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A B S T R A C T

The production of extra virgin olive oil generates significant amounts of olive mill waste, whose disposal leads to 
severe environmental impacts, especially due to the high content of phenolic compounds. In this study, a pomace 
phenolic extract composed of hydroxytyrosol, tyrosol, verbascoside, and oleuropein was obtained from the liquid 
fraction of two-phase olive pomace and explored for its antimicrobial properties and potential as plant immu
nostimulants. The olive pomace extract exhibited a broad range of antimicrobial activity against important 
phytopathogens, including the bacteria Xylella fastidiosa, Pseudomonas syringae, and Pectobacterium carotovorum, 
as well as the fungi Colletotrichum graminicola, Fusarium graminearum, and Botrytis cinerea. The extract induced 
key features of plant innate immunity in Arabidopsis seedlings, including hydrogen peroxide production, 
phosphorylation of mitogen-activated protein kinase MAPK6, and upregulation of defence genes, such as 
CYP81F2, FRK1, and WRKY53, suggesting the activation of early signalling cascades leading to the production of 
indole glucosinolates and salicylic acid. The immune activation pathways induced by the phenolic extract did not 
always match those triggered by well-known oligogalacturonide elicitors. Notably, pretreatment of adult Ara
bidopsis and tomato plants with the phenolic compounds-enriched extract primed responses and enhanced their 
resistance against B. cinerea and P. syringae. Our findings demonstrate the potential to upcycle two-phase olive 
pomace into plant protectants, offering a promising alternative to reduce reliance on chemically synthesized 
pesticides in integrated pest management programs.

1. Introduction

A substantial global increase in the extraction and consumption of 
olive oil has been documented, facilitated by its favourable organoleptic 
characteristics and the expanding recognition of its health-promoting 
properties. However, olive oil production generates significant 
amounts of olive mill wastes (OMW) including small branches, leaves, 
crushed pits and olive pomace (Berbel and Posadillo 2018; Enaime et al., 
2024). Compared to traditional methods of olive oil extraction, such as 

pressing and three-phase extraction, the two-phase extraction using 
horizontal centrifugation is more efficient. It produces greater quantities 
of oil, reduces water consumption, minimizes waste, and still preserves 
the oil’s quality and nutritional properties. Olive pomace is the main 
OMW produced by the two-phase olive oil extraction system and is 
primarily composed of olive skin, pulp, stone fragments, vegetable 
water, and water-soluble materials (Foti et al. 2021). Unfortunately, the 
uncontrolled discard of OMW into the environment leads to severe 
ecological consequences due to their high content of tannins, long-chain 
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fatty acids, and phenolic compounds (Pinho et al. 2017; Malapert et al. 
2018; Enaime et al. 2020; Foti et al. 2021; Popolizio et al. 2022). These 
waste products can inhibit seed germination and early plant growth, 
alter soil characteristics, and create reducing conditions that affect mi
crobial diversity in the soil (Saez et al. 1992; Ben Sassi et al. 2006; 
Karpouzas et al. 2010; Al-Eitan et al. 2020). According to EU Directive 
2018/851, the reduction and valorisation of agro-industrial biowastes is 
considered a priority, reducing the polluting practice of landfilling and 
emphasizing the need to close material cycles through a circular econ
omy (Kircher et al. 2023).

Another serious problem affecting agriculture, including olive 
growing, is the massive use of chemical compounds to combat plant 
diseases. Currently, farmers are largely dependent on chemical pesti
cides to prevent economically important food losses caused by plant 
pathogens (Tudi et al. 2021). Chemical pesticides can cause negative 
effects on human health, in particular on agricultural workers due to 
exposure during farm works and on consumers due to their possible 
presence in food (Rather et al. 2017; Curl et al. 2020). Treatment of 
plants with elicitors represents an excellent solution to stimulate im
munity and improve crop protection. Several endogenous molecules can 
act as elicitors of plant immunity (De Lorenzo et al. 2018; Del Corpo 
et al. 2024). The most extensively studied elicitors are oligogalactur
onides (OG), pectic oligomers composed of α− 1,4-linked galacturonosyl 
residues (Galletti et al. 2008; Lionetti et al. 2012; Giovannoni et al. 
2021). Among the hallmarks of plant immunity are the production of 
apoplastic hydrogen peroxide (H2O2), cytoplasmic calcium influxes, the 
activation of Mitogen-Activated Protein Kinases (MAPK), and the in
duction of immune-related genes (Zhou and Zhang 2020; DeFalco and 
Zipfel 2021; Ge et al. 2022). Elicitor application can confer to plants a 
greater ability to detect pathogens and activate defence responses faster 
than untreated crops (Hönig et al. 2023). This results from priming, a 
sensory state induced by elicitors, wherein plants develop immune 
memory following previous elicitation events, leading to faster and 
stronger activation of defence mechanisms in response to subsequent 
stresses (Conrath et al. 2015; Hilker and Schmülling 2019).

Generally, phenolic compounds are naturally occurring compounds 
found largely in fruits, vegetables, cereals that can help plants cope with 
stressors (Chowdhary et al. 2021). Due to their chemical structure, 
phenolics, such as the flavonoid quercetin and the stilbene resveratrol 
produced from grape, are known for their antimicrobial and antioxidant 
properties, useful to safeguard essential tissues against both abiotic 
stresses and pathogenic infections (Singh et al. 2023). These charac
teristics render them versatile molecules with promising human thera
peutic applications (Rana et al. 2022). Salicylic acid is also a phenolic 
compound that act as a key signalling molecule in plant immunity, 
providing resistance against a wide range of pathogens (Maruri-López 
et al. 2019). Salicylic acid (SA) can boost the plant immune system 
through systemic acquired resistance (Dempsey and Klessig 2017). 
Exogenous application of with SA or SA like compounds was reported to 
induce plant resistance to several pathogens and suitable for plant 
protection (Bektas and Eulgem 2015; Tripathi et al. 2019). Moreover, 
phenolic compounds are components of lignin and suberin, polymers 
employed to strengthen host cells, thereby providing physical barriers to 
pathogens (Lee et al. 2019; Kashyap et al. 2022; Vicré and Lionetti 
2023). Lignin and some related compounds can play as a signal to 
activate plant-specific immune response (Miedes et al. 2014; Swami
nathan et al., 2021).

Although some phenolic compounds are involved in plant defence, 
the possibility that phenolics present in olive pomace can play a role as 
elicitors of defence responses has not been explored yet. Two-phase olive 
pomace represents a significant source of phenolic compounds, that 
comprises approximately 98 % of the total phenolic compounds found in 
olive fruits (Chanioti and Tzia 2017). Membrane processes are prom
ising approach for purifying and concentrating bioactive phenolic 
compounds from OMW (Ochando-Pulido and Martinez-Ferez 2018; 
Sygouni et al. 2019). These environmentally sustainable processes 

operate without solvents, handle large sample volumes rapidly, are 
characterised by low processing temperatures and energy requirements, 
offer high separation efficiency, and achieve both high extraction yields 
and ease of scalability (Zagklis et al. 2022). The sequence of micro
filtration, ultrafiltration, nanofiltration, and reverse osmosis techniques 
can effectively recover and purify high concentrations of phenolics from 
olive mill wastewater (Paraskeva et al. 2007; Cassano et al. 2013; Di 
Lecce et al. 2014).

In this work, we exploited the phenolic compounds recovered from 
Coratina olive pomace as plant protectors. An extract called Olive 
Pomace Phenolics (OPP), which includes hydroxytyrosol, tyrosol, ver
bascoside, and oleuropein, was obtained through tangential flow 
membrane filtration of the liquid fraction from two-phase olive pomace 
derived from processing Coratina olive fruits. OPP exhibited in vitro 
antimicrobial effects against important fungal and bacterial plant 
pathogens, which have significant economic implications for agricul
ture. Notably, OPP is effective against Xylella fastidiosa, a highly 
destructive pathogen that affects olive trees, as well as other species like 
grapevines, citrus, and various ornamental plants. OPP treatment 
induced significant immune responses in plants, including H2O2 accu
mulation, MAPK phosphorylation, and induction of defence gene 
expression. OPP operates by activating a signalling pathway that differs 
from the one triggered by OG oligosaccharide elicitors. OPP treatments 
protected Arabidopsis and tomato plants against Botrytis cinerea and 
Pseudomonas syringae infections.

2. Material and methods

2.1. Chemical characterization of OPP extract

Olive pomace from a two-phase olive oil extraction system fed with 
Coratina cultivar green olives was collected from the Agrolio SRL olive 
mill in Andria, Italy. Three independent pomace samples were collected 
during the first 15 days of November of each year across three consec
utive harvest years (from 2021 to 2023). The liquid part of two-phase 
olive pomace was recovered following pitting and sedimentation in 
silos. The liquid fraction was subsequently pretreated and subjected to a 
tangential flow membrane filtration (TFMF) (Patent registration num
ber: IT202100019226A1process designed to isolate an extract enriched 
in low molecular weight phenolic compounds (MW< 1000 Daltons) 
(Arnoldi et al. 2023). The concentrate obtained from reverse osmosis 
(referred as Olive Pomace Phenolics (OPP) was characterised for the 
presence of phenolic compounds using HPLC as previously reported 
(Sheng 2014; Curci et al. 2022). Briefly, the analysis was carried out 
with an HPLC 1220 Infinity LC (Agilent Technologies, Palo Alto, CA, 
USA) equipped with a degasser, quaternary pump solvent delivery, and 
thermo-stated column compartment. The elution solvents were acidified 
H2O by phosphoric acid (pH 3.2), CH3CN, and MeOH. The flow rate was 
1 mL/min, with an injection volume of 20 µL. The phenolic compounds 
were identified by comparison of their retention times with those of the 
injected standard solution (hydroxytyrosol, tyrosol, verbascoside, and 
oleuropein) under the same operatory conditions. Total phenolic con
centration was assayed by the Folin–Ciocâlteu colorimetric method 
(Singleton and Rossi 1965). The reaction mixture contained 50 μL of 
OPP solution diluted 1:1000, 475 μL of Folin–Ciocâlteu reagent, and 475 
μL of sodium carbonate 1 M After 1 h of reaction in the dark at room 
temperature, the absorbance of reaction mixture was measured at 760 
nm and used to calculate the phenolic content using gallic acid as a 
standard. OPP extracts were filtered using Primo Syringae filters 30 mm 
diameter, with polyethersulfone (PES) membrane filter 0.22 μm (ERU
CLONE, EPSPE2230) before being used in all the following analyses.

2.2. Antibacterial/Bactericidal activity

X. fastidiosa subsp. pauca strain ST53 was taken from the microbial 
collection of the Institute for Sustainable Plant Protection (IPSP-CNR) 
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Unit of Bari (IT) and all the experiments were performed in the quar
antine institute laboratories. X. fastidiosa was cultured on Buffered 
Charcoal Yeast Extract agar medium (BCYE) (Wells et al. 1981) for 7 
days at 28 ◦C, and further sub-cultured for 10 days at 28 ◦C on Pierce’s 
Disease (PD) 3 agar medium (PD3) (Davis et al. 1981). The bacterial 
biomass was taken with a sterile 10 µL loop and suspended in 2 mL of 1x 
Phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, and 1.8 mM KH2PO4) solution to adjust the bacterial sus
pension to 0.5 OD600 that was used as inoculum for all the experiments 
on the appropriate medium. To determine the minimum inhibitory 
concentration that reduce bacterial growth (MIC) and the minimum 
bactericidal concentration (MBC) of OPP against X. fastidiosa, the disk 
diffusion assay and the time-kill contact assay were used, according to 
Del Grosso (2022) (PhD Thesis). Briefly, for the disk diffusion assay, 0.5 
OD600 cell suspension was spread on agar plates containing PD3 me
dium. Different concentrations of OPP (0.8, 1.0, 1.2, and 1.4 mg/mL) 
were tested using sterile filter paper disks (6 mm diameter), each inoc
ulated with 20 μL of the respective OPP solution. These disks were 
placed radially on agar plates, with a central disk containing a mixture of 
streptomycin (100 µg/mL) and ampicillin (250 µg/mL) serving as a 
positive control. A total of 9 independent biological replicates (plates) 
were prepared for each concentration (n = 9). The plates were incubated 
at 28 ◦C for 7–10 days, and daily observed. The diameter of the inhi
bition zone was measured, and the MIC was defined as the lowest con
centration that inhibited bacterial growth. For bactericidal activity, the 
field dose concentration of each product was tested using a modified 
time-kill assay. The concentrations of OPP (1.2 and 1.4 mg/mL) were 
included in the PD3 medium. PD3 plus kanamycin (50 µg/mL) was used 
as positive control. 20 μL of 0.5 OD600 X. fastidiosa bacterial suspension 
were pipetted on each plate. After 0, 4, 8 and 24 h the bacteria were then 
recovered, resuspended in 5 mL of sterile deionized water, diluted in 
serial decimal dilutions, and then plated on fresh BCYE medium for 
colony count after incubation at 28 ◦C for 20 days. A total of 3 biological 
replicates (plates) were analysed (n = 3). P. syringae pv. tomato DC3000 
and P. carotovorum subsp. carotovorum (strain DSM 30,169, obtained 
from DSMZ GmbH Germany) were refreshed from frozen glycerol stock 
in 10 ml Luria-Bertani (LB) liquid medium containing 1 % tryptone, 0.5 
% yeast extract, and 1 % NaCl. 25 µg/mL rifampicin was added in 
P. syringae liquid colture. Bacteria were grown at 28 ◦C in dark overnight 
with 180 rpm agitation in tubes lightly sloped to avoid clump formation. 
Bacteria were collected by centrifugation of 6000 × g for 10 min and 
suspended in 10 mL of 10 mM MgCl2 or 50 mM potassium-phosphate 
buffer before inoculum preparation of P. syringae or P. carotovorum, 
respectively. To assess the antibacterial/bactericidal activity, and 
consequently the MIC and the MBC of OPP against P. syringae and 
P. carotovorum, the broth dilution assay was used, with some modifi
cations (Amini Tapouk et al. 2020). Briefly, bacterial suspension 0.5 
OD600 was incubated in LB liquid medium containing different doses of 
OPP such as 0.1, 0.2, 0.4, 0.8 or 1.6 mg/mL for P. syringae, and 0.4, 0.8, 
1.6, 3.2 or 4.8 mg/mL for P. carotovorum. LB plus kanamycin (50 µg/mL) 
was used as positive control while only LB as negative control. After 24 h 
incubation at 28 ◦C with 180 rpm agitation, turbidity was evaluated by 
measuring the absorbance at 600 nm (OD600) with Varian Cary 50 
UV–VIS Spectrophotometer (Agilent, Santa Clara, CA, USA)and the MIC 
was quantified as the lowest concentration that inhibited bacterial 
turbidity. In parallel, 1 mL of each liquid culture of P. syringae or 
P. carotovorum was centrifuged for 10 min at 6000 × g, resuspended in 1 
mL of sterile 10 mM MgCl2 or 50 mM potassium-phosphate buffer, 
respectively, and used for serial decimal dilutions. For each dilution, 10 
μL of cell suspension was spotted on LB agar medium and incubated at 
28 ◦C overnight. The MBC was determined by counting colonies and 
evaluating bacteria viability. A total of 9 biological replicates were 
analysed for each condition (n = 9).

2.3. Preparation of oligogalacturonides (OGs)

Unbranched oligogalacturonides (OGs) with a degree of polymeri
zation (DP) ranging from 10 to 15 were employed in all analyses. OG 
were generated as previously described (Benedetti et al. 2017). High 
molecular weight un-methylated polygalacturonic acid (PGA; Alfa 
Aesar) was dissolved in 100 mL of 50 mM sodium acetate, pH 5.0, to 
achieve a 2 % (w/v) concentration. The solution was digested for 180 
min with 0.018 RGU of Aspergillus niger endo-polygalacturonase (a kind 
gift from Prof. Jaap Visser’s laboratory at Wageningen University). The 
enzyme was inactivated by boiling the digest at 100 ◦C for 10 min. After 
inactivation, the sample was diluted to 0.5 % PGA with 50 mM sodium 
acetate. Cold ethanol was then added to the digest to a final concen
tration of 11 % (v/v) to precipitate the OGs. The sample was incubated 
overnight at 4 ◦C with shaking and subsequently centrifuged at 30,000 g 
for 30 min. The OGs, recovered in the pellet, were re-dissolved in water, 
dialyzed against ultrapure water using a dialysis tube with a molecular 
mass cutoff (MWCO) of 1000 Da (Spectra/Por®), and lyophilized. The 
final preparation was analyzed by HPAEC-PAD.

2.4. Antifungal activity

To evaluate the capability of OPP in inhibiting fungal growth, the 
agar dilution method was used (Förster et al. 2004). Briefly, molten 
Potato Dextrose Agarose (PDA) medium was cooled to approximately 50 
◦C, and different OPP amounts (1 or 2 mg/mL) were added. Only PDA 
medium was used as negative control and hydroxytyrosol (700 μg/mL) 
as positive control. 1 μL from 106 spores/mL solutions of Colletotrichum 
graminicola, Fusarium graminearum, and B. cinerea was applied to the 
center of PDA Petri dish (Yugueros et al. 2024). The PDA plates were 
incubated at 25 ◦C. Seven days post-inoculation, the diameter of 
mycelium growth in mm was measured. The percentage of mycelium 
growth inhibition was calculated as [(C-T)/C]⋅100, where C = diameter 
of mycelium growth in PDA, and T= diameter of mycelium of fungi 
grown in presence of HTyr or OPP (Drais et al. 2021). A total of 3 bio
logical replicates (plates) were analysed (n = 3).

2.5. Plant growth conditions

Arabidopsis thaliana wild-type Columbia (Col-0) seeds were washed 
in 2 mL of isopropanol for 30 s followed by washing in 2 mL of ultrapure 
sterile water for 3 min in slow agitation. Seeds were sterilized with 2 mL 
of sterilization solution (20 % v/v NaClO in ultrapure sterile water) for 5 
min in slow agitation, followed by 4 washing steps in 2 mL of ultrapure 
sterile water. Seeds were stored in dark at 4 ◦C for 2 days to promote 
germination. For seedling treatments, seeds were germinated and grown 
in multiwell plates (approximately 10 seeds/well) containing 1 mL per 
well of liquid Murashige and Skoog (MS)/2 medium Sigma (2.2 g/L MS 
medium basal salt with vitamins, 0.5 % sucrose, pH 5.7) (Murashige and 
Skoog, 1962). Multiwells were incubated in a controlled environmental 
chamber maintained at 22 ◦C with a 16 h light/8 h dark cycle and a light 
intensity of 120 mmol m-2 s-1. To evaluate the dose-effect of OPP on 
Arabidopsis seedling growth, 7-day-old seedlings were treated with 
sterile OPP (10 ng/ml) and sterile water as mock. The fresh weight was 
measured 5 days after treatment.

For adult plant treatments, Arabidopsis wild-type Col-0 seeds were 
grown in solid MS/2 medium (2.2 g/L MS Medium basal salt, 1 % su
crose, 0.8 % plant agar, pH 5.7) in the same condition above described 
for the seedlings treatments. 7-day-old seedlings grown in solid MS/2 
medium were transferred in sterile soil in growth chamber at 22 ◦C with 
a 12 h light/12 h dark cycle (PAR level of 100 μmol m-2 s-1). Tomato 
(Solanum lycopersicum ‘Minibel’) seeds were soaked on filter paper 
overnight. Then, the seeds were transferred on sterile soil (peat-based) 
and were grown in greenhouse under 16 h light/8 h dark cycle (PAR 
level of 75 μmol/m2/s) at 23 ± 1 ◦C and 35–40 % humidity.
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2.6. Hydrogen peroxide quantification

Four mm diameter leaf-discs from four-week-old A. thaliana plants 
and from five-week-old Solanum lycopersicum ‘Minibel’ were used to 
determine hydrogen peroxide (H2O2) production after treatment with 
OG (200 μg mL− 1) or OPP (10 ng mL− 1). Sterile distilled water was used 
as mock. H2O2 production was measured by determining the lumines
cence produced by luminol-peroxidase reaction in a Varioskan Lux 
luminescence reader (Thermo Scientific, Waltham, MA, USA) 
(Fuertes-Rabanal et al. 2024). Six biological replicates (considering each 
leaf-disc collected from a single adult plant as one biological replicate) 
were used for each experiment. The experiment was performed three 
times with similar results.

2.7. Immunoblot analysis for MAPK activation

Arabidopsis seedlings (10-day-old) grown in liquid medium were 
treated with OG (200 μg mL− 1) or OPP (10 ng mL− 1) for 5, 10 and 20 
min and frozen with liquid nitrogen. Sterile distilled water was used as 
mock. Protein extraction and detection of activated MAPKs were per
formed as previously described (Fuertes-Rabanal et al. 2024). Briefly, 
frozen seedlings were homogenized and protein extraction was per
formed with 50 µL of extraction buffer containing 25 mM Tris–HCl pH 
7.8, 75 mM NaCl, 15 mM Egtazic acid (EGTA), 10 mM magnesium 
chloride, 15 mM sodium β-glycerophosphate pentahydrate, 15 mM bis 
(4-nitrophenyl) phosphate, 1 mM 1,4-dithiothreitol, 1 mM sodium 
fluoride, 0.5 mM sodium orthovanadate, 0.5 mM phenylmethylsulfonyl 
fluoride, 0.1 % (v/v) Tween 20, and protease inhibitor cocktail 
(#P9599; Sigma). Total proteins were quantified by Bradford reagent 
(Bio-Rad, Hercules, CA, USA). Proteins were separated by SDS-PAGE 
and transferred onto nitrocellulose membranes which were blocked 
with Protein-Free Blocking Buffer (TBS; Thermo Scientific) for 2 h at 
room temperature in agitation. The membranes were incubated over
night in agitation at 4 ◦C with Phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) (#4370; Cell Signalling Technology Danvers, MA, 
USA) diluted 1:1000 in TBS. Then, membranes were washed three times 
with Tris-Buffered Saline that contains 0.1 % (v/v) Tween 20 and then 
incubated with horseradish-peroxidase-goat anti-rabbit polyclonal sec
ondary antibody (#10,035,943; Thermo Fisher Scientific, Waltham, MS, 
USA) diluted 1:250 in TBS. Membranes were developed using ECL 
Western Blotting Substrate (Thermo Scientific, Waltham, MA, USA). 
Additionally, the membranes were stained with Ponceau S solution to 
evaluate equal loading. Experiments were conducted three times with 
similar results.

2.8. Gene expression analysis

10-days-old Arabidopsis seedlings grown in liquid MS/2 medium 
were treated for 1 h with OG (200 μg mL-1) or OPP (10 ng mL− 1). Sterile 
distilled water was used as mock. Seedlings were homogenized in liquid 
nitrogen. B. cinerea-infected or mock-inoculated leaves were frozen in 
liquid nitrogen. Tissues were homogenized using the mixer mill MM301 
(RETSCH GmbH, Haan, Germany) and using stainless steel beads (5 mm 
in diameter) for about 1 min at 30 Hz. Total RNA was extracted with 
RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s in
structions. Total RNA was extracted with Isol-RNA Lysis Reagent (5′- 
Prime) according to the manufacturer’s instructions. RNA was treated 
with RQ1 DNase (Promega, Southampton, UK), and first-strand com
plementary DNA (cDNA) was synthesized using ImProm-II reverse 
transcriptase (Promega, Southampton, UK). Quantitative reverse tran
scription–polymerase chain reaction (qRT-PCR) analyses were per
formed as previously reported (Coculo et al. 2023). Quantitative Reverse 
Transcription PCR analysis was performed using a CFX96 Real-Time 
System (Bio-Rad, Hercules, CA, USA). One microliter of cDNA (corre
sponding to 50 ng of total RNA) was amplified in 20 μL of reaction mix 
containing 1 × Go Taq qPCR Master Mix (Promega, Southampton, UK) 

and 0.5 μM of each primer. The conditions for amplification were 95 ◦C 
for 2 min; 46 cycles of amplification: 95 ◦C for 15 s, 58 ◦C for 15 s, and a 
final extension of 72 ◦C for 15 s. Primer sequences were generated with 
Primer3 software (https://primer3.ut.ee/) (Supplemental Table S1). 
The expression levels were determined using a modification of the Pfaffl 
method (Pfaffl 2001). Briefly, the average cycle threshold (aCT) for each 
gene was calculated from three biological replicates and adjusted for 
PCR efficiency (E) using the formula: aCT × log₂(1 + E) to obtain the 
corrected CT value. For each sample, the relative expression of each 
gene was determined by calculating the difference in CT values (ΔCT) 
between the target gene and the reference gene Ubiquitin 5 (UBQ5) 
(Lionetti et al. 2017; Giovannoni et al. 2021). Gene expression levels 
were calculated using the formula 2^–ΔCT, and the results were 
expressed in arbitrary units. Three biological replicates (considering 
each well of the plate with ten seedlings per well as one biological 
replicate) were performed. The experiment was repeated three times 
with similar results.

2.9. Arabidopsis infection assay with Botrytis cinerea

B. cinerea strain SF1 (Lionetti et al. 2007; Del Corpo et al., 2020) was 
grown for 20 days on malt extract agar at 20 g L-1 with mycological 
peptone at 10 g L-1 and micro agar at 12 g L-1 (MEP) at 23 ◦C and 70 % 
relative humidity in the dark before conidia collection. Conidia were 
harvested by washing the surface of the mycelium with sterile distilled 
water. Conidia suspensions were filtered in sterile conditions to remove 
residual mycelium and the conidia concentration was determined using 
a Thoma cell counting chamber. For the protection assay, 4-week-old 
plants were sprayed with OG (200 μg mL− 1) or OPP (10 ng mL− 1) con
taining 0.05 % Tween 24 MBAL (Croda, Snaith, UK) as adjuvant. 
Adjuvant solution in water was used as mock. After 24 h, fully developed 
leaves were infected with 1 × 106 conidia mL− 1 incubated in Potato 
Dextrose Broth (PDB) at 24 g L− 1. Six droplets of spore suspension (5 μL 
each) were placed on the surface of each leaf. Negative control was 
performed using PDB. Plants were incubated at 24 ◦C with a 12 h/12 h 
day/night photoperiod. The priming effect of pretreatment was evalu
ated by RNA extraction from infected leaves collected at 8 h post 
infection (hpi) as described below. The lesion size produced by B. cinerea 
was determined by measuring necrotic tissues using ImageJ software at 
48 h post infection (hpi) and was evaluated as an indicator of suscep
tibility to the fungus. Lesion size is expressed as a mean of a total of 50 
lesions. The experiment was repeated three times with similar results.

2.10. Arabidopsis and tomato infection assay with Pseudomonas syringae

P. syringae pv. tomato DC3000 was refreshed from frozen glycerol 
stock in King’s Basal medium (KB) containing 2 % (w/v) protease 
peptone, 0.15 % (w/v) MgSO4, 0.15 % (w/v) KH2PO4, and 1.5 % (v/v) 
glycerol with 25 µg/mL rifampicin. Bacteria were grown at 28 ◦C in dark 
for three days before inoculum preparation. Bacteria were collected by 
washing the KB plates with 2 mL of sterile 10 mM MgCl2. Four-week-old 
Arabidopsis and five-week old tomato plants were sprayed with 2 mL of 
OG (200 µg mL− 1) or OPP (10 ng mL− 1) containing 0.05 % Tween 24 
MBAL (Croda, Snaith, UK) for Arabidopsis pre-treatment, and 2.5 % 
Tween 24 MBAL and 2.5 % UEP-100 (Croda, Snaith, UK) for tomato 
pretreatment as adjuvant (Rebaque et al. 2023). Adjuvant solution in 
water was used as mock. After 24 h, Arabidopsis plants were infected 
with a bacterial suspension of OD600 = 0.1 added with 0.001 % of Silwet 
L-77, and tomato plants were infected with a bacterial suspension of 
OD600 = 0.5 added with 0.002 % of Silwet L-77. Priming effect was 
evaluated in Arabidopsis by collecting infected leaves at 8 hpi. Two 
Arabidopsis and tomato leaf discs were collected at 0 and 3 days post 
infection (dpi). Colony forming units (CFU) per foliar area were deter
mined after plating serial dilutions onto KB plates with 25 µg/mL 
rifampicin. Six biological replicates (considering each serial dilution of 
bacteria collected from a single adult plant as one biological replicate) 
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were used. The experiment was repeated three times with similar 
results.

2.11. Data analysis

Data were presented as mean ± standard deviation (SD) or standard 
error (SE) as indicated in the figure legends. Data were assessed for the 
normality using the Shapiro-Wilk test (p ≥ 0.05). For the statistical 
analysis of the disk diffusion assay, the Kruskal-Wallis test (p ≤ 0.001) 
was used. For the time kill contact assay, the ANOVA followed by 
Tukey’s test (p ≤ 0.001) was conducted. For the dilution assay data and 
Arabidopsis seedlings growth, the Student’s t-test was performed (p ≤
0.05). The statistical analysis of elicitor activity and protection assay 
data were evaluated by ANOVA followed by Tukey’s test (p ≤ 0.05). 
Statistical analyses were performed using GraphPad Prism 9 (GraphPad 
Software, San Diego, CA, USA).

3. Results

3.1. A phenolic compound-enriched extract from Coratina two-phase 
olive pomace exhibited antimicrobial activity against a broad spectrum of 
bacterial and fungal phytopathogens

Tangential flow membrane filtration was employed to isolate a 
reverse osmosis concentrate from two-phase olive pomace enriched in 
low molecular weight phenolic compounds (<1 Kda), referred to as 
Olive Pomace Phenols (OPP). To explore potential variations in the 
phenolic profiles of olive pomace extracts over the years, three inde
pendent pomace samples were collected in November for each of the 
three consecutive harvest years (2021, 2022, and 2023) and processed 
for OPP isolation. The total OPP phenolic concentration (~74 mg/ml) 
was similar among the three years (Table 1). The OPP phenolics profiles, 
analysed by High-Performance Liquid Chromatography (HPLC), were 
characterised by the presence of 4 main abundant phenolic compounds 
identified as hydroxytyrosol (~77 %), tyrosol (~18.5 %), verbascoside 
(~4 %), and oleuropein (~0.5 %). Additionally, very small peaks were 
observed, but their nature remains unidentified. Also in this case, no 
significant differences in the phenolic profiles were observed between 
the three years (Table 1). An OPP isolated from pomace samples 
collected in the 2022 was used for subsequent analyses. The OPP ability 
to contrast the microbial growth was tested (Fig. 1). We started to 
analyse the effect of OPP against the hemibiotrophic bacterium 
X. fastidiosa, a devastating pathogen of olive tree representing a serious 
threat to the agriculture economy and the biodiversity of Mediterranean 
area (Surano et al. 2024) (Fig. 1A and B). With the aim of identifying the 
lowest concentration of OPP that inhibits detectable growth of 
X. fastidiosa (minimum inhibitory concentration; MIC), bacterial growth 
was challenged with OPP at different concentrations (0.8, 1, 1.2, and 1.4 
mg/mL) using a disk diffusion assay (Fig. 1A). Sterile distilled water 
(mock) and a mixture of streptomycin and ampicillin (Amp/Str) (100 
and 250 µg/mL) were tested as positive control. OPP significantly 
inhibited bacterial growth at 1.2 mg/mL (MIC = 1.2 mg/mL). To explore 

if OPP have bacteriostatic or bactericidal effect, we quantified the lowest 
concentration that killed at least 99.9 % of the bacteria in the original 
inoculum after subculture to antibiotic-free medium (minimal bacteri
cidal concentration; MBC). 1.2 and 1.4 mg/mL OPP were evaluated 
against X. fastidiosa by performing a time kill-contact assay at different 
times after incubation (Fig. 1B). At 1.2 mg/mL OPP dose, no bacterial 
growth was observed after 8 h incubation, identifying 1.2 mg/mL as 
MBC. OPP at a concentration of 1.4 mg/mL completely killed 
X. fastidiosa cells already after 4 h, indicating that rapid X. fastidiosa 
death can be achieved by increasing the OPP concentration. To inves
tigate if OPP can effectively counteract other bacterial diseases that 
significantly impact agricultural crops, its antimicrobial effects were 
also tested on the hemibiotrophic P. syringae (Fig. 1C and D) and the 
necrotrophic P. carotovorum (Fig. 1E and F). Exploiting a broth dilution 
assay, different concentrations were used for P. syringae (0.1, 0.2, 0.4, 
0.8 or 1.6 mg/mL) and P. carotovorum (0.4, 0.8, 1.6, 3.2 or 4.8 mg/mL). 
Kanamycin (Kan; 50 µg/mL) and LB medium were used as positive and 
negative controls, respectively. A partial inhibition was observed for 
P. syringae and P. carotovorum growth in presence of 0.4 mg/mL and 1.6 
mg/mL OPP, respectively (Fig. 1C and E). The MIC and MBC values 
identified for P. syringae were 0.8 mg/mL OPP (Fig. 1C and D). For 
P. carotovorum assays, higher MIC and MBC values were observed cor
responding with 3.2 mg/mL OPP (Fig. 1E and F).

Next, we extended the antimicrobial activity of OPP on different 
fungal phytopathogens. The antifungal activity of OPP was tested on 
C. graminicola, F. graminearum, and B. cinerea, three pathogens that 
strongly decrease crop yield and quality and cause huge losses in agri
cultural production (Rogério et al. 2022; Bi et al. 2023; Jiang et al. 
2023). The diameter of mycelium expansion was measured in an agar 
dilution assay in absence and in presence of the OPP at 1 or 2 mg/mL 
(Fig. 2). Plates containing 700 µg/ml of hydroxytyrosol, which corre
sponds to the concentration of hydroxytyrosol present in plates with 1 
mg/ml of OPP, were utilized as a positive control. After 7 days of in
cubation, OPP significantly reduced the mycelium growth of all the 
fungal pathogens tested in a dose dependent manner. Interestingly, OPP 
appeared to be more effective against C. graminicola with respect to F. 
graminearum and B. cinerea (Fig. 2A-D). In particular, the treatment 
with 2 mg/mL of OPP caused a greater growth inhibition (96.5 %) of 
C. graminicola compared to F. graminearum (78.1 %) and B. cinerea (61.7 
%). OPP showed a greater ability to inhibit fungal growth compared to 
hydroxytyrosol, suggesting an antifungal activity also for the other 
phenolic compounds present in the extract. Overall, these results indi
cate that OPP has broad-spectrum antibacterial and antifungal activity.

3.2. OPP induced H2O2 production, MAPK6 phosphorylation and defence 
gene expression in Arabidopsis plants

Next, we investigated whether the OPP extract could act as an elic
itor of plant immunity. Key features of plant defence responses, 
including hydrogen peroxide (H2O2) production, activation of MAPK 
phosphorylation cascades, and upregulation of defence-related genes 
were analysed (Withers and Dong 2017; Tian et al. 2021) (Fig. 3). The 
production of H2O2 was quantified in leaf discs of Arabidopsis plants, 
after treatment of with 10 ng/mL OPP or water (mock), by 
luminol-based assays (Fig. 3A). OPP induced a transient burst of H2O2 
that reached its maximum level 10 min after treatment. The elicitor 
capacity of OPP was compared with that induced by OG (200 µg/mL). 
Interestingly, this response was faster and more transient respect to the 
response induced by OG (200 µg/mL), where the peak occurred at 20 
min and persisted over time (Fig. 3B). Mitogen-activated protein kinases 
(MAPKs) play a crucial role in coordinating defence mechanisms against 
pathogen invasions (Dvořák et al. 2021). We next evaluated the tem
poral patterns of phosphorylation of MAPKs (MAPK6/MAPK3/
MAPK4/MAPK11) in mock- and elicitor-treated Arabidopsis seedlings. 
OPP-treated seedlings showed the phosphorylation of MAPK6 after 5 
min reaching a peak at 10 min (Fig. 3C). Interestingly, after treatment 

Table 1 
Total phenolic concentration and phenolic compounds of OPP extracts.

Harvest years 2021 2022 2023

Total phenolic concentration 72.09 ± 5.36a 77.19 ± 7.26a 70.74 ± 5.51a

Hydroxytyrosol 52.95 ± 3.62a 56.32 ± 3.38a 49.63 ± 1.37a

Tyrosol 12.27 ± 1.26a 13.96 ± 2.72a 11.94 ± 0.97a

Verbascoside 2.94 ± 1.94a 3.52 ± 2.58a 2.39 ± 1.70a

Oleuropein 0.47 ± 0.12a 0.38 ± 0.14a 0.48 ± 0.08a

The total phenolic concentrations were calculated using Folin–Ciocâlteu assay 
and single phenolic compounds were quantified by HPLC, as reported in mate
rial and method section. Data are expressed in mg/ml as mean ± SD (n = 3). 
Datasets are not significantly different based on ANOVA followed by Tukey’s test 
(p ≤ 0.05).
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with OG, a different phosphorylation pattern was revealed after 10 min 
of treatment, involving, in addition to MAPK6, also MAPK3. MAPK4/11 
phosphorylation was not observed in both OPP- or OG-treated seedlings. 
To explore on the ability of OPP activity to induce defence gene 
expression, the expression of three important genes for Arabidopsis 
immunity, CYP81F2, WRKY53, and FRK1, was assessed after 1 h of 
seedling treatment with OPP (10 ng/mL), OG (200 µg/mL) or mock 
(Fig. 3D-F). CYP81F2 (CYTOCHROME P450, FAMILY 81) encodes a cy
tochrome P450 monooxygenase that participates in the biosynthesis of 
indole glucosinolates (Pfalz et al. 2009); WRKY53 (WRKY 
DNA-BINDING PROTEIN 33) encodes a WRKY transcription factor 
associated with the salicylic acid signalling pathway, that can play a role 
in basal resistance against P. syringae (Murray et al. 2007); FRK1 
(FLG22-INDUCED RECEPTOR-LIKE KINASE 1) encodes a leucine-rich 
repeat receptor kinase involved in the initiation of early defence sig
nalling cascades (Asai et al. 2002). The OPP or OG treatments stimulated 
the expression of all genes selected in comparison with mock-treated 
seedlings. However, an intriguing difference arises when comparing 
the gene induction patterns of OPP with OG. OG were more effective at 
inducing CYP81F2, whereas OPP primarily enhanced WRKY53 expres
sion. Both OPP and OGs showed similar levels of FRK1 expression. The 
growth of Arabidopsis seedlings treated with 10 ng/mL OPP was not 
significantly different from control (Figure S1). Overall, our results 
indicate that exogenous application of OPP to Arabidopsis can trigger 
multiple early immune hallmarks without affecting plant growth and 
that some may differ from those triggered by OG.

3.3. Pretreatment of Arabidopsis with OPP reduced disease symptoms 
caused by Botrytis cinerea and Pseudomonas syringae

The evidence that OPP can trigger defence responses prompted us to 
evaluate the possible protective effect of pretreatment of Arabidopsis 
with OPP against the necrotrophic fungus B. cinerea. Four-week-old 
adult plants were foliar-sprayed with OPP (10 ng/mL), OG (200 µg/ 
mL), or mock and 24 h after the pretreatment, leaves were inoculated 
with B. cinerea spores (Fig. 4A). The primed expression of the defence- 
related genes CYP81F2 and PAD3 was evaluated at 8 h post infection 
(hpi) (Fig. 4B and C). PAD3 (PHYTOALEXIN DEFICIENT 3) encodes a key 
biosynthetic enzyme involved in the synthesis of the antimicrobial 
compound camalexin and is essential for elicitor-induced resistance to 
B. cinerea (Schuhegger et al. 2006; Ferrari et al. 2007). OPP- and 
OG-pretreated plants showed a significant accumulation of CYP81F2 
and PAD3 transcripts. While CYP81F2 induction levels were comparable 
between the two elicitors, OG elicited a significantly higher induction of 
PAD3 expression compared to OPP. After 48 hpi, OPP and OG pre
treatments significantly improved resistance of Arabidopsis to B. cinerea 
(Fig. 4D and E). Plants pretreated with OPP showed a greater reduction 
of lesion area (about 64 %) than OG pretreated ones (about 48 %).

The OPP induction of WRKY53 expression previously observed in 
seedlings suggested a potential priming and protective effect of the 
extract against P. syringae (Hu et al. 2012). To confirm this hypothesis, 
adult Arabidopsis plants were pretreated with OPP (10 ng/mL), OG (200 
mg/mL) and after 24 h, they were sprayed with a suspension of 

Fig. 1. OPP showed antibacterial effects against Xylella fastidiosa, Pseudomonas syringae and Pectobacterium carotovorum (A) Inhibition of Xylella fastidiosa growth by 
OPP, quantified by disk diffusion assay. The diameter of the bacterial growth inhibition zones (Ø, mm) induced by various OPP concentrations (ranging from 0.8 mg/ 
mL to 1.4 mg/mL) on Xylella fastidiosa growth was measured. A mixture of 100 µg/mL ampicillin and 250 µg/mL streptomycin (Amp/Str) was used as positive 
control. Data represent mean ± SD (n = 9). Statistical analysis was performed using the Kruskal-Wallis test comparing all concentrations against 0.8 mg/mL (**, p ≤
0.01; ***, p ≤ 0.001). (B) Colony forming units (cfu) determined by time kill contact assay at times 0, 4, 8, and 24 h (h) after incubation of Xylella fastidiosa in PD3 
medium mixed with 1.2 and 1.4 mg/mL OPP. 50 µg/mL kanamycin (Kan) was used as a positive control. Data represent the mean ± SD (n = 3). Different letters 
indicate significantly different datasets according to ANOVA followed by Tukey’s test (p ≤ 0.001) comparing the different times for each concentration. Bacterial 
growth inhibition of Pseudomonas syringae (C) or Pectobacterium carotovorum (E) determined by broth dilution assay at 24 h after incubation in LB medium (negative 
control) or LB mixed with OPP dose from 0.1 to 1.6 mg/mL for Pseudomonas syringae or from 0.4 to 4.8 mg/mL for Pectobacterium carotovorum. LB medium mixed 
with 50 µg/mL kanamycin (Kan) was used as positive control. The values are expressed as percentage of optical density unity 600 nm (OD600) of treatments related to 
negative control. Data represent the mean ± SD (n = 9).Asterisks indicate significant differences between OPP doses respect to the lowest dose (0.1 mg/mL) ac
cording to Student’s t-test (***, p ≤ 0.001). Colony forming units (cfu) determined at 0 and 24 h (h) after incubation of Pseudomonas syringae (D) or Pectobacterium 
carotovorum (F) in LB medium mixed with 0.4 or 0.8 mg/mL OPP for Pseudomonas syringae and 1.6 or 3.2 mg/mL OPP for Pectobacterium carotovorum. LB medium 
mixed with 50 µg/mL Kan was used as positive control. Data represent the mean ± SD (n = 6). Asterisks indicate significant differences between 0 h and 24 h in each 
treatment according to Student’s t-test (***, p ≤ 0.001).

Fig. 2. OPP exhibited broad-spectrum antifungal activity. (A) Images of plates wherein fungi were incubated with 2 mg/mL OPP and with Potato Dextrose Agarose as 
negative control. The effect of hydroxytyrosol (Htyr) (700 μg/mL) or OPP (1 and 2 mg/mL) on the growth of Colletotrichum graminicola (B), Fusarium graminearum (C), 
and Botrytis cinerea (D) was measured. Results are expressed as percentage (%) of mycelium growth inhibition (percentage of treatment respect to negative control) 
measured after 7 days incubation. Data represent the mean ± SD (n = 9). Different letters indicate significantly different datasets according to ANOVA followed by 
Tukey’s test (p ≤ 0.05).
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P. syringae pv. tomato DC3000 (Fig. 5A). To explore on a possible 
OPP-induced priming effect, the expression of WRKY53 and CYP81F2 
genes was monitored at 8 hpi and compared with mock pre-treatment 
(Fig. 5B and C). Pretreatment of Arabidopsis with OPP and OG signifi
cantly induced, to a similar extent, the expression of WRKY53 and 
CYP81F2. The ability of OPP to protect Arabidopsis against P. syringae 
was investigated at 3 days post bacterial inoculation. A bacterial quan
tification was performed and expressed as CFU per leaf area (cm2) 
(Fig. 5D). Bacterial growth was significantly reduced of about of 13 % in 
the OPP- and OG-pretreated plants compared with mock-pretreated 
plants. Overall, the results indicate that preventive pretreatments with 
OPP enhanced Arabidopsis immune performance and provided protec
tion against B. cinerea and P. syringae.

3.4. OPP triggered H2O2 production and protected tomato against 
Pseudomonas syringae

The capacity of OPP to trigger immunity was tested also on 
economically important crop as tomato. Leaf discs collected from five- 
weeks old tomato plants were treated with OPP (10 ng/mL), or mock 
and H2O2 production was quantified by luminol-based assays (Fig. 6A 
and B). OPP induced a transient burst of H2O2 that reached its maximum 
level 20 min after treatment (Fig. 6A). As previously observed in Ara
bidopsis, the response of OPP is faster and more transient compared to 
that induced by OG (200 µg/mL) (Fig. 6B). These results prompted us to 
investigate on a possible tomato protection against pathogens. Five- 
week-old tomato plants were pretreated with OPP (10 ng/nL), OG 

Fig. 3. OPP activated immunity hallmarks in Arabidopsis tissues. (A) Kinetics of H2O2 production measured by Luminol reaction after treatment with sterile distilled 
water (mock) or OPP (10 ng/mL) in four-week-old Arabidopsis leaf-discs and reported as Relative Luminescence Units (RLU). Data represent mean ± SE (n = 6). The 
experiments were repeated three times with similar results. (B) Ratio of RLU values after of OG (200 μg/mL) or OPP (10 ng/mL) at 10, 20, and 30 min respect to the 
total RLU. Data are presented as box plots, with the centre line showing the median, the box limits showing the 25th and 75th percentiles, and the whiskers showing 
the full range of data. The experiments were repeated three times with similar results. (C) MAPK activation in Arabidopsis seedlings in response to mock, OG (200 ug/ 
ml), or OPP (10 ng/mL) treatment. MAPK phosphorylation was determined by western blot using the phospho-p44/42 MAPK antibody at different time points (5, 10, 
and 20 min). Equal loading was confirmed by Ponceau staining. Experiments were conducted three times with similar results. MW = Molecular Weight marker. 
Expression of (D) CYP81F2, (E)WRKY53, and (F) FRK1 after mock, OG (200ug/ml), or OPP (10 ng/mL) treatment of Arabidopsis seedlings analysed by quantitative 
RT-PCR. The expression levels were normalized to UBQ5 expression. Data represent the mean ± SE (n = 3). Different letters indicate significantly different datasets 
according to ANOVA followed by Tukey’s test (p ≤ 0.05).
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(200 µg/mL), or mock 24 h prior spray-inoculation with P. syringae 
(Fig. 6C). Notably, a 10 % reduction of bacterial accumulation was 
observed in OPP- and OG-pretreated tomato at 3 dpi compared to mock 
pretreated tomato. These results indicated that OPP can promptly 
stimulate the tomato immune system and its protection against 
P. syringae.

4. Discussion

In this work, we attempted to valorise two-phase olive pomace ob
tained from Coratina green fruit processing as source of phenolics with 
immunostimulant properties. A green-patented process based on a 
tangential flow membrane filtration of the liquid pomace allows us to 
extract a mixture of phenolic compounds named OPP with a total 

phenolic content of about 74 mg/mL. Interestingly, an higher yield of 
phenolics was extracted compared to other reports (Leouifoudi et al. 
2015; Sklavos et al. 2015; Yangui and Abderrabba 2018; Frascari et al. 
2019). This can be favoured by the extraction method used like also 
from the nature of the pomace used. The process involves fermentation 
and enzymatic digestion pretreatments, leading to a OPP with low sugar 
content and high phenolic concentration. Moreover, olive pomace used 
derived from a two-phase extraction, that does not require the addition 
of process water, reducing water consumption and wastewater produc
tion (Dahdouh et al. 2023). Furthermore, the cultivar and the degree of 
ripeness of the olives from which the pomace derives could also have 
contributed to a high yield of phenolic compounds (Aggoun et al. 2016). 
Coratina is one of the olive tree cultivars with the highest phenol content 
(Dauber et al. 2022; Yılmaz-Düzyaman et al. 2023). The biosynthesis of 

Fig. 4. Pretreatment of Arabidopsis with OPP enhanced immune response and protection against B. cinerea. (A) Four-week-old Arabidopsis Col-0 leaves were 
pretreated with OG (200 ug/ml), OPP (10 ng/mL) and mock and 24 h later were inoculated with Botrytis cinerea. (B) Quantitative RT-PCR analysis in Botrytis cinerea- 
infected leaves collected at 8 h post infection (hpi). mRNA expression levels are normalized to UBQ5 expression. Data represent the mean ± SE (n = 3). Different 
letters indicate significantly different datasets according to ANOVA followed by Tukey’s test (p ≤ 0.05) (C-D-E) Lesion areas of Botrytis cinerea -infected leaves were 
measured at 48 h after the inoculation. Values are means ± SE of at least 50 lesions. Different letters indicate significantly different datasets according to ANOVA 
followed by Tukey’s test (p ≤ 0.05).
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phenolic compounds in olive tree is influenced by several factors 
including pedoclimatic conditions, cultivation practices, and ripening 
stages of fruits (Stanković et al. 2017; Sáinz et al. 2019; Jukić ̌Spika et al. 
2022). The fruits of the Coratina olive accumulate a greater quantity of 
phenolic compounds in the early stages of ripening, decreasing as 
ripening progresses (Dag et al. 2014; Kong et al. 2019). We aimed to 
obtain extracts enriched in low molecular weight compounds (<1 kDa), 
as these molecules may penetrate microbial and plant cell membranes to 

enhance plant protection better than larger molecules. The phenolic 
compounds characterization revealed that OPP is a mixture mainly 
enriched in hydroxytyrosol and tyrosol, with minor amounts of ver
bascoside, and traces of oleuropein. It should be considered that OPP 
does not encompass all phenolic compounds in Coratina cultivar 
pomace. Some higher molecular weight phenolics, such as tannins, 
lignans, and polyphenols like quercetin and luteolin, may also be present 
but are not targeted in our extraction process.

Fig. 5. Pretreatment of Arabidopsis with OPP enhanced immune response and protection against Pseudomonas syringae. (A) Leaves of 4-weeks-old Arabidopsis Col- 
0 plants were pre-treated with OG (200 μg/mL), OPP (10 ng/mL) and mock 1 day before bacterial inoculation. (B-C) Quantitative RT-PCR analysis in Pseudomonas 
syringae -infected leaves collected at 8 hpi. mRNA expression levels are normalized to UBQ5 expression. Data represent the mean ± SE (n = 3). (D) Colony forming 
units (cfu) of Pseudomonas syringae per leaf area (cm2) were determined at 3 h and 3 days post infection (T0 dpi and T3 dpi). Data represent mean ± SD (n = 6). 
Different letters indicate significantly different datasets according to ANOVA followed by Tukey’s test (p ≤ 0.05).

Fig. 6. OPP activated H2O2 production and induced Pseudomonas syringae resistance in tomato. (A) H2O2 production by luminol reaction after treatment with OG 
(200 μg/mL) or OPP (10 ng/mL) and mock, in five-week-old tomato leaf-discs. Data represent mean ± SE (n = 6). The experiments were repeated three times with 
similar results. (B) Ratio of RLU values after of OG (200 μg/mL) or OPP (10 ng/mL) at 20, 40, and 60 min respect to the total RLU. The experiments were repeated 
three times with similar results. (C) Leaves of five-week-old tomato Minibel plants were pre-treated with OG (200 μg/mL), OPP (10 ng/mL) and mock 1 day before 
Pseudomonas syringae inoculation. Bacterial CFU per leaf area (cm2) were determined at 3 h and 3 days post infection (T0 dpi and T3 dpi). Data represent mean ± SD 
(n = 6). Different letters indicate significantly different datasets according to ANOVA followed by Tukey’s test (p ≤ 0.05).
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Previous evidence indicates olive fruits phenolic compounds as 
antimicrobial agents against specific bacteria and fungi (Drais et al. 
2021; Pannucci et al. 2021). This work reveals new opportunities for the 
exploitation of phenolic compounds present in olive pomace as anti
microbial agents against key phytopathogenic bacteria and fungi. OPP 
showed a broad spectrum of inhibitory activity against the growth of a 
wide range of pathogens. Importantly, OPP was able to contrast the 
growth of X. fastidiosa, the bacterium responsible for the devastating 
plant disease Olive Quick Decline Syndrome (Surano et al. 2024). The 
same value of MIC and MBC (1.2 mg/mL) indicate that OPP have a 
bactericidal action against this microbe. This is the first time that a 
treatment with an hydroxytyrosol-enriched mixture extracted from 
pomace has proven effective against X. fastidiosa subsp. pauca, the strain 
that causes the great devastation in the Mediterranean countries (Surano 
et al. 2024). This discovery opens significant possibilities for treating 
X. fastidiosa-infected olive trees with OPP through foliar and/or 
endo-therapy. OPP was also effective against the bacterial phytopath
ogen P. syringae (MIC/MBC=0.8 mg/mL). This bacterium causes disease 
symptoms ranging from leaf spots to stem cankers, that can lead to 
significant crop losses in hundreds of plant species 
(Santamaría-Hernando et al. 2022; El-Fatah et al. 2023). Our evidence 
indicates for the first time a strong susceptibility of P. syringae to pomace 
phenolic compounds. P. carotovorum is also sensitive to OPP. 
P. carotovorum causes the destructive soft rot disease to many econom
ically important vegetables (Abd-El-Khair et al. 2021). P. carotovorum 
was less sensitive to OPP than the other two pathogenic bacteria pre
viously tested (MIC/MBC=3.2 mg/mL). Future studies will be necessary 
to understand the ability of this bacterium to better tolerate phenolic 
compounds. The bactericidal activity of OPP could be attributed to their 
potential effects on virulence determinants, such as motility, biofilm 
formation, and extracellular enzyme activities (Joshi et al. 2015) or to 
their ability to chelate transition metals like iron and copper, thereby 
reducing their bioavailability and limiting bacterial growth and viru
lence (Shina et al. 2012).

The antifungal activities of OPP were also investigated in vitro 
against three economically important pathogens, C. graminicola, F. gra
minearum, and B. cinerea. In particular, Colletotrichum causes anthrac
nose disease, one of the most important diseases in maize production 
(Rogério et al. 2022). F. graminearum causes fusarium head blight dis
ease in cereal crops and downgrades grain quality because of its 
mycotoxin production (Jiang et al. 2023; Loron et al. 2023). B. cinerea 
causes gray mold disease in a wide range of important crops (Bi et al. 
2023). OPP exhibited significant antifungal activity against all fungal 
pathogens. At comparable concentrations, OPP appeared to more 
effectively inhibit fungal growth than hydroxytyrosol alone. This sug
gests that the other phenolic components of the OPP mixture may act 
synergistically with hydroxytyrosol. The low susceptibility of B. cinerea 
to OPP could be attributed to the ability of B. cinerea to synthesize lac
case enzymes, known to deactivate phenolic compounds by oxidation 
(Claus, 2017).

Our results highlight for the first time the role of phenolic com
pounds present in olive pomace, and therefore in green olive drupes, as 
inducers of plant immunity. OPP pretreatment induced several Arabi
dopsis defence responses including H2O2 production, MAPK phosphor
ylation, and defence gene expression reported to mediate increased 
indole glucosinolate biosynthesis, initiation of early defence signalling 
cascades and the salicylic acid signalling pathway. Interestingly, some 
differences in the ability to elicit defenceresponses was observed by OPP 
treatment respect to OG. A faster and more transient H2O2 oxidative 
burst was induced by OPP respect to OG. OPP treatment induced 
phosphorylation of MAPK6 while OG treatment activated the phos
phorylation of both MAPK6 and MAPK3. Furthermore, a different 
pattern of induction of WRKY53, CYP81F2, and FRK1 expression was 
triggered by OPP respect to OG. These results indicate that OPP and OG 
may activate distinct signal transduction pathways and defence re
sponses. The two elicitors could be combined to obtain immunity based 

on the activation of multiple pathways, thus providing broader effec
tiveness against pathogens. We plan to focus some of our upcoming 
experiments on testing this hypothesis. OG and arabino- 
oligosaccharides have been identified in olive pomace (Greco et al., 
2024). Therefore, it is essential to consider the co-presence of at least 
two types of elicitors in this by-product.

We proved that OPP pretreatment primed the expression of defence 
genes in adult Arabidopsis and reduced B. cinerea or P. syringae disease 
incidences. The ability of OPPs to combat phytopathogens may result 
from the synergy between their immunostimulant effects and their 
antifungal activity. OPP pretreatments enhanced the ability of Arabi
dopsis to express CYP81F2 and PAD3 and to resist to B. cinerea. This 
could lead to an higher production of the antimicrobial compounds 
indole glucosinolate and the phytoalexin camalexin (Schuhegger et al. 
2006; Pfalz et al. 2009). OPP pretreatments also enhanced the ability of 
Arabidopsis to express CYP81F2 and WRKY53 to resist to P. syringae. The 
induction of the latter could imply the ability of OPP to induce the 
salicylic acid dependent pathway (Hu et al. 2012; Bresson et al. 2022). 
OPP concentrations that we found to elicit plant immunity did not affect 
Arabidopsis growth. Importantly, similar results were observed in to
mato, one of the most important commercial crops worldwide. OPP 
pretreatment of tomato plants induced H2O2 accumulation and 
improved resistance to P. syringae.

Further research is necessary to improve the understanding of the 
OPP composition and its mechanism of action in plant immunity and 
pest control. Trace of other low molecular weight phenolic compounds 
(e.g., caffeic acid, gallic acid, ferulic acid, coumaric acid, and quercetin) 
may be present in the OPP (Sciubba et al. 2020). Additionally, TFMF 
may extract small amounts of other non-phenolic molecules. Future 
analyses, including LC-MS and NMR, will enhance our understanding of 
other potential compounds present in OPP.The use of OPP in agriculture 
could face limitations regarding their stability and bioavailability in 
different environmental conditions. Investigating OPP stability and 
bioavailability is crucial, along with optimizing extraction methods and 
dosages for effective use as biostimulants or biopesticides. Incorporating 
suitable excipients and standardizing application procedures will be 
important for field implementation. Additionally, the need for regula
tory approval and the challenges associated with standardizing appli
cation methods may hinder widespread adoption. Conducting a life 
cycle assessment and a technology evaluation assessment will help to 
evaluate the environmental and economic impacts. Addressing these 
issues through further research will be essential for maximizing the 
potential of these compounds as biostimulants or biopesticides. OPP 
immunostimulants and antimicrobial properties could enhance olive 
tree resistance to X. fastidiosa. Utilizing OPP can promote a circular 
economy by upcycling olive mill wastes in green molecules for olive 
growth and health.

In conclusion, the results reported in this work can pave the way for 
upcycling two-phase olive pomace into a valuable mine of natural non- 
synthetic biopesticides and immunostimulants phenolic compounds to 
be used in eco-friendly plant disease control strategies against a broad 
spectrum of phytopathogens. The use of OPP represents a promising 
opportunity for integrated pest management programs to reduce the use 
of chemical pesticides and mitigating environmental pollution related to 
olive pomace disposal in the soil.
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