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Antibacterial activity of Myrtus
communis leaf extract against
three pathogenic Xylella
fastidiosa subspecies
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and Stefania Pollastro®
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Pharmacy, University of Salerno, Fisciano, Italy

The limited availability of sustainable strategies for managing Xylella fastidiosa (Xf)
underscores the urgent need for innovative and practical antimicrobial solutions.
In this study, an extract from the leaves of Myrtus communis (MC) biotype
“Tarantino”, known for its antibacterial properties, was evaluated in vitro using
well diffusion and broth dilution assays against X. fastidiosa subsp. pauca (Xfp),
multiplex (Xfm), and fastidiosa (Xff), all of which have been reported in Europe
and in the Apulia region. Prior to biological testing, the MC leaf extract
(MCLE) underwent chemical characterization via LC-Q-Exactive-Orbitrap/MS
and LC-Q-Exactive-Orbitrap/MS/MS. Metabolite profiling revealed the
presence of several phenolic acids, flavonol derivatives, and ellagitannins. In
the in vitro assays, MCLE exhibited clear inhibition zones against all three Xf
subspecies, with diameters ranging from 4.8 to 22.6 mm compared to the
control. Additionally, in broth cultures, a 1.5 dilution of MCLE significantly
inhibited bacterial growth, resulting in 65%, 86%, and 66% inhibition for Xfp,
Xfm, and Xff, respectively. For in planta assays, symptom severity on the canopy
of Nicotiana benthamiana was notably reduced in plants treated with MCLE
compared to those inoculated with Xf alone. Quantitative real-time PCR
confirmed the efficacy of MCLE: untreated, inoculated plants exhibited
significantly lower Cq values (F = 120; p < 0.001), indicating higher bacterial
loads compared to MCLE-treated plants. Overall, this study highlights the
potential of MC-based formulations as promising, eco-friendly tools for the
management of Xf-related diseases, meriting further validation under
field conditions.

KEYWORDS

Xylella-subspecies, biocontrol, qPCR, plant-extract, Nicotiana benthamiana

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1701374/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1701374/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1701374/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1701374/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1701374&domain=pdf&date_stamp=2025-11-20
mailto:franco.nigro@uniba.it
https://doi.org/10.3389/fpls.2025.1701374
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1701374
https://www.frontiersin.org/journals/plant-science

Incampo et al.

1 Introduction

Xylella fastidiosa (Xf) is a Gram-negative bacterium that
consistently causes severe damage to a wide range of
economically important crops worldwide, including coffee, citrus,
grapevine, olive, and almond. Since its first detection in the Apulia
region of Italy in 2013, X. fastidiosa subsp. pauca (Xfp) has become
the most serious threat to olive cultivation in Europe (Velasco-Amo
et al., 2023). Xfp infections have led to a dramatic decline in olive
yields and tree viability, affecting over 5 million olive trees and
resulting in an estimated 10% reduction in Italy’s overall olive oil
production (White et al., 2020). The Xfp De Donno strain,
associated with Olive Quick Decline Syndrome (OQDS), was
isolated in 2013, and its whole genome was subsequently
sequenced (Saponari et al, 2013; Giampetruzzi et al, 2015). In
addition to Xfp, other X. fastidiosa subspecies have recently
emerged in Europe. Notably, X. fastidiosa subsp. multiplex (Xfm)
sequence type 26 (ST26) was reported for the first time in spring
2024 on asymptomatic almond trees in southern Italy (Montilon
et al.,, 2024). More recently, X. fastidiosa subsp. fastidiosa (Xff) ST1
was also detected for the first time in Apulia, Southern Italy
(Cornara et al., 2025). The primary pathogenic mechanism of Xf
involves the formation of biofilms within the xylem vessels, which
disrupts water transport and compromises plant health (Roper
et al, 2019; Anbumani et al., 2021). Within the biofilm matrix,
bacterial cells coordinate their behavior through quorum sensing,
allowing them to adapt, persist, and resist hostile conditions.
Current control methods—such as the use of N-acetyl-L-cysteine
(NAC), menadione, and copper(II) sulfate—aim to limit the spread
and activity of Xf (Mourou et al., 2025; Ge et al., 2020). However,
these treatments often provide inconsistent results and are
considered unsustainable for long-term management (Scortichini
et al, 2021). This highlights the urgent need for novel and
environmentally sustainable biocontrol strategies that align with
European ecological and regulatory priorities.

Plant-derived compounds represent a promising source of
natural antimicrobial agents. Extracts and essential oils from
various plant species have shown effective activity against
numerous bacterial and fungal pathogens (Rocha et al., 2005;
Ayaz et al, 2016). Among these, Myrtus communis L. (MC),
commonly known as myrtle, is a Mediterranean aromatic
evergreen shrub belonging to the Myrtaceae family. Interestingly,
MC has been listed among host plants for Xylella fastidiosa
subspecies pauca, multiplex, and fastidiosa (European Food Safety
Authority (EFSA) et al,, 2025). However, the evidence of natural
infection remains limited and may rely on detection data rather
than confirmed pathogenic interaction. Importantly, MC exhibits a
broad spectrum of biological activities, including antibacterial, anti-
inflammatory, disinfectant, antioxidant, hypoglycemic, and anti-
hyperglycemic effects (Getahun, 1976). Various parts of the plant—
particularly berries, branches, and leaves—have long been used in
traditional medicine to treat a range of ailments (Alipour et al,
2014). Extracts and essential oils from MC leaves and berries have
demonstrated inhibitory effects against several pathogenic bacteria
(Aleksic and Knezevic, 2014). Moreover, MC leaves and fruits are
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widely processed for essential oil production and are known to
possess strong antimicrobial activity (Usai et al., 2015). Several
studies have confirmed the antibacterial potential of MC berries
(Cottiglia et al., 2012; Messaoud et al., 2012; Besufekad et al., 2017),
and MC-derived compounds have shown significant anti-biofilm
properties (Khaleghi and Khorrami, 2021; Khadraoui et al., 2024).
Notably, the antimicrobial effects of MC essential oils -including
activity against both Gram-positive and Gram-negative bacteria, as
well as yeasts and filamentous fungi -are among the most
extensively investigated (Mansouri et al, 2001; Kordali et al,
2016; Sharifazizi et al., 2017; Yangui et al., 2017).

Despite the well-documented bioactivity of MC leaf extracts
(MCLE), their potential effectiveness against X. fastidiosa has not
yet been evaluated. This study addresses this knowledge gap by
presenting, for the first time, a detailed investigation of the
antimicrobial effects of MC and its lyophilized leaf extract
(MCLE) against Xfp, Xfm, and Xff, using both in vitro and in
planta approaches.

2 Materials and methods
2.1 Xylella fastidiosa subspecies

Three X. fastidiosa (Xf) subspecies were used in both in vitro
and in planta assays: Xfp sequence type (ST)53, originally isolated
from olive (Olea europaea); Xfm ST26, first isolated from almond
(Prunus dulcis) (Montilon et al., 2024); and Xff ST1, recently
recovered from almond in Apulia. All subspecies were stored at -
80°C in Pierce’s Disease 3 (PD3) broth supplemented with 50%
glycerol. When required, cryopreserved cultures of Xfp were plated
on buffered charcoal yeast extract (BCYE) medium (Wells et al,
1981), while Xfm and Xff were cultured on PD3 medium
(Davis, 1980).

2.2 Growth conditions of Nicotiana
benthamiana plants

Nicotiana benthamiana was selected as the model plant for the
experiment. Plants were grown under controlled greenhouse
conditions in 0.8 L pots, maintained at 25 + 2°C during the day
and 18 + 2°C at night, with a relative humidity of 60% (Baro et al.,
2022). Irrigation was carried out every three days, and 1 g of NPK
fertilizer (15-9-15) was applied monthly. To prevent insect
infestations, appropriate pest management treatments were
applied as needed. Plants were used for inoculation assays at four
weeks of age.

2.3 Production and metabolite
characterization of MCLE

Leaves of M. communis (MC) biotype “Tarantino” were selected
due to their well-documented antibacterial properties (Hennia et al.,
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2018). Specifically, freshly collected leaves from a mature shrub
located in the municipality of Laterza (TA, Apulia, Italy; 40.631303°
N, 16.798915° E) were washed with cold running water and air-
dried on absorbent paper. The dried leaves were then ground using
a laboratory mixer, and the extraction was performed by adding
Milli-Q water at a 1:20 (w/v) ratio. The mixture was subjected to
sonication for 5 minutes, followed by centrifugation at 10,000 rpm
for 5 minutes. The resulting supernatant was filtered through
Whatman filter paper to obtain the crude aqueous extract, then
freeze-dried obtaining 5.45 g of dried extract from 100 g of leaves.
The metabolite profiling of the extract was carried out using an
Ultra-High-Performance Liquid Chromatography (UHPLC)
system coupled with a Quadrupole-Orbitrap hybrid mass
spectrometer (Q Exactive Orbitrap MS/MS; Thermo Fisher
Scientific, Bremen, Germany) equipped with an electrospray
ionization (ESI) source. The lyophilized MCLE extract was
dissolved in a water/methanol solution (9:1, v/v) to a final
concentration of 0.5 mg/mL. Chromatographic separation was
performed on a Kinetex EVO C18 column (5 pm, 150 mm X
2.1 mm; Phenomenex, Aschaffenburg, Germany). The mobile
phases consisted of (A) 0.1% formic acid in water and (B) 0.1%
formic acid in acetonitrile. The gradient elution was applied at a
flow rate of 0.2 mL/min as follows: 0-11 min: 10-43% B; 11-25 min:
43-61% B; 25-38 min: 61-100% B; 38-41 min: held at 100% B; 41-
42 min: 100-10% B; 42-47 min: re-equilibration at 10% B.

The mass spectrometer operated in negative ion mode, with 10
UL of sample injected per run. ESI parameters were set as follows:
ion source temperature 300 °C, sheath gas flow (N,) 50 units,
auxiliary gas flow 10 units, and sweep gas flow 0 units. The MS scan
range was set to m/z 150-1400. For MS/MS analyses, a data-
dependent acquisition method was employed to fragment
precursor ions corresponding to the most intense peaks, using a
normalized collision energy of 30%.

Data acquisition, instrument control, and data processing were
performed using Xcalibur software (version 2.2, Thermo Fisher
Scientific). Metabolites were tentatively identified based on accurate
m/z values, predicted molecular formulas, and MS/MS
fragmentation patterns, and were compared against published
literature and online databases such as MassBank (https://
massbank.eu/MassBank/, accessed on 24 April 2025) and FoodB
(https://foodb.ca/, accessed on 24 April 2025).

2.4 Antimicrobial activity of MCLE against
Xfp, Xfm and Xff in vitro

2.4.1 Well diffusion test

For the agar well diftusion assay, plates containing 20 mL of
BCYE agar medium were uniformly seeded with a Xf suspension
arranged in three rows. A single well (8 mm in diameter) was
created at the top of the central row and filled with 150 uL of MCLE
at four different dilutions: 1:5 (1 x 10° ppm), 1:10 (5 x 10* ppm),
1:25 (2 x 10* ppm), and 1:100 (5 x 10* ppm) (Zicca et al., 2020).
Ampicillin (50 ng/mL) was used as the positive control. All
treatments were performed in triplicate. Plates were incubated at
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28°C for at least 6 days, after which antimicrobial activity was
assessed by measuring the inhibition zone, defined as the distance
between the edge of the well and the nearest visible Xf growth.

2.4.2 Broth dilution test

For the broth dilution assay, 20 mL of PD3 broth were
dispensed into sterile 50 mL tubes. Each tube was inoculated with
200 uL of an Xf suspension (10® CFU/mL) and supplemented with
150 uL of (MCLE) at different dilution ratios (1:5, 1:10, 1:25, 1:100),
corresponding to final concentrations of 740, 370, 140, and 37 ppm,
respectively. Control treatments were included as follows: tubes
containing only MCLE at the respective dilutions (without bacterial
inoculum) served as blanks, while tubes inoculated with Xf in the
absence of MCLE served as positive controls. Following inoculation,
all tubes were incubated at 28°C for 14 days. Bacterial growth was
monitored spectrophotometrically every two days by measuring
optical density at 600 nm (BECKMAN DU-640, Brea,
California, USA).

2.5 Toxicity evaluation of MCLE

The potential phytotoxicity of MCLE was evaluated on N.
benthamiana. Using a 0.5 mL insulin syringe, 50 uL of MCLE at
different concentrations (1 x 10°, 5 x 10% 2 x 10% and 1.5 x 10* ppm)
were infiltrated into fully expanded leaves. Three infiltrations were
performed per plant, with a total of six replicates. Sterile distilled
water was infiltrated in place of MCLE and served as the negative
control. Plants were maintained in a greenhouse at 25 + 3°C for at
least 48 h. Phytotoxicity was evaluated through visual observation of
symptoms and direct measurement of lesion diameter at the
infiltration sites. Additionally, a scoring system was employed to
assess lesion severity on a scale from 0 to 3 (0 = absent, 1 = mild,
2 = moderate, 3 = severe).

2.6 In planta antagonistic activity of MCLE
against Xf

An in planta assay was conducted to evaluate the antagonistic
activity of MCLE against Xf subspecies within plant tissues. The
experiment involved Xf inoculation and subsequent application of
MCLE to the stems of N. benthamiana, a validated model host for
Xf (Baro et al,, 2022). One-month-old N. benthamiana plants were
inoculated using a 0.5 mL hypodermic syringe, with the needle
inserted approximately halfway into the stem diameter to reach the
vascular system (Figure 1). Bacterial suspensions were prepared at
10® CFU/mL, corresponding to an ODgg of 0.5 for Xfp and Xfm,
and an ODgq of 0.3 for Xff. Two inoculations (15 UL each) of Xf
suspension in PBS were administered at two distinct stem positions,
8 and 12 cm above the soil surface, for a total inoculum of 3 x 10°
CFU/mL per plant. MCLE applications were performed on the
same side of the stem, with two treatments of 15 UL each (1,500
ppm) at 6 and 14 cm above the soil surface. Each treatment group
consisted of seven plants, including both positive and negative
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FIGURE 1
Needle inoculation of Xylella fastidiosa subspecies in Nicotiana
benthamiana plants.

controls for all subspecies tested. All inoculated plants were
maintained under controlled quarantine greenhouse conditions at
25 + 3°C.

2.7 DNA extraction and gPCR assay for in
planta detection and quantification of Xf
subspecies

Genomic DNA was extracted from 500 mg of N. benthamiana
leaf petioles after homogenization in extraction bags (Bioreba AG,
Reinach, Switzerland) using a Homex apparatus (Bioreba AG),
following a CTAB-based protocol (Doyle and Doyle, 1987). DNA
quality and concentration were assessed with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE,
USA). Quantitative PCR (qPCR) assays were performed to confirm
infection by Xf subspecies in inoculated plants, using primers and
conditions described by Harper et al. (2010). Assays were conducted
at 20 and 40 days post-inoculation (dpi) to monitor infection
progression. All reactions were run in triplicate and included a
negative control (NC), positive control (PC), and no-template
control (NTC), along with subspecies-specific standard curves.
Standard curves were generated from cell suspensions of Xfp,
Xfm, and Xff at concentrations ranging from 107 to 10" CFU/mL.

Frontiers in Plant Science

10.3389/fpls.2025.1701374

For Xfp and Xfm, the starting suspension corresponded to an ODsgq
of 0.5 (~10% CFU/mL), whereas for Xff an ODg of 0.3 was used.
These curves were employed to quantify bacterial loads in the
infected plant samples.

2.8 Statistical analysis

To evaluate the significance of Xfp, Xfm, and Xff growth
inhibition, a one-way ANOVA was performed using CoStat
software, version 6.451 (Cohort, Monterey, CA, USA). For the
broth dilution assay, data were analyzed by two-way ANOVA
followed by Tukey’s post hoc test to identify statistically
significant differences (p < 0.05). In addition, to assess the in
planta effect of the extract on Xf subspecies, quantification cycle
(Cq) values were calculated, and a one-way ANOVA was applied
using the same software.

3 Results
3.1 Metabolite profile of MCLE

MCLEs were analyzed by LC-ESI-Q Exactive MS in both
negative and positive ion modes to maximize metabolite coverage
and obtain high-resolution MS and MS/MS spectra. The negative
ion LC-MS profile revealed the predominance of phenolic acids,
flavonol derivatives, and ellagitannins. A total of 35 major
metabolites were detected, of which 25 were putatively identified
based on accurate m/z values, predicted molecular formulas, and
MS/MS fragmentation patterns (Table 1). Most of these compounds
have previously been reported in MC leaves (Taamalli et al., 2014;
D’Urso et al,, 2019). The main groups detected in negative ion mode
included ellagitannins (e.g., galloyl hexose derivatives), flavonols
(mainly myricetin, quercetin, and kaempferol derivatives), and
phenolic acids.

The positive ion LC-MS profile likewise confirmed the presence
of phenolic acids and flavonol derivatives, particularly
caffeoylquinic acids and myricetin derivatives. In this mode, 19
major metabolites were detected, of which 12 were putatively
identified using accurate m/z values, molecular formulas, and
fragmentation patterns (Table 2). Notably, compound 13/,
secoisolariciresinol-9-glucoside, was identified for the first time in
MC leaves.

3.2 In vitro antimicrobial activity of MCLE
against Xfp, Xfm and Xff

3.2.1 Well diffusion test

Four MCLE dilutions (1:5, 1:10, 1:25, 1:100) were tested for
their ability to inhibit Xfp, Xfm, and Xff using the in vitro well
diffusion assay. The results demonstrated that MCLE exhibited
antimicrobial activity against all three Xylella subspecies (Table 3).
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TABLE 1 Myrtus communis biotype “Tarantino” leaf extract: UHPLC-ESI-Q-Exactive-MS and UHPLC-ESI-Q-Exactive-MS/MS analysis in negative ion
mode.

;‘g?::ﬁ:"alar Appm Identity Reference

1 1.89 383.1198 CraH,3010 38 191 unknown

2 1.89 643.1735 Cp4H35050 3 ?if.:) 175072170/ unknown

3 2.19 643.1740 Cy4H35050 3.8 ??;)'2)175.0/217.0/ unknown

4 2.19 741.1514 C31H3505, 0.8 175.0/217.0 unknown

5 2.19 8352022 CusHss014 02 191 unknown

6 3.14 633.0737 Cy7H,1043 2.5 301.0/275.0/249.0 strictinin isomer 1 D’Urso et al., 2019

7 3.14 483.0786 Cy0H 19014 35 169.0/332.1/313.1 1,6-di-O-galloylglucose Mass Bank

8 3.26 343.0662 C4H,50,0 0.8 191 galloylquinic acid D’Urso et al., 2019

9 4.07 633.0741 Cy;H,048 29 301.0/275.0/249.0 strictinin isomer 2 D’Urso et al.,, 2019
4-Hydroxy-5-(3',5'-

10 4,07 401.1092 Cy7H,,01, 35 265.1/295.1/277.1 dihydroxyphenyl)-valeric FoodB
acid-O-glucuronide

11 5.19 807.0615 CysH,,050 33 301.0/261.0/169.0 unknown

12 6.53 782.0593 C34H,0,, -0.5 301.0/275.0/451.0 punicalin D’Urso et al., 2019

13 6.53 361.0777 C14H1701; 33 249.1/111.0 unknown

14 7.28 495.0783 Cy1H 19014 2.8 169.0/191.1/343.1 digalloylquinic acid D’Urso et al.,, 2019

15 7.45 783.0679 C3sH,400 05 301.0/275.0/765.1 cornusin D'Urso et al., 2019

16 8.23 859.0776 CysH;,0 4 301.0/765.0 unknown

17 8.7 431.1923 C0H3,049 2.6 ;2;:(1)/59'0/161'0/ neorehmannioside Taamalli et al., 2014

18 8.7 451.1250 Cy1H304, 34 169.0/313.1 aspalathin MassBank

19 9.03 431.1925 Cy0H31040 3.1 285 vitexin D’Urso et al., 2019

20 9.06 647.0903 CysH,3045 3.7 169.0//343.1/495.1 trigalloylquinic acid D’Urso et al,, 2019

21 9.56 631.0948 CysH,30,7 2.9 316.0/479.1 myricetin galloyl hexoside D’Urso et al., 2019

22 10.05 479.0836 Cy1H 19043 33 316 myricetin galactoside D’Urso et al., 2019

23 10.19 371.0986 Ci6H19010 3.7 121.0/.249.1 deacetylasperuloside Crescenzi et al., 2021

24 10.35 305.0705 C15H,50, 35 225.1 epigallocathechin Taamalli et al., 2014

25 10.35 447.0576 Cy0H 19015 3.9 300 quercetin rhamnoside D’Urso et al., 2019

26 10.6 615.1008 CosHasO16 44 300.0/463.1 ;ﬁ;;::;mnopmnosi “ D'Urso et al., 2019

27 10.85 463.0883 CyH15010 26 316 ellagic acid hexoside D’Urso et al., 2019

28 1157 533.1312 Cs5Has013 42 122:1/281'1/413'1/ :iﬁ:gf;i;sylapigemn FoodB

29 11.84 447.0939 C,1H1901; 3.8 300 quercetin rhamnoside D’Urso et al., 2019

30 12.63 4932299 CyoHs,010 32 315.2/161.0/131.0 zingiberoside Negm et al., 2022

31 12.99 571.24.04 CyyHs0015 37 165.0/195.1/345.1 unknown

32 13.39 567.2086 Cy7H350,3 2.5 271.0/169.0/313.1 gallomyrtucommulone C D’Urso et al., 2019

33 14.01 567.2081 Cy7H350,3 1.6 271.0/169.0/313.1 gallomyrtucommulone C D’Urso et al., 2019
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TABLE 1 Continued
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MS/MS Reference

Identity

Molecular Appm
formula PP
34 1423 569.2242 CyyH3,045 23
35 15.64 327.2188 C15H3,04 48

271.0/169.0/313.1 gallomyrtucommulone A D’Urso et al., 2019

trihydroxy-octadecaedienoic

171.1/211.1/229.1 .
acid

Crescenzi et al., 2021

Metabolites annotated at level 2 based on accurate m/z values, predicted molecular formulas, and MS/MS fragmentation patterns (Sumner et al., 2007).

The highest concentration (1:5; 1 x 10° ppm) strongly
suppressed Xfp growth, producing large inhibition halos
with a mean diameter of 22.6 mm (Figure 2). In contrast, the
1:10 and 1:25 dilutions produced significantly (p < 0.05)
smaller zones of inhibition, measuring 9.3 mm and
6.6 mm, respectively.

By comparison, the same 1:5 dilution generated much
smaller inhibition zones for Xfm (4.8 mm) and Xff (7.3 mm).
None of the lower concentrations (1:10, 1:25, 1:100) displayed
measurable antimicrobial activity against either Xfm or Xff.

3.2.2 Broth dilution test

The inhibitory effect of MCLE on Xf growth in PD3 liquid
medium was monitored over a 14-day incubation period. A marked
reduction in ODgq was observed for all three subspecies compared
with the untreated controls. Specifically, at the 1:5 dilution, Xfp
growth after 336 h was reduced to ODggo = 0.091 + 0.001 compared
with ODgg = 0.260 + 0.003 in the control, corresponding to 65%
growth inhibition (Figure 3).

A similar inhibitory effect was observed for Xfm and Xff. After
336 h, Xfm growth was reduced to ODggo = 0.039 + 0.002 versus

TABLE 2 Myrtus communis biotype “Tarantino” leaf extract: HPLC-ESI-Q-Exactive-MS and UHPLC-ESI-Q-Exactive-MS/MS analyses in positive ion

mode.

Molecular

MS/MS Identity Reference
formula
r 245 332.1342 Cy4H»,05N 0.6 108.1/152.1/314.1 unknown
2 7.27 479.0816 Cy1H 19043 -0.7 153 quercetin-3-O-glucuronide = Mass Bank
3 7.71 355.1022 Ci6H1909 -0.4 193 caffeoyl quinic acid Mass Bank
4 8.18 355.1022 Ci6H1909 -0.4 193 caffeoyl quinic acid Mass Bank
5 9.05 425.1575 Cy4H,50; -4.6 263.1 unknown
D’Urso et al.,
3 9.54 633.1088 CosHasO1s 03 319.0/153.0 myricetin galloyl hexoside 201;“’ e
7 10.01 319.0446 CisH;,04 0.8 273.0/245.0/153.0 myricetin MassBank
8 10.01 481.0976 C51H,,043 -0.2 319 myricetin-3-O-galactoside MassBank
263.1//347.1/233.0,
9 10.26 383.1334 Cy8H304 -0.5 317 0// ! / unknown
203.0/234.1/383.1
10 10.26 593.2204 CaoH3;015 42 s 1/ 13831/ unknown
11 10.86 319.0442 CysH;;0¢ -4.2 273.0/245.0/153.0 myricetin MassBank
12 10.86 465.1026 Cy1H,,04, -0.4 303.0/319.0 myricetin-3-O-rhamnoside | MassBank
R secoisolariciresinol 9-
13 11.33 525.2311 CyeH3,01; 3.7 137.1/163.1/393.2 X FoodB
glucoside
14 11.58 383.1340 C1sHa300 0.9 unknown
) X Taamalli et al.,
15 11.86 303.0499 CisH,,0, 0.1 257.0/285.0/229.0 quercetin o1
Taamalli et al.,
16 11.86 449.1079 CoyHy 01y 03 287.1 luteolin glucoside zgﬁw rerd
17 1343 551.2124 CyyH3500 0.2 1932/221.1 unknown
18 1343 439.1939 CyHj3, 0, 5.3 203.0/209.1/277.1 unknown
19 13.77 545.1629 CyyHi01, 45 317.1/365.3/383.3 unknown

Metabolites annotated at level 2 based on accurate m/z values, predicted molecular formulas, and MS/MS fragmentation patterns (Sumner et al.,, 2007).
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TABLE 3 Antimicrobial activity of Myrtus communis leaf extract against Xylella fastidiosa subspecies (pauca, multiplex, and fastidiosa).

Plant extract
tested

Subspecies

Host plant

Growth inhibition

Myrtus communis

Xylella fastidiosa subsp. pauca Olea europaea

Ampicillin

Xylella fastidiosa subsp. Myrtus communis

. Prunus dulcis
multiplex

Ampicillin

Xylella fastidiosa subsp. Myrtus communis

fastidi Prunus dulcis
astiairosa

Ampicillin

Dilution Std deviation
(mm)

/5 226 +0.2 +25°

1/10 93+0.3 +1.5°

1/25 6.6+ 02 +0.5°

1/100 - -

50 ng/ml 33.0 £ 0.4 +2°

1/5 48+03 +1.1°

1/10 - -

1/25 - -

1/100 - -

50 ng/ml 28.0 + 0.2 +2°

1/5 7.3+ 0.4 +1.0°

1/10 - -

1/25 - -

1/100 - -

50 ng/ml 293+ 0.2 +1.2°

(-) No inhibition halo, Different letters were used to indicate statistically different inhibitory activity of the extracts with p < 0.05 as determined by one-way analysis of variance (ANOVA)

followed by Tukey’s test.

0.282 + 0.001 in the control, corresponding to 86% inhibition. For
Xff, growth was reduced to ODgop = 0.046 + 0.001 compared with
0.154 + 0.004 in the control, equivalent to 66% inhibition. Notably,
growth reduction was detectable as early as 96 h post-inoculation,
with inhibition levels generally increasing over time. At lower
concentrations, inhibition was less pronounced. For example, the
1:100 dilution produced only slight reductions, with ODgq values of
0.23 £ 0.001, 0.11 £ 0.002, and 0.27 + 0.002 for Xfp, Xff, and Xfm,
respectively, compared with their corresponding controls after
336 h. Overall, Xf growth was strongly inhibited at 1:5, 1:10, and
1:25 dilutions, with inhibition levels directly proportional to extract
concentration across all three subspecies. These findings
demonstrate that MCLE effectively suppresses Xf growth in liquid
culture, supporting its potential application in Xf control (Figure 3).

FIGURE 2

3.3 Toxicity evaluation of MCLE

The potential phytotoxicity of MCLE was evaluated on N.
benthamiana leaves to assess its suitability as an eco-friendly
candidate for Xf control. At 1,500 ppm, no hypersensitive reactions
were observed (0 score). At 20,000 ppm, however, a mild hypersensitive
response developed, characterized by halo-shaped tissue necrosis
approximately 8 mm in diameter (data not shown). Higher
concentrations (50,000 ppm and 100,000 ppm) induced a strong
hypersensitive reaction, producing dark halo-shaped necrotic lesions
(3 score, Figure 4). These results provide preliminary evidence
supporting the possible safe use of MCLE at lower concentrations.
Nonetheless, further evaluations are required to confirm its safety and
effectiveness across different host plants and environmental conditions.

Antimicrobial activity of Myrtus communis biotype “Tarantino” leaf extract at 1:5 dilution against Xylella fastidiosa subspecies: pauca (A), multiplex (B),
and fastidiosa (C). Panel (D) shows positive control with ampicillin (50 ng/mL).
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FIGURE 3

Antimicrobial activity of Myrtus communis biotype “Tarantino” leaf extract at different dilutions (1.5, 1:10, 1:25, and 1:100) against Xylella fastidiosa
subsp. pauca (A), fastidiosa (B), and multiplex (C). The extract dilutions were added individually to PD3 broth, inoculated with the respective
subspecies, and bacterial growth was monitored spectrophotometrically at A6OO over a 14-day incubation period. The bars indicate the error means

for three replicates.

3.4 Assessment of MCLE on symptom
development of Xf in N. benthamiana

The effect of MCLE on the development of Xf symptoms in N.
benthamiana plants was assessed under controlled conditions. In the
positive control group, the first symptoms appeared at 30 days post-
inoculation (dpi) (Figure 5). These early manifestations differed from
the typical leaf scorch associated with Xf infection; instead, a
characteristic rounding of apical leaves was observed across all
subspecies-inoculated controls at 30 dpi. Classical leaf scorch
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symptoms became evident only after 60 dpi. For all subspecies tested,
symptom development followed a similar pattern, characterized by
progressive leaf scorching followed by plant wilting. Importantly,
symptoms were initially observed only in plants inoculated with Xf.
To standardize symptom assessment, a visual scale ranging
from 0 to 5 was adapted from that described for grapevines (Clifford
etal., 2013): 0 = asymptomatic leaves; 1 = mild symptoms; 2 = clear
symptoms; 3 = moderate leaf scorch; 4 = severe, widespread leaf
scorch; 5 = dead plant (Figure 5). Symptom progression was

consistent across all Xf subspecies.
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FIGURE 4

Toxicity assay of Myrtus communis biotype “Tarantino” leaf extract on Nicotiana benthamiana leaves. Treatments: (A) water control, (B) 1,500 ppm,

(C) 20,000 ppm, (D) 50,000 ppm, and (E) 100,000 ppm.

3.5 qPCR assay for in planta detection of Xf

Quantitative PCR (qPCR) assays were performed to assess the
bacterial load of Xf in N. benthamiana plants. An initial assay was
carried out 18 days post-inoculation (dpi) to verify successful
infection. For this purpose, a pool of four plants was tested to
confirm the presence of Xf. Subsequently, two additional time points
were selected to monitor bacterial colonization: 20 dpi and 40 dpi.

For each assay, petioles were collected from leaves at different
heights above the inoculation site. Standard curves for all three
subspecies were included in each run. Quantification cycle (Cq)
values were recorded for all samples. At both time points, plants
inoculated with Xf but not treated with MCLE exhibited
significantly lower Cq values (F = 120; p < 0.001), reflecting
higher bacterial loads compared with MCLE-treated plants. These
differences are clearly illustrated in the heat map (Figure 6).

Moreover, qPCR results showed that treated samples
consistently clustered in regions of the standard curve
corresponding to low bacterial concentrations, a trend observed
across all three subspecies (Figure 7). Specifically, for Xfp, treated
samples clustered around 10' CFU, whereas untreated plants
ranged between 10° and 10* CFU. For Xfm, treated plants
reached approximately 10*° CFU compared with 10° CFU in
untreated plants. The most pronounced effect was observed for

Xff, where treated plants consistently showed ~10" CFU, in contrast
to 10° CFU in untreated controls.

4 Discussion

The emergence of Xylella fastidiosa (Xf) poses major challenges
to global agriculture, threatening economically important crops and
leading to high yield losses, shifts in cultivation practices, and
potential long-term damage to production systems. This pathogen
has an exceptionally broad host range, colonizing over 500 plant
species across 85 families (Baro et al., 2022). Notably, in Europe it
has devastated olive orchards in the Apulia region of Italy (the olive
quick decline syndrome), prompting the planting of resistant
varieties and other drastic measures. In this context, there is an
urgent need for sustainable, effective control strategies that comply
with regulatory constraints (e.g. the prohibition of antibiotic use in
agriculture in the EU). Plant extracts and plant-derived compounds
are increasingly recognized as valuable resources in managing
diseases caused by bacterial and fungal pathogens (Portaccio
et al, 2025). Such natural products align with the principles of
sustainable agriculture and integrated pest management, oftering
broad-spectrum activity and a lower likelihood of inducing
resistance compared to conventional bactericides.

FIGURE 5

Progression of symptom severity on Nicotiana benthamiana leaves, illustrated according to a visual scale from O (no visible symptoms) to 5 (severe

symptoms), panels (A—F), respectively.
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FIGURE 6

Heat map showing real-time PCR quantification of treated and untreated Nicotiana benthamiana plants. Data are presented as mean Cq values from
non-inoculated controls and plants inoculated with Xylella fastidiosa subsp. pauca, multiplex, and fastidiosa.

Among these, extensive studies have documented the
antimicrobial activity of Myrtus communis (myrtle) leaf extracts
against a wide range of plant and human pathogens. Building on
this evidence, the present study investigated the antimicrobial
activity of M. communis biotype “Tarantino” leaf extract (MCLE)
against three Xf subspecies (Xfp, Xfm, and Xff) through both in
vitro and in planta assays. Our results clearly demonstrated that
MCLE possesses antibacterial properties against all the three
subspecies of Xf. This is consistent with prior reports of myrtle’s
broad antimicrobial effects (Aleksic and Knezevic, 2014;
Mahmoudvand et al., 2015; Besufekad et al., 2017; Cordeiro et al.,
2020). Such broad-spectrum efficacy highlights the potential of
MCLE as a natural antibacterial compound.

Different parts of the myrtle plant are rich in diverse bioactive
compounds, including phenolics, terpenoids, and flavonoids
(Appendino et al., 2002; Tuberoso et al., 2006; Yoshimura et al.,
2008). Chemical profiling by LC-MS in our study highlighted the
predominance of phenolic acids, flavonol derivatives (mainly
myricetin, quercetin, and kaempferol conjugates), and
ellagitannins (e.g. galloyl-hexose derivatives) in the MCLE biotype
Tarantino, confirming for most of them previous findings (Taamalli
et al.,, 2014; D'Urso et al., 2019). Hydrolysable tannins
(ellagitannins) and flavonoids, such as myricetin and quercetin
glycosides, as well as other metabolites are known for limiting X.
fastidiosa growth (Maddox et al., 2010; Bleve et al., 2018; Rongai
et al, 2024). These phenolic compounds are known to exert
antimicrobial effects through multiple mechanisms. For instance,
flavonoids, like catechin, stilbenes, and resveratrol, can disrupt
bacterial cell membranes, and phenolic acids, such as gallic acid
and epicatechin, interfere with bacterial adhesion by
downregulating genes for adhesive structures (e.g. fimA, xadA)
(Lee et al.,, 2020). This inhibition of adhesion and biofilm
formation is crucial, as biofilms significantly contribute to
bacterial tolerance against antimicrobial treatments. Remarkably,
we also identified secoisolariciresinol-9-glucoside—a glycosylated
lignan—in MCLE, marking the first report of this compound in
myrtle. This lignan is noteworthy due to its reported biological
activities, including antioxidant and antimicrobial potential. Its MS/
MS fragmentation pattern it has been described in several plant
species, such as Moringa oleifera and various Ribes spp (Razgonova
et al,, 2024; Gao et al,, 2025). Lignans such as secoisolariciresinol
have also been reported for their antimicrobial activity against
human-associated pathogens, including Staphylococcus aureus,
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Pseudomonas aeruginosa, Escherichia coli, Candida albicans, and
Aspergillus brasiliensis (Kyselka et al., 2017). The identification of
this compound in myrtle paves the way for further research into its
activity against emerging plant pathogens such as Xf.

Consistent with previous reports of myrtle’s antimicrobial
activity (Aleksic and Knezevic, 2014; Besufekad et al., 2017;
Cordeiro et al,, 2020), our results confirmed strong inhibitory
effects of MCLE in vitro. In agar well-diffusion assays, the highest
concentration tested (1:5 dilution, ~1x10° ppm) produced the
greatest inhibition against Xfp, with a mean inhibition zone of
22.6 mm. At the same concentration, clear inhibition halos of 4.8
and 7.3 mm were observed against Xfm and Xff, respectively.
Notably, none of the lower concentrations (1:10, 1:25, 1:100)
produced measurable inhibition zones against Xfm or Xff in the
well-diffusion assays. However, bacterial growth suppression was
evident in broth dilution assays, particularly at the higher extract
concentrations. These subspecies-specific differences highlight a
broader challenge in antimicrobial research: results are often
reported using different metrics (minimum inhibitory
concentration [MIC], colony-forming units [CFU]/mL reduction,
or inhibition zone diameter), which can complicate direct
comparisons across studies. Moreover, outcomes vary depending
on the experimental method employed—disk diftusion, agar well
diffusion, broth microdilution, etc.—as well as the intrinsic
properties of the tested compound and the target microorganism
(Hennia et al., 2019). For example, Salvagnini et al. (2008)
demonstrated that essential oils from Brazilian myrtle exhibited
antimicrobial activity against S. aureus, S. epidermidis, E. coli,
Bacillus subtilis, and Serratia marcescens. In their study, agar well-
diftusion assays showed greater efficacy than disk diffusion for
certain strains (e.g. S. aureus, S. epidermidis, B. subtilis),
suggesting that the method of delivery (and consequent contact
time and diffusion) can influence the observed activity. This aligns
with our observations for Xf and suggests that antimicrobial efficacy
is influenced not only by the intrinsic properties of the extract but
also by the target organism (even subspecies) and the
methodology applied.

Importantly, even the highest dilution of MCLE tested (1:100)
produced slight growth inhibition in broth dilution assays for all
three Xf subspecies, indicating a dose-dependent effect. This is
consistent with previous findings showing concentration-
dependent bioactivity of myrtle-derived compounds. For instance,
linalool - a key bioactive monoterpene in myrtle leaves - has been
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FIGURE 7

gPCR standard curves showing differences between untreated and treated plants inoculated with Xylella fastidiosa subsp. pauca, multiplex, and

fastidiosa. Subsp. pauca (A), multiplex (B) and fastidiosa (C).

shown to inhibit biofilm formation in P. aeruginosa, E. coli,
Alternaria bambusicola, and S. marcescens. Linalool also
suppressed the synthesis of a quorum-sensing-regulated violacein
pigment in Chromobacterium violaceum by up to 69% at 50 mg/mL,
in a dose-dependent manner (Alyousef et al., 2021). The
observation that even low concentrations of MCLE can hinder Xf
growth to some extent suggests the extract contains potent
components active at sub-inhibitory levels. These components
may not completely prevent growth at low doses, but they could
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interfere with critical processes such as cell-cell signaling or
adherence, thereby slowing the pathogen’s proliferation.

For Xf, it is crucial to identify plant extracts with antibiofilm
activity, given that biofilm formation in xylem vessels is central to
this pathogen’s virulence. Xf colonizes host xylem, multiplies, and
forms resilient biofilms that occlude water transport, ultimately
leading to severe symptoms and host death (Baro et al, 2022;
Cardinale et al., 2018). Extracts from various parts of Myrtus
communis have indeed been investigated as potential sources of
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antibiofilm compounds (Owlia et al., 2010; Cannas et al., 2014). In
the present study, MCLE showed promising antibiofilm effects
against Xf in vitro, as evidenced by reduced aggregation and
sedimentation in liquid culture (data discussed in Results). Our
findings are supported by similar studies on myrtle essential oils: for
example, Caputo et al. (2022) demonstrated that essential oil from
Italian myrtle leaves inhibited biofilm formation and even disrupted
mature and ultra-mature biofilms of diverse bacteria (E. coli DSM
8579, P. aeruginosa ATCC 50071, Pectobacterium carotovorum
DSM 102074, S. aureus DSM 25923, and Listeria monocytogenes
ATCC 7644). Similarly, myrtenol, a major component of myrtle
essential oil, strongly inhibited S. aureus biofilm formation at sub-
inhibitory concentrations (Cordeiro et al, 2020). These results
support MCLE as a promising source of antibiofilm agents
against Xf. The proposed mechanisms of action for myrtle-
derived compounds include interference with microbial transport
proteins and enzymes, disruption of cell wall integrity, inactivation
of adhesins needed for surface attachment, and formation of
complexes with extracellular polysaccharides that stabilize
biofilms (Cai et al., 1989). This agrees with more recent evidence
that polyphenols can directly hinder biofilm establishment by Xf.
For example, an in vitro study showed that a phenolic-rich olive leaf
extract (containing oleuropein) significantly inhibited Xf growth
and biofilm formation, with oleuropein identified as a particularly
potent natural anti-Xf agent (Vizzarri et al., 2023). Such findings
illustrate how plant-derived compounds may target the adhesion
and matrix components of Xf’s biofilm. However, it should be noted
that the composition and architecture of the Xf outer membrane
and biofilm matrix remain incompletely understood. Further
studies are required to clarify the precise mode of action of
MCLE on Xf cells, including which metabolites are responsible
for antibiofilm effects and whether they act synergistically. To our
knowledge, this is the first report describing the antimicrobial
potential of a Myrtus communis leaf extract against Xf,
highlighting a novel avenue for the control of the pathogen based
on natural substances.

To date, the antimicrobial activity of MCLE has been
investigated mainly under in vitro conditions, while in planta
studies have been limited. In this study, we performed a series of
pathogenicity and treatment assays using N. benthamiana as the
model host for Xylella fastidiosa (Xf). This species is a well-
established experimental host, as it develops symptoms relatively
rapidly - within a few weeks after inoculation - thereby expediting
disease assessment (Francis et al., 2008). Results consistently
showed that MCLE treatment reduced symptom severity and
delayed disease progression for up to 60 dpi compared with
untreated controls, across all three tested Xf subspecies.
Importantly, MCLE-treated plants also had lower infection rates
(fewer plants became systemically infected) and showed markedly
milder symptoms than untreated plants. These protective effects are
in line with results reported for other compounds applied against
Xf. For instance, N-acetyl cysteine (NAC) - a known disruptor of
biofilms - suppressed disease symptoms by 75-80% in Xf-infected
sweet orange plants under greenhouse conditions (Muranaka et al.,
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2013). Similarly, oxytetracycline trunk injection of Xf-infected
almond trees reduced disease severity by ~73%, which
corresponded to significantly lower bacterial levels as detected by
ELISA (Amanifar et al,, 2016). Our findings with MCLE are
comparable: although symptoms were not eliminated, their onset
was delayed and their severity attenuated in treated plants. This
further validates Nicotiana spp. as practical surrogates to study Xf-
host interactions and control measures, complementing more time-
consuming tests in natural woody hosts.

In terms of bacterial load reduction, MCLE-treated plants
consistently harbored lower Xf populations than untreated
controls, corroborating the direct growth-inhibitory effect
observed in vitro. Quantitative PCR and culturing from petioles
revealed that MCLE applications reduced Xf titers by at least 1-3
orders of magnitude (depending on subspecies) relative to controls
by 20 dpi. However, a single application of MCLE was insufficient to
fully eradicate the infection or to prevent symptom development in
the long term. Residual bacterial populations (~10'"10° CFU/g of
tissue) were still detected in some treated plants after 20 days, and
symptoms eventually progressed, although more slowly than in
controls. This outcome is like what has been observed in other
systems; for example, in Xf-infected almond trees, increasing the
frequency of antimicrobial peptide treatments led to greater
reductions in bacterial populations and disease symptoms,
whereas a single treatment was not curative (Moll et al.,, 2022).
Likewise, field trials in olive have shown that repeated trunk
injections of a Zn/Cu-based biocomplex (Dentamet®) were
needed to suppress Xf populations over time, yet even then the
bacterium could persist at low levels (Portaccio et al., 2025). In our
study, the most pronounced differences between treated and
untreated plants were observed for Xff: MCLE-treated plants
infected with Xff maintained bacterial loads around 10'"10* CFU,
compared to ~10° CFU in untreated controls. This outcome may
reflect differential susceptibility among Xf subspecies or variation in
their colonization behavior and ecology. Xff might be intrinsically
more sensitive to certain bioactive compounds in MCLE due to
differences in its cell envelope or metabolism (Vanhove et al., 2019).
Alternatively, Xff may predominantly colonize more accessible
xylem vessels in N. benthamiana, allowing the extract to
penetrate and exert its effects, whereas Xfp and Xfm could form
more extensive or deeper-seated biofilms that confer greater
protection (De Souza et al., 2020). Further comparative studies of
Xf subspecies biology will be useful to elucidate why their responses
to treatments like MCLE differ.

Several plant models have been used historically to study Xf
pathogenesis. After its first isolation in periwinkle (Catharanthus
roseus) (Ueno et al., 1998), that species was developed as a model
host (Monteiro et al., 2001), although in periwinkle typical leaf
scorch symptoms can take months to develop. Comparable
timelines were observed when Medicago sativa (alfalfa) was
inoculated with Xfp strain De Donno (Abou Kubaa et al,, 2019),
although systemic movement in alfalfa was limited. More recently,
Arabidopsis thaliana has been shown to be a useful experimental
host: Pereira et al. (2019) demonstrated that A. thaliana can be
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systemically colonized by Xf (subsp. pauca and fastidiosa), with the
bacteria spreading against xylem flow and inducing accumulation of
anthocyanin pigments in infected leaves (Pereira et al., 2019). The
ability to infect Arabidopsis (a genetically tractable model) provides
opportunities to investigate plant innate immunity and genetic
resistance factors against Xf. Our choice of N. benthamiana was
motivated by its prior use as a rapid and reliable model for Xf: it
supports high bacterial titers and expresses clear, quantifiable leaf
scorch symptoms in a matter of weeks (Francis et al., 2008), as
opposed to months or years in woody hosts. This makes N.
benthamiana particularly amenable to testing therapeutics such as
MCLE under controlled conditions. Indeed, Nicotiana species
(including both N. tabacum and N. benthamiana) have been
adopted in several recent Xf studies to evaluate control strategies
(e.g. biocontrol endophytes or antimicrobial peptides) before
transitioning to perennial hosts (Baro et al., 2022).

Because Xf is a xylem-limited pathogen, foliar spraying of
treatments is largely ineffective — the active compounds must be
delivered into the plant’s vascular system to reach the bacteria. For
systemic plant pathogens, trunk injection has been applied
successfully in other pathosystems, such as fire blight in apple
(caused by Erwinia amylovora) and huanglongbing in citrus
(Candidatus Liberibacter spp.) (Acimovic et al., 2014; Puttamuk
et al,, 2014). Analogously, trunk injection or endotherapy is being
explored as a means to deliver anti-Xylella substances into infected
or high-value host plants (e.g. olive trees). In this context,
nanotechnology-based delivery systems may greatly enhance the
efficacy of MCLE or similar plant extracts in field applications.
Advanced formulations such as nanoparticles, nanoemulsions, or
encapsulation in biocompatible polymers could improve the
extract’s stability, bioavailability, and targeted distribution within
xylem vessels. Nevertheless, such nanodelivery methods may not be
directly applicable for crude leaf extracts, which comprise
heterogeneous mixtures of various organic components with
different physicochemical properties. The identification of specific
active components of the extract is therefore required
before nanoformulation.

A 2025 review by Portaccio et al. identified N-acetylcysteine and
zinc/copper formulations as among the most effective treatments
for Xf that are potentially field-deployable, while also noting that
antimicrobial peptides and nanomaterials have shown high efficacy
in vitro but require further field validation. We foresee that
combining MCLE with nanocarriers or integrating it into
biodegradable polymers for trunk injection could enhance its
uptake and persistence inside plants. Not only would this ensure
that the bioactive compounds reach the remote capillaries of the
xylem where Xf resides, but it could also provide controlled release
over time, maintaining effective concentrations. Equally important,
such approaches would minimize the environmental impact
compared to foliar sprays, since the treatment is confined within
the plant. Overall, nanocarrier-enabled delivery of natural
antimicrobials represents a cutting-edge, sustainable strategy for
managing Xf and other vascular diseases. This approach is in
harmony with the European Union’s push for innovative and
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eco-friendly plant protection solutions. Our findings with MCLE
contribute to this emerging framework of sustainable Xf control.

5 Conclusion

In conclusion, we propose that MCLE represents a promising,
reliable, and effective remedy against severe infections caused by
Xylella fastidiosa subspecies pauca (Xfp), multiplex (Xfm), and
fastidiosa (Xff). Plant-derived extracts are increasingly recognized
for their compatibility with environmentally sustainable
agricultural practices. They offer a viable alternative or
complementary strategy to conventional agrochemicals in
integrated disease management programs. In this study, the use of
Nicotiana benthamiana as a model host provided a practical initial
assessment; however, it may not fully capture the disease dynamics
in olive or other natural hosts. Although MCLE exhibited
significant antibacterial activity, the specific bioactive constituents
responsible for this effect have yet to be identified. Additionally, the
short-term, single-treatment design of the in planta trials limits the
extrapolation of these findings to field conditions, underscoring the
need for extended, multi-application trials under realistic
agricultural scenarios. Further investigations should focus on
assessing the stability and systemic movement of MCLE in N.
benthamiana, identifying its active components, and evaluating its
potential efficacy in diverse Xf-host species. Notably, assessing the
effectiveness of MCLE in controlling X. fastidiosa in olive trees will
require long-term experimentation, given that infected plants may
remain asymptomatic for prolonged periods. Despite these
limitations, our findings provide a foundation for future research
aimed at developing sustainable, plant-based strategies for the
management of X. fastidiosa.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

GI: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing - original draft,
Writing - review & editing. MM: Conceptualization, Data curation,
Formal analysis, Investigation, Methodology, Visualization, Writing —
original draft, Writing — review & editing. DC: Data curation, Formal
analysis, Investigation, Methodology, Writing — review & editing. VM:
Data curation, Formal analysis, Investigation, Methodology, Writing —
review & editing. GD: Formal analysis, Investigation, Writing — review
& editing. PM: Formal analysis, Investigation, Writing — review &
editing. FC: Formal analysis, Investigation, Writing - review & editing.
FF: Conceptualization, Methodology, Supervision, Visualization,
Writing - review & editing. FN: Conceptualization, Data curation,

frontiersin.org


https://doi.org/10.3389/fpls.2025.1701374
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Incampo et al.

Methodology, Supervision, Visualization, Writing — review & editing.
SP: Conceptualization, Data curation, Methodology, Supervision,
Visualization, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was
partially carried on within the INTEGROLIV project D.M.
MASAF n. 664829-29/12/2022) CUP H33C22000860001 and
Agritech National Research Center and received funding from the
European Union Next-Generation EU (PIANO NAZIONALE DI
RIPRESA E RESILIENZA (PNRR) -MISSIONE 4 COMPONENTE
2, INVESTIMENTO 1.4 -D.D. 1032 17/06/2022, CN00000022).
This manuscript reflects only the authors’ views and opinions,
neither the European Union nor the European Commission can
be considered responsible for them.

Acknowledgments

The authors thank Professor Corrado Cariddi and Antonio
Ceglie (University of Bari, Italy) for conducting some of the analyses
described in this paper.

References

Abou Kubaa, R., Glampetruzzi, A., Altamura, G., Saponari, M., and Saldarelli, P.
(2019). Infections of the Xylella fastidiosa subsp. pauca strain “De donno” in Alfalfa
(Medicago sativa) elicits an overactive immune response. Plants 8, 335. doi: 10.3390/
plants8090335

Acimovig, S. G., VanWoerkom, A. H., Reeb, P. D., Vandervoort, C., Garavaglia, T.,
Cregg, B. M., et al. (2014). Spatial and temporal distribution of trunk-injected
imidacloprid in apple tree canopies: Distribution of trunk-injected imidacloprid in
apple tree canopy. Pest Manag Sci. 70, 1751-1760. doi: 10.1002/ps.3747

Aleksic, V., and Knezevic, P. (2014). Antimicrobial and antioxidative activity of
extracts and essential oils of Myrtus communis L. Microbiol. Res. 169, 240-254.
doi: 10.1016/j.micres.2013.10.003

Alipour, G., Dashti, S., and Hosseinzadeh, H. (2014). Review of pharmacological
effects of Myrtus communis L. and its active constituents. Phytother. Res. 28, 1125-
1136. doi: 10.1002/ptr.5122

Alyousef, A. A., Husain, F. M., Arshad, M., Ahamad, S. R., Khan, M. S, Qais, F. A,,
et al. (2021). Myrtus communis and its bioactive phytoconstituent, linalool, interferes
with Quorum sensing regulated virulence functions and biofilm of uropathogenic
bacteria: In vitro and in silico insights. J. King Saud Univ Sci. 33, 101588. doi: 10.1016/
j.jksus.2021.101588

Amanifar, N., Taghavi, M., and Salehi, M. (2016). Xylella fastidiosa from almond in
Iran: overwinter recovery and effects of antibiotics. Phytopathol. Mediterr 55, 337-345.
doi: 10.14601/Phytopathol_Mediterr-17682

Anbumani, S., Da Silva, A. M., Carvalho, I. G., Fischer, E. R,, De Souza E Silva, M.,
Von Zuben, A. A. G,, et al. (2021). Controlled spatial organization of bacterial growth
reveals key role of cell filamentation preceding Xylella fastidiosa biofilm formation. NPJ
Biofilms Microbiomes 7, 86. doi: 10.1038/s41522-021-00258-9

Appendino, G., Bianchi, F., Minassi, A., Sterner, O., Ballero, M., and Gibbons, S.
(2002). Oligomeric acylphloroglucinols from myrtle (Myrtus communis). J. Nat. Prod
65, 334-338. doi: 10.1021/np010441b

Ayaz, M, Junaid, M., Ullah, F., Sadiq, A., Ovais, M., Ahmad, W., et al. (2016).
Chemical profiling, antimicrobial and insecticidal evaluations of Polygonum
hydropiper L. BMC Complement Altern. Med. 16, 502. doi: 10.1186/s12906-016-
1491-4

Baro, A., Saldarelli, P., Saponari, M., Montesinos, E., and Montesinos, L. (2022).
Nicotiana benthamiana as a model plant host for Xylella fastidiosa: control of infections

Frontiers in Plant Science

14

10.3389/fpls.2025.1701374

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

by transient expression and endotherapy with a bifunctional peptide. Front. Plant Sci.
13. doi: 10.3389/fpls.2022.1061463

Besufekad, S. Y., Mekdes, M., Abebech, M., Delesa, D., Tekalign, D., Demitu, K., et al.
(2017). The antimicrobial activity of leaf extracts of Myrtus communis. J. Microb.
Biochem. Tech 9, 290-292. doi: 10.4172/1948-5948.1000380

Bleve, G., Gallo, A., Altomare, C., Vurro, M., Maiorano, G., Cardinali, A., et al.
(2018). In vitro activity of antimicrobial compounds against Xylella fastidiosa, the
causal agent of the olive quick decline syndrome in Apulia (Italy). FEMS Microb. Lett.
365, fnx281. doi: 10.1093/femsle/fnx281

Cai, Y., Gaffney, S. H.,, Lilley, T. H., and Haslam, E. (1989). “Carbohydrate —
Polyphenol Complexation,” in Chemistry and Significance of Condensed Tannins. Eds.
R. W. Hemingway, J. J. Karchesy and S. J. Branham (Springer US, Boston, MA), 307-
322. doi: 10.1007/978-1-4684-7511-1_19

Cannas, S., Molicotti, P., Usai, D., Maxia, A., and Zanetti, S. (2014). Antifungal, anti-
biofilm and adhesion activity of the essential oil of Myrtus communis L. against
Candida species. Nat. Prod Res. 28, 2173-2177. doi: 10.1080/14786419.2014.925892

Caputo, L., Capozzolo, F., Amato, G., De Feo, V., Fratianni, F., Vivenzio, G., et al.
(2022). Chemical composition, antibiofilm, cytotoxic, and anti-acetylcholinesterase
activities of Myrtus communis L. leaves essential oil. BMC Complement Med. Ther. 22,
142. doi: 10.1186/s12906-022-03583-4

Cardinale, M., Luvisi, A., Meyer, J. B., Sabella, E., De Bellis, L., Cruz, A. C,, et al.
(2018). Specific Fluorescence in Situ Hybridization (FISH) Test to Highlight
Colonization of Xylem Vessels by Xylella fastidiosa in Naturally Infected Olive Trees
(Olea europaea L.). Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00431

Clifford, J. C., Rapicavoli, J. N., and Roper, M. C. (2013). A rhamnose-rich O-antigen
mediates adhesion, virulence, and host colonization for the xylem-limited
phytopathogen Xylella fastidiosa. Mol. Plant-Microbe inter 26, 676-685. doi: 10.1094/
MPMI-12-12-0283-R

Cordeiro, L., Figueiredo, P., Souza, H., Sousa, A., Andrade-Junior, F., Barbosa-Filho,
J., et al. (2020). Antibacterial and antibiofilm activity of myrtenol against
Staphylococcus aureus. Pharmaceuticals 13, 133. doi: 10.3390/ph13060133

Cornara, D., Boscia, D., D’Attoma, G., Digiaro, M., Ligorio, A. M., Loconsole, G.,
etal. (2025). An integrated strategy for pathogen surveillance unveiled Xylella fastidiosa
ST1 outbreak in hidden agricultural compartments in the Apulia region (Southern
Italy). Eur. J. Plant Pathol. 171, 277-285. doi: 10.1007/s10658-024-02945-7

frontiersin.org


https://doi.org/10.3390/plants8090335
https://doi.org/10.3390/plants8090335
https://doi.org/10.1002/ps.3747
https://doi.org/10.1016/j.micres.2013.10.003
https://doi.org/10.1002/ptr.5122
https://doi.org/10.1016/j.jksus.2021.101588
https://doi.org/10.1016/j.jksus.2021.101588
https://doi.org/10.14601/Phytopathol_Mediterr-17682
https://doi.org/10.1038/s41522-021-00258-9
https://doi.org/10.1021/np010441b
https://doi.org/10.1186/s12906-016-1491-4
https://doi.org/10.1186/s12906-016-1491-4
https://doi.org/10.3389/fpls.2022.1061463
https://doi.org/10.4172/1948-5948.1000380
https://doi.org/10.1093/femsle/fnx281
https://doi.org/10.1007/978-1-4684-7511-1_19
https://doi.org/10.1080/14786419.2014.925892
https://doi.org/10.1186/s12906-022-03583-4
https://doi.org/10.3389/fpls.2018.00431
https://doi.org/10.1094/MPMI-12-12-0283-R
https://doi.org/10.1094/MPMI-12-12-0283-R
https://doi.org/10.3390/ph13060133
https://doi.org/10.1007/s10658-024-02945-7
https://doi.org/10.3389/fpls.2025.1701374
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Incampo et al.

Cottiglia, F., Casu, L., Leonti, M., Caboni, P., Floris, C., Busonera, B., et al. (2012).
Cytotoxic phloroglucinols from the leaves of myrtus communis. J. Nat. Prod 75, 225-
229. doi: 10.1021/np2009219

Crescenzi, M. A., D’Urso, G., Piacente, S., and Montoro, P. (2021). LC-ESI/
LTQOrbitrap/MS metabolomic analysis of fennel waste (Foeniculum vulgare mill.) as
a byproduct rich in bioactive compounds. Foods 10, 1893. doi: 10.3390/foods10081893

D’Urso, G., Montoro, P., Lai, C., Piacente, S., and Sarais, G. (2019). ). LC-ESI/
LTQOrbitrap/MS based metabolomics in analysis of Myrtus communis leaves from
Sardinia (Italy). Ind. Crops Products 128, 354-362. doi: 10.1016/j.indcrop.2018.11.022

Davis, M. J. (1980). Isolation media for the pierce’s disease bacterium.
Phytopathology 70, 425. doi: 10.1094/Phyto-70-425

De Souza, J. B., Almeida-Souza, H. O., Zaini, P. A., Alves, M. N., De Souza, A. G.,
Pierry, P. M., et al. (2020). Xylella fastidiosa subsp. pauca strains Fb7 and 9a5c from
citrus display differential behavior, secretome, and plant virulence. Int. J. Mol. Sci. 21,
6769. doi: 10.3390/ijms21186769

Doyle, J. J., and Doyle, J. L. (1987). A rapid DNA isolation procedure for small
quantities of fresh leaf tissue. Phytochem. Bull. 19, 11-15.

European Food Safety Authority (EFSA), Cavalieri, V., Fasanelli, E., Furnari, G.,
Gibin, D., Gutierrez Linares, A., et al. (2025). Update of the Xylella spp. host plant
database — Systematic literature search up to 30 June 2024. EFSA J. 23. doi: 10.2903/
j.efsa.2025.9241

Francis, M., Civerolo, E. L., and Bruening, G. (2008). Improved bioassay of Xylella
fastidiosa using Nicotiana tabacum cultivar SR1. Plant Dis. 92, 14-20. doi: 10.1094/
PDIS-92-1-0014

Gao, Z., Xue, M., and Wang, Z. (2025). LC-MS/MS assay to confirm that the
endogenous metabolite L-Arginine promotes trophoblast invasion in the placenta
accreta spectrum through upregulation of the GPRC6A/PI3K/AKT pathway. BMC
Pregnancy Childbirth 25, 402. doi: 10.1186/s12884-025-07475-6

Ge, Q., Cobine, P. A., and De La Fuente, L. (2020). Copper supplementation in
watering solution reaches the xylem but does not protect tobacco plants against xylella
fastidiosa infection. Plant Dis. 104, 724-730. doi: 10.1094/PDIS-08-19-1748-RE

Getahun, A. (1976).Some common medicinal and poisonous plants used in
Ethiopian folk medicine. Available online at: http://www.ethnopharmacologia.org/
prelude2020/pdf/biblio-hg-07-getahun.pdf (Accessed June 19, 2025).

Giampetruzzi, A., Chiumenti, M., Saponari, M., Donvito, G., Italiano, A., Loconsole,
G., etal. (2015). Draft genome sequence of the xylella fastidiosa coDiRO strain. Genome
Announc 3. doi: 10.1128/genomeA.01538-14

Harper, S. J., Ward, L. I, and Clover, G. R. G. (2010). Development of LAMP and
real-time PCR methods for the rapid detection of Xylella fastidiosa for quarantine and
field applications. Phytopathology 100, 1282-1288. doi: 10.1094/PHYTO-06-10-0168

Hennia, A., Miguel, M. G., and Nemmiche, S. (2018). Antioxidant activity of Myrtus
communis 1. and Myrtus nivellei batt. & trab. extracts: a brief review. Medicines 5, 89.
doi: 10.3390/medicines5030089

Hennia, A., Nemmiche, S., Dandlen, S., and Miguel, M. G. (2019). Myrtus communis
essential oils: insecticidal, antioxidant and antimicrobial activities: a review. Jf Essent.
Oil Res. 31, 487-545. doi: 10.1080/10412905.2019.1611672

Khadraoui, N., Essid, R., Damergi, B., Fares, N., Gharbi, D., Forero, A. M., et al.
(2024). Myrtus communis leaf compounds as novel inhibitors of quorum sensing-
regulated virulence factors and biofilm formation: In vitro and in silico investigations.
Biofilm 8, 100205. doi: 10.1016/j.bioflm.2024.100205

Khaleghi, M., and Khorrami, S. (2021). Down-regulation of biofilm-associated genes
in mecA-positive methicillin-resistant S. aureus treated with M. communis extract and
its antibacterial activity. AMB Express 11, 85. doi: 10.1186/s13568-021-01247-z

Kordali, S., Usanmaz, A., Cakir, A., Komaki, A., and Ercisli, S. (2016). Antifungal and
herbicidal effects of fruit essential oils of four myrtus communis genotypes. Chem.
Biodivers 13, 77-84. doi: 10.1002/cbdv.201500018

Kyselka, J., Rabiej, D., Dragoun, M., Kreps, F., Bur¢ova, Z., Némeckova, I, et al.

(2017). Antioxidant and antimicrobial activity of linseed lignans and phenolic acids.
Eur. Food Res. Technol. 243, 1633-1644. doi: 10.1007/s00217-017-2871-9

Lee, S. A, Wallis, C. M., Rogers, E. E., and Burbank, L. P. (2020). Grapevine phenolic
compounds influence cell surface adhesion of xylella fastidiosa and bind to
lipopolysaccharide. PloS One 15, 240101. doi: 10.1371/journal.pone.0240101

Maddox, C. E., Laur, L. M., and Tian, L. (2010). Antibacterial activity of phenolic
compounds against the phytopathogen xylella fastidiosa. Curr. Microbiol. 60, 53-58.
doi: 10.1007/s00284-009-9501-0

Mahmoudvand, H., Ezzatkhah, F., Sharififar, F., Sharifi, 1., and Dezaki, E. S. (2015).
Antileishmanial and cytotoxic effects of essential oil and methanolic extract of Myrtus
communis L. Korean J. Parasitol. 53, 21. doi: 10.3347/kjp.2015.53.1.21

Mansouri, S., Foroumadi, A., Ghaneie, T., and Najar, A. G. (2001). Antibacterial
activity of the crude extracts and fractionated constituents of myrtus communis.
Pharm. Biol. 39, 399-401. doi: 10.1076/phbi.39.5.399.5889

Messaoud, C., Laabidi, A., and Boussaid, M. (2012). Myrtus communis L.
Infusions: the effect of infusion time on phytochemical composition, antioxidant,
and antimicrobial activities. J. Food Sci. 77, C941-C947. doi: 10.1111/j.1750-
3841.2012.02849.x

Moll, L., Baro, A., Montesinos, L., Badosa, E., Bonaterra, A., and Montesinos, E.
(2022). Induction of defense responses and protection of almond plants against xylella

Frontiers in Plant Science

15

10.3389/fpls.2025.1701374

fastidiosa by endotherapy with a bifunctional peptide. Phytopathology® 112, 1907~
1916. doi: 10.1094/PHYTO-12-21-0525-R

Monteiro, P. B, Renaudin, J., Jagoueix-Eveillard, S., Ayres, A. J., Garnier, M., and
Bove, J. M. (2001). Catharanthus roseus, an Experimental Host Plant for the Citrus
Strain of Xylella fastidiosa. Plant Dis. 85, 246-251. doi: 10.1094/PDIS.2001.85.3.246

Montilon, V., Potere, O., Susca, L., Mannerucci, F., Nigro, F., Pollastro, S, et al.
(2024). Isolation and molecular characterization of a Xylella fastidiosa subsp. multiplex
strain from almond (Prunus dulcis) in Apulia, Southern Italy. Phytopathol. Mediterr 63,
423-429. doi: 10.36253/phyto-15810

Mourou, M., Incampo, G., Carlucci, M., Salamone, D., Pollastro, S., Faretra, F., et al.
(2025). Insight into biological strategies and main challenges to control the
phytopathogenic bacterium Xylella fastidiosa. Front. Plant Sci. 16. doi: 10.3389/
1pls.2025.1608687

Muranaka, L. S., Giorgiano, T. E., Takita, M. A., Forim, M. R,, Silva, L. F. C., Coletta-
Filho, H. D, et al. (2013). N-acetylcysteine in agriculture, a novel use for an old
molecule: focus on controlling the plant-pathogen xylella fastidiosa. PloS One 8,
€72937. doi: 10.1371/journal.pone.0072937

Negm, W. A,, El-Kadem, A. H., Elekhnawy, E., Attallah, N. G. M., Al-Hamoud, G. A.,
El-Masry, T. A, et al. (2022). Wound-healing potential of rhoifolin-rich fraction
isolated from sanguisorba officinalis roots supported by enhancing re-epithelization,
angiogenesis, anti-inflammatory, and antimicrobial effects. Pharmaceuticals 15, 178.
doi: 10.3390/ph15020178

Owlia, P., Najafabadi, L. M., Nadoshan, S. M., Rasooli, I, and Saderi, H. (2010).
Effects of sub-minimal inhibitory concentrations of some essential oils on virulence
factors of pseudomonas aeruginosa. J. Essent. Oil Bear Plants 13, 465-476. doi: 10.1080/
0972060X.2010.10643851

Pereira, W. E. L., Ferreira, C. B., Caserta, R., Melotto, M., and De Souza, A. A. (2019).
Xylella fastidiosa subspecies pauca and fastidiosa colonize Arabidopsis thaliana
systemically and induce anthocyanin accumulation in infected leaves. Phytopathology
109, 225-232. doi: 10.1094/PHYTO-05-18-0155-FI

Portaccio, L., Vergine, M., Bene, A., De Pascali, M., Sabella, E., De Bellis, L., et al.
(2025). Chemical treatments tested against Xylella fastidiosa: strategies, successes and
limitations. Pathogens 14, 840. doi: 10.3390/pathogens14090840

Puttamuk, T., Zhang, S., Duan, Y., Jantasorn, A., and Thaveechai, N. (2014). Effect of
chemical treatments on ‘Candidatus Liberibacter asiaticus’ infected pomelo (Citrus
maxima). Crop Prot 65, 114-121. doi: 10.1016/j.cropro.2014.07.018

Razgonova, M. P., Nawaz, M. A, Sabitov, A. S., and Golokhvast, K. S. (2024). Genus
Ribes: Ribes aureum, Ribes pauciflorum, Ribes triste, and Ribes dikuscha—
Comparative Mass Spectrometric Study of Polyphenolic Composition and Other
Bioactive Constituents. Int. J. Mol. Sci. 25, 10085. doi: 10.3390/ijms251810085

Rocha, L. G., Almeida, J. R. G. S., Macédo, R. O., and Barbosa-Filho, J. M. (2005). A
review of natural products with antileishmanial activity. Phytomedicine 12, 514-535.
doi: 10.1016/j.phymed.2003.10.006

Rongai, D., Pucci, N., Cesari, E., Di Marco, C., and Valentini, F. (2024). Potential of
endotherapeutic treatments with pomegranate peel extract to control the olive quick
decline syndrome (OQDS) caused by Xylella fastidiosa subsp. pauca. Eur. J. Plant
Pathol. 170, 805-817. doi: 10.1007/s10658-023-02780-2

Roper, C., Castro, C., and Ingel, B. (2019). Xylella fastidiosa: bacterial parasitism with
hallmarks of commensalism. Curr. Opin. Plant Biol. 50, 140-147. doi: 10.1016/
j.pbi.2019.05.005

Salvagnini, L. E., Oliveira, J. R. S,, Santos, L.E.D., Moreira, R. R. D., and Pietro, R. C.
L. (2008). Avaliagdo da atividade antibacteriana de folhas de Myrtus communis L.
(Myrtaceae). Rev. Bras. Farmacogn 18, 241-244. doi: 10.1590/S0102-
695X2008000200018

Saponari, M., Boscia, D., Nigro, F., and Martelli, G. P. (2013). Identification of DNA
sequences related to Xylella fastidiosa in oleander, almond and olive trees exhibiting
leaf scorch symptoms in Apulia (Southern Italy). J. Plant Pathol. 95, 668. doi: 10.4454/
JPP.V95I3.035

Scortichini, M., Loreti, S., Pucci, N., Scala, V., Tatulli, G., Verweire, D., et al. (2021).
Progress towards Sustainable Control of Xylella fastidiosa subsp. pauca in Olive Groves
of Salento (Apulia, Italy). Pathogens 10, 668. doi: 10.3390/pathogens10060668

Sharifazizi, M., Harighi, B., and Sadeghi, A. (2017). Evaluation of biological control of
Erwinia amylovora, causal agent of fire blight disease of pear by antagonistic bacteria. .
Biol. Control 104, 28-34. doi: 10.1016/j.biocontrol.2016.10.007

Sumner, L. W., Amberg, A., Barrett, D., Beale, M. H., Beger, R., Daykin, C. A,, et al.
(2007). Proposed minimum reporting standards for chemical analysis Chemical
Analysis Working Group (CAWG) Metabolomics Standards Initiative (MSI).
Metabolomics 3, 211-221. doi: 10.1007/s11306-007-0082-2

Taamalli, A., Iswaldi, I, Arraez-Roman, D., Segura-Carretero, A., Fernandez-
Gutiérrez, A., and Zarrouk, M. (2014). UPLC-QTOF/MS for a rapid characterisation
of phenolic compounds from leaves of Myrtus communis L. Phytochem. Anal. 25, 89—
96. doi: 10.1002/pca.2475

Tuberoso, C. I. G, Barra, A., Angioni, A., Sarritzu, E., and Pirisi, F. M. (2006).
Chemical composition of volatiles in sardinian myrtle (Myrtus communis L.) alcoholic
extracts and essential oils. J. Agric. Food Chem. 54, 1420-1426. doi: 10.1021/jf052425g

Ueno, B., Funada, C. K., Yorinori, M. A., and Leite, R. P. (1998). First Report of
Xylella fastidiosa on Catharanthus roseus in Brazil. Plant Dis. 82, 712-712.
doi: 10.1094/PDIS.1998.82.6.712A

frontiersin.org


https://doi.org/10.1021/np2009219
https://doi.org/10.3390/foods10081893
https://doi.org/10.1016/j.indcrop.2018.11.022
https://doi.org/10.1094/Phyto-70-425
https://doi.org/10.3390/ijms21186769
https://doi.org/10.2903/j.efsa.2025.9241
https://doi.org/10.2903/j.efsa.2025.9241
https://doi.org/10.1094/PDIS-92-1-0014
https://doi.org/10.1094/PDIS-92-1-0014
https://doi.org/10.1186/s12884-025-07475-6
https://doi.org/10.1094/PDIS-08-19-1748-RE
http://www.ethnopharmacologia.org/prelude2020/pdf/biblio-hg-07-getahun.pdf
http://www.ethnopharmacologia.org/prelude2020/pdf/biblio-hg-07-getahun.pdf
https://doi.org/10.1128/genomeA.01538-14
https://doi.org/10.1094/PHYTO-06-10-0168
https://doi.org/10.3390/medicines5030089
https://doi.org/10.1080/10412905.2019.1611672
https://doi.org/10.1016/j.bioflm.2024.100205
https://doi.org/10.1186/s13568-021-01247-z
https://doi.org/10.1002/cbdv.201500018
https://doi.org/10.1007/s00217-017-2871-9
https://doi.org/10.1371/journal.pone.0240101
https://doi.org/10.1007/s00284-009-9501-0
https://doi.org/10.3347/kjp.2015.53.1.21
https://doi.org/10.1076/phbi.39.5.399.5889
https://doi.org/10.1111/j.1750-3841.2012.02849.x
https://doi.org/10.1111/j.1750-3841.2012.02849.x
https://doi.org/10.1094/PHYTO-12-21-0525-R
https://doi.org/10.1094/PDIS.2001.85.3.246
https://doi.org/10.36253/phyto-15810
https://doi.org/10.3389/fpls.2025.1608687
https://doi.org/10.3389/fpls.2025.1608687
https://doi.org/10.1371/journal.pone.0072937
https://doi.org/10.3390/ph15020178
https://doi.org/10.1080/0972060X.2010.10643851
https://doi.org/10.1080/0972060X.2010.10643851
https://doi.org/10.1094/PHYTO-05-18-0155-FI
https://doi.org/10.3390/pathogens14090840
https://doi.org/10.1016/j.cropro.2014.07.018
https://doi.org/10.3390/ijms251810085
https://doi.org/10.1016/j.phymed.2003.10.006
https://doi.org/10.1007/s10658-023-02780-2
https://doi.org/10.1016/j.pbi.2019.05.005
https://doi.org/10.1016/j.pbi.2019.05.005
https://doi.org/10.1590/S0102-695X2008000200018
https://doi.org/10.1590/S0102-695X2008000200018
https://doi.org/10.4454/JPP.V95I3.035
https://doi.org/10.4454/JPP.V95I3.035
https://doi.org/10.3390/pathogens10060668
https://doi.org/10.1016/j.biocontrol.2016.10.007
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1002/pca.2475
https://doi.org/10.1021/jf052425g
https://doi.org/10.1094/PDIS.1998.82.6.712A
https://doi.org/10.3389/fpls.2025.1701374
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Incampo et al.

Usai, M., Mulas, M., and Marchetti, M. (2015). Chemical composition of essential
oils of leaves and flowers from five cultivars of myrtle (Myrtus communis L.). J. Essent.
Oil Res. 27, 465-476. doi: 10.1080/10412905.2015.1065773

Vanhove, M., Retchless, A. C,, Sicard, A., Rieux, A., Coletta-Filho, H. D., De La
Fuente, L., et al. (2019). Genomic Diversity and Recombination among Xylella
fastidiosa Subspecies. Appl. Environ. Microbiol. 85, €02972-¢02918. doi: 10.1128/
AEM.02972-18

Velasco-Amo, M. P., Arias-Giraldo, L. F., Romén—Ecija, M., Fuente, L. D. L., Marco-
Noales, E., Moralejo, E., et al. (2023). Complete Circularized Genome Resources of
Seven Strains of Xylella fastidiosa subsp. fastidiosa Using Hybrid Assembly Reveals
Unknown Plasmids. Phytopathology® 113, 1128-1132. doi: 10.1094/PHYTO-10-22-
0396-A

Vizzarri, V., Ienco, A., Benincasa, C., Perri, E., Pucci, N., Cesari, E., et al. (2023).
Phenolic Extract from Olive Leaves as a Promising Endotherapeutic Treatment against
Xylella fastidiosa in Naturally Infected Olea Europaea (Var. Europaea) Trees. Biology
12, 1141. doi: 10.3390/biology12081141

Frontiers in Plant Science

16

10.3389/fpls.2025.1701374

Wells, J. M., Raju, B. C,, Nyland, G., and Lowe, S. K. (1981). Medium for isolation and
growth of bacteria associated with plum leaf scald and phony peach diseases. Appl.
Environ. Microbiol. 42, 357-363. doi: 10.1128/aem.42.2.357-363.1981

White, S. M., Navas-Cortés, J. A., Bullock, J. M., Boscia, D., and Chapman, D. S.
(2020). Estimating the epidemiology of emerging Xylella fastidiosa outbreaks in olives.
Plant Pathol. 69, 1403-1413. doi: 10.1111/ppa.13238

Yangui, I., Zouaoui Boutiti, M., Boussaid, M., and Messaoud, C. (2017). Essential oils
of myrtaceae species growing wild in Tunisia: chemical variability and antifungal
activity against biscogniauxia mediterranea, the causative agent of charcoal canker.
Chem. Biodivers 14, €1700058. doi: 10.1002/cbdv.201700058

Yoshimura, M., Amakura, Y., Tokuhara, M., and Yoshida, T. (2008). Polyphenolic
compounds isolated from the leaves of Myrtus communis. J. Nat. Med. 62, 366-368.
doi: 10.1007/s11418-008-0251-2

Zicca, S., De Bellis, P., Masiello, M., Saponari, M., Saldarelli, P., Boscia, D., et al. (2020).
Antagonistic activity of olive endophytic bacteria and of Bacillus spp. strains against
Xylella fastidiosa. Microbiol. Res. 236, 126467. doi: 10.1016/j.micres.2020.126467

frontiersin.org


https://doi.org/10.1080/10412905.2015.1065773
https://doi.org/10.1128/AEM.02972-18
https://doi.org/10.1128/AEM.02972-18
https://doi.org/10.1094/PHYTO-10-22-0396-A
https://doi.org/10.1094/PHYTO-10-22-0396-A
https://doi.org/10.3390/biology12081141
https://doi.org/10.1128/aem.42.2.357-363.1981
https://doi.org/10.1111/ppa.13238
https://doi.org/10.1002/cbdv.201700058
https://doi.org/10.1007/s11418-008-0251-2
https://doi.org/10.1016/j.micres.2020.126467
https://doi.org/10.3389/fpls.2025.1701374
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Antibacterial activity of Myrtus communis leaf extract against three pathogenic Xylella fastidiosa subspecies
	1 Introduction
	2 Materials and methods
	2.1 Xylella fastidiosa subspecies
	2.2 Growth conditions of Nicotiana benthamiana plants
	2.3 Production and metabolite characterization of MCLE
	2.4 Antimicrobial activity of MCLE against Xfp, Xfm and Xff in vitro
	2.4.1 Well diffusion test
	2.4.2 Broth dilution test

	2.5 Toxicity evaluation of MCLE
	2.6 In planta antagonistic activity of MCLE against Xf
	2.7 DNA extraction and qPCR assay for in planta detection and quantification of Xf subspecies
	2.8 Statistical analysis

	3 Results
	3.1 Metabolite profile of MCLE
	3.2 In vitro antimicrobial activity of MCLE against Xfp, Xfm and Xff
	3.2.1 Well diffusion test
	3.2.2 Broth dilution test

	3.3 Toxicity evaluation of MCLE
	3.4 Assessment of MCLE on symptom development of Xf in N. benthamiana
	3.5 qPCR assay for in planta detection of Xf

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


