

  

       

            

                         
 
 
     

                                    
 
 
     

                                             

 

  

 

 

 

  

  

 

 

  

 

 

  

  

  

  

  

  

               

 

 

 

Figure 8: Primed accumulation of phenylpropanoid pathway-related products in leaves, stems

and roots of tomato plants pre-treated with PA or a corresponding mock treatment and

subsequently inoculated with 400 M. incognita J2 juveniles  ‘  ’ . Plants were harvested

seven days after inoculation. (a) Quantity of free phenolic compounds and other reducing

substances as determined via the Folin-Ciocalteu assay, expressed in mg gallic acid

equivalent per g of fresh weight. (b) Quantity of cell-wall bound phenolic compounds and

other reducing substances released after sodium hydroxide digestion as determined via the

Folin-Ciocalteu reaction, expressed in mg gallic acid equivalent per g of fresh weight. (c)

Amount of lignin as determined through the acetyl bromide method (expressed as % of total

dry cell wall mass). ‘  ’ (not significant) indicates no differences between treatments in a

tissue; where significant differences between treatments exist, letters are used to indicate

which treatments differ significantly (P < 0.05). N = 15.
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