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transmission and persistence mechanisms make it one of the 
most notorious elements for crucifer industry (Vicente and 
Holub 2013). The primary symptoms are V-shaped chlorotic 
lesions which start from leaf margins and extend towards 
midrib and can lead to systemic infection causing serious 
yield losses (Shigaki et al. 2000). In severe cases, the entire 
crops may render unmarketable and significantly impact 
economy.

The transmission of Xcc is primarily seed-borne but 
may occur through contaminated water, wind-driven rain 
splashes, infected plant debris and carried-over by wild 
plant hosts (Vicente and Holub 2013). Once introduced into 
a field, Xcc may persist in plant-debris and subsequently in 
soil even after the complete decomposition of plant material 
and hence make it difficult to completely eradicate pathogen 
for subsequent cropping (Köhl et al. 2011). The sophisti-
cated virulence mechanism of Xcc makes it an inexorable 
pathogen. The bacterial cells are equipped with one polar 
flagellum and the flagellar motility enables it to navigate 
plant surface, locate entry points and invade internal tis-
sues (Malvino 2024). The infection is facilitated by type III 

Introduction

Xanthomonas campestris pv. campestris (Xcc) is a rod 
shaped, gram-negative plant pathogenic bacteria that 
causes black rot, a major disease of crucifer crops. Black 
rot was first reported in late 1800s and studied in detail 
by Russell (1898) and is now causing severe crop losses 
worldwide (Vicente and Holub 2013). The ability of Xcc to 
infect wide range of hosts along with its efficient infection, 
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Abstract
Black rot, caused by Xanthomonas campestris pv. campestris (Xcc), poses a significant threat to crucifer crops worldwide. 
This study investigates pomegranate peel extract (PGPE) as a sustainable and eco-friendly alternative to chemical control 
for managing Xcc. PGPE, rich in bioactive polyphenols, demonstrated strong antimicrobial activity, inhibiting bacterial 
growth, motility, and biofilm formation under in vitro conditions. In vivo applications of PGPE, both as a foliar spray 
and seed coating, effectively reduced black rot symptoms and controlled seed-borne infections, with higher concentra-
tions showing efficacy comparable to copper-based and hot-water treatments, respectively. Importantly, PGPE exhibited 
no phytotoxicity, maintaining plant health and seed germination. The use of PGPE not only provides an environmentally 
safe alternative to synthetic bactericides but also promotes the valorisation of agro-industrial waste, aligning with sustain-
able principles. These findings highlight PGPE as a promising tool for effective black rot management, paving the way 
for broader applications in plant protection.
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secretion system which functions like a molecular syringe, 
injecting effector proteins into host cells (Büttner and Bonas 
2010). Once inside the plant either through seed-borne or 
foliar infection, Xcc may explore internal microenviron-
ments to reach optimal infection sites through swimming 
and can develop complex, matrix-enclosed bacterial com-
munities through biofilm production and adhere to plant 
surfaces and internal tissues (Crossman and Dow 2004; 
Kearns 2010). Biofilm protects Xcc cells from environmen-
tal stresses, antibiotics and defensive mechanisms by host 
tissues which contributes to persistent infection and disease 
progression (Dow et al. 2003). Production of certain extra-
cellular polysaccharides, for instance xanthan gum, by Xcc 
enhances biofilm production and cause the clogging of vas-
cular system of plant which exacerbate disease symptoms 
(Sabuquillo and Cubero 2021). Furthermore, Xcc employs 
quorum sensing i.e., cell-to-cell communication to coor-
dinate virulence mechanism like flagellar associated che-
motactic motility and biofilm formation (Dow et al. 2003). 
Disrupting these processes or important virulence factors 
could significantly reduce the pathogenicity of bacteria and 
provide a strategic target for disease control (Martínez et al. 
2019).

The management of black rot in brassicas has conven-
tionally relied on chemical treatments, crop rotation, and the 
use of resistant varieties and disease-free seeds. However, 
these methods have limitations. Chemical control methods 
specifically using copper-based bactericides, while initially 
effective, present significant drawbacks. Environmental 
pollution from chemical bactericides is a growing concern, 
as these substances can contaminate soil and water, pos-
ing risks to non-target organisms and human health (Sun-
din et al. 2016; Ali et al. 2021) Moreover, the continued 
use of these chemicals and antibiotics leads to the gradual 
development of pathogen resistance, rendering treatments 
less effective over time (Gnanadhas et al. 2013). Likewise, 
breeding programs aimed at developing resistant varieties 
also face substantial challenges. The genetic complexity of 
resistance traits and the time-consuming nature of breed-
ing cycles make it difficult to produce durable resistant 
cultivars. Additionally, the ever-evolving virulence of Xcc 
strains further complicates these efforts, as newly emerg-
ing strains can quickly overcome existing resistance, poten-
tially leading to significant crop losses (Vicente and Holub 
2013). These issues underscore the urgent need for alterna-
tive approaches that are both effective and environmentally 
friendly.

In response to these challenges, biocontrol solutions and 
plant-based extracts have emerged as vital components of 
sustainable black rot management. Biocontrol methods 
involve the use of natural antagonists to suppress pathogen 
populations, reducing the reliance on chemical bactericides. 

Plant-based extracts represent another promising avenue. 
Compounds derived from plants often possess antimicro-
bial properties that can effectively control a wide range of 
pathogens and can pave a way to reduce the use of cop-
per in bacterial disease management practices (Schiavi et 
al. 2022a). These extracts, such as essential oils and plant 
secondary metabolites, provide a biodegradable and less 
toxic alternative to synthetic chemicals (Bajpai et al. 2012). 
Studies have demonstrated that plant extracts can disrupt 
the cell membranes of Xcc, inhibit its biofilm formation, 
and interfere with its quorum sensing mechanisms, thereby 
reducing its virulence and ability to cause disease (Adonizio 
et al. 2006). Specially, the plant-based substances which are 
known to be rich in phenolic compounds have demonstrated 
significant potential for managing bacterial plant pathogens 
(Rossetti et al. 2017). Therefore, integration of plant-based 
substances and extracts into black rot management not only 
aligns with the principles of sustainable agriculture but also 
enhances the resilience of cropping systems against patho-
gen pressures.

Among various plant-based bacterial control solutions, 
pomegranate peel extract (PGPE) has shown promising 
results due to its rich content of bioactive compounds, 
including ellagitannins, phenolic acids and flavonoids 
(Singh et al. 2019; Belgacem et al. 2021). PGPE’s mode 
of action is multifaceted, offering both direct antimicrobial 
effects against a broad spectrum of pathogens and inducing 
systemic acquired resistance in plants, thereby, enhancing 
overall plant health and resilience to infections (Belgacem 
et al. 2021). Studies have indicated that PGPE is effec-
tive against vascular plant pathogenic bacteria under both 
in vitro and in planta conditions (Quattrucci et al. 2013; 
Rongai et al. 2023). Moreover, the use of pomegranate peel 
extracts as a source of polyphenols with promising antimi-
crobial properties demonstrates how agro-industrial waste 
can be turned into plant protection solutions, reflecting the 
goals of green chemistry and circular bioeconomy (Bernini 
et al. 2024). This approach not only addresses the ecologi-
cal impact of agriculture but also adds economic value to 
otherwise discarded materials and hence contribute toward 
sustainability (Belgacem et al. 2021). The broader adoption 
of PGPE in agricultural practices is also supported by grow-
ing consumer demand for products derived from natural 
sources and regulatory pressures for produced through envi-
ronmentally friendly methods. In view of increased regula-
tory pressures, market demand for sustainable agricultural 
inputs and consumer concerns regarding chemical residual 
levels in agricultural commodities, PGPE stands out as an 
effective, eco-friendly, and socially responsible alternative 
to chemical pesticides (Carvalho et al. 2019).

This study aims to evaluate the efficacy of PGPE as a 
sustainable plant protection agent against Xcc through a 
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series of in vitro and in vivo experiments. Specifically, the 
research focuses on assessing the effects of PGPE on bacte-
rial growth, motility, and biofilm formation under laboratory 
conditions, determining the biocompatibility of PGPE with 
Brassica rapa plants, and evaluating the protective efficacy 
of PGPE as a foliar treatment and seed coating agent against 
black rot disease.

Materials and methods

Bacterial strain, pomegranate peel extract, pure 
compounds and plant material

A virulent strain of Xanthomonas campestris pv. campes-
tris (Xcc) – NCPPB 528 (type strain representing race 3), 
obtained from National Collection of Plant Pathogenic Bac-
teria, UK, was utilized for both in vitro and in vivo experi-
ments. Xcc was cultured on Nutrient Agar (NA) medium 
(Duchefa Biochemie) and incubated at 28 °C and regularly 
sub-cultured every 48 h to maintain viability and virulence. 
Pomegranate peel extract (PGPE) was obtained according to 
the procedure (with few modifications) described by Rongai 
et al. (2017, 2023). Pomegranate peels were cut into small 
pieces and added to a hydroalcoholic solvent: 85% water 
(double distillation from a Milli-Q-System, Millipore, Bed-
ford, UK) and 15% ethanol (RPE analytical grade, Carlo 
Erba Reagents, Milan, Italy). The mixture was first soni-
cated at 80% amplitude for 15 min (3 s On and 7 s Off) and 
then stirred for 16 h at 50 °C. Subsequently the material was 
centrifuged at 15,000 (rpm) for 10 min, then the solvent was 
evaporated under vacuum in a rotary evaporator. Finally, the 
extract was spray dried and the powder obtained has been 
stored in a freezer at -20  °C until further use. Analytical 
grade ellagic acid (EA) and gallic acid (GA) were chosen 
as references for comparing their antimicrobial properties 
against ethanol + water extracted PGPE and were procured 
from Sigma-Aldrich (USA). For positive control treatments, 
Cu(OH)2 was procured from Thermo Fisher Scientific Inc. 
(USA). For in vivo evaluation of PGPE, disease free plants 
and seeds of Rapini Broccoli Rabe cv. Leccese San Martino 
(Brassica rapa) were obtained from a certified nursery in 
Viterbo, Lazio.

Total phenolic and flavonoids content, acidity and 
pH analysis

Total phenolic content (TPC) of PGPE was determined 
by Folin-Ciocalteu reagent according to Gregoriou et al. 
(2021). The measurement was conducted on a UV-VIS 
spectrophotometer T70+ (PG Instruments Ltd) at λ = 760 nm 
against blank. Gallic acid was used as standard phenolic 

compound for making the calibration curve that ranges from 
2.8 to 22 µg/mL (LOD = 0.43 mg/mL, LOQ = 0.79 mg/mL, 
R2 = 0.9998). The results were expressed as mg of gallic acid 
equivalent (GAE) for g of dry weight (DW) of lyophilized 
plant extracts. Acidity was determined by titration method 
with a 0.01  N alkaline sodium hydroxide solution using 
phenolphthalein (1%) as indicator and was expressed in g/L 
citric acid. The pH value of each extract was determined 
with a Hamilton pH electrodes sensor.

Polyphenols content analysis by using liquid 
chromatography–tandem mass spectrometry

Liquid chromatographic separation analysis was performed 
on a UHPLC–HRMS system consisting of an Agilent 1290 
Infinity II combined with the Agilent 6560 mass spec-
trometer (Agilent Technologies Inc., Santa Clara, Califor-
nia, United States). The chromatographic separation was 
done by a ZORBAX RRHD Eclipse Plus C18 column 
(50 mm×2.1 mm, 1.8 μm, 95 Å, Agilent Technologies Inc.). 
HPLC eluent A was water (LC-MS grade, LiChrosolv, 
Supelco) with 0.1% formic acid (LC-MS grade, LiChro-
pur, Supelco) while eluent B was methanol (LC-MS grade, 
LiChrosolv, Supelco) with 0.1% formic acid (LC-MS grade, 
LiChropur, Supelco). The gradient was initiated with 5% 
eluent B for 1 min, continued with a linear increase up to 
20% B in 5 min; then 97% B in 4 min and this condition was 
maintained for 2  min. Finally, the system returned to 5% 
B in 1 min and was re-equilibrated for 1 min. The column 
temperature was kept at 30 °C and the flow rate was 0.45 
mL min − 1. The injection volume was 5 µL. UV Detection 
was mainly performed at 280 nm with 1290 DAD (G7117B, 
Agilent Technologies Inc). Detection mass was based on 
electrospray ionization (ESI) in negative polarity using an 
MS detector Agilent 6550UHD Accurate Mass Q-TOF. 
An aliquot of PGPE (1 mg) was solubilized in methanol (1 
mL) and sonicated for 20 min. The sample was then filtered 
(0.45  μm) and analyzed by UHPLC–HRMS. Gallic acid, 
ellagic acid and punicalagin (A + B) containing punicalin 
were used as standards.

Antimicrobial activity under in vitro conditions

Effect of EA, GA and PGPE on Xcc growth

The impact of PGPE, EA, and GA on bacterial growth 
was assessed using the method described byCarvalho et 
al. (2019). Freshly harvested bacterial colonies, adjusted to 
a concentration of 10⁴ colony forming units per millilitre 
(CFU/ml), were incubated in glass tubes containing vary-
ing concentrations of PGPE, EA, and GA prepared by mak-
ing suspensions in sterile distilled water (0.01%, 0.025%, 
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PGPE, EA, and GA on biofilm formation in Xcc. For each 
thesis six replicates were performed.

Efficacy of PGPE against Xcc under in vivo conditions

All in vivo experiments were performed under growth 
chamber conditions maintained at temperature of 24 °C with 
relative humidity of 60% and photoperiod for 16/8 hours.

Biocompatibility of PGPE with Brassica rapa plants and 
seeds

To assess the biocompatibility of PGPE two parallel experi-
ments were performed. For the first one, healthy seedlings 
were sprayed with different concentrations of PGPE (0.5%, 
1%, 2% and 3% w/v) by making suspension in sterile distilled 
water along with 0.01% Tween-80 while control treatment 
was sprayed only with water. Four plants for each treatment 
were used as replicates. Chlorophyll contents for two leaves 
(top-most and lower-most) on each plant were recorded at 
1 day post treatments (dpt) and 10 dpt using handheld chlo-
rophyll content measuring device (SPAD-502Plus, Konica 
Minolta Inc. Japan) in terms of SPAD unit values which are 
directly related to leaf chlorophyll concentration (Uddling 
et al. 2007). For the second experiment, Brassica rapa seeds 
were coated with 0.25% of Xanthan gum along with differ-
ent concentrations of PGPE (0.5%, 1%, 2% and 3% w/w) 
to see the effect of PGPE on seed germination. The seeds 
were sown in seed trays in soil media and seed germination 
was observed for evaluation of any toxic effects (Luo et al. 
2018). Three replicates of 50 seed each were sown, and ger-
mination was observed for two weeks and then germination 
percentage was calculated.

Effect of protective treatment of PGPE against foliar 
infection of Xcc on Brassica rapa plants

The efficacy of PGPE against Xcc was evaluated through 
protective treatments followed by spray infection and 
measured in terms of Area Under Disease Progress Curve 
(AUDPC) for symptoms of black rot. The young and healthy 
seedling of Brassica rapa at 4-leaf stage were sprayed with 
five different concentrations of PGPE (0.025%, 0.05%, 
0.1%, 0.25%, and 0.5% w/v) suspended in sterile distilled 
water along with 0.01% Tween 80 to ensure adherence. The 
treatments were applied by thoroughly spraying the plants, 
ensuring complete coverage of both the upper and lower leaf 
surfaces. After 24 h, the plants were inoculated with a bacte-
rial suspension of Xcc adjusted to 108 CFU/ml. Inoculation 
was performed by thorough, uniform and abundant spray-
ing of the bacterial suspension on the plants, which were 
then covered with a transparent polyethylene bag for 24 h 

0.05%, 0.1% and 0.5% w/v). Sterile distilled water and 
0.05% w/v Cu(OH)₂ were used as controls. The tubes were 
incubated at 28 °C for 24 h under oscillation (150 revolu-
tions per minute) to ensure uniform exposure. Following 
incubation, 100 µl from each tube were plated on NA. The 
plates were then incubated for 48 h at 28 °C, allowing vis-
ible bacterial colonies to grow. Counting was performed 
manually. Results have been expressed as Log10(CFU/ml). 
For each treatment four replicates were performed.

Effect of EA, GA and PGPE on swimming motility of Xcc

To evaluate the effect of PGPE, EA, and GA on the swim-
ming motility of Xcc, NA plates at 0.3% (w/v) agar were 
prepared with incorporating different concentrations 
(0.01%, 0.025%, 0.05%, 0.1% and 0.5% w/v) of the tested 
compounds (Silva et al. 2019). NA plates without any 
amendments were included as untreated control. 5  µl of 
a 107 CFU/ml of a fresh bacterial suspension were placed 
at the centre of each Petri plate. The plates were statically 
incubated at 28  °C for 48  h. After incubation, the spread 
diameter of the bacterial colony (i.e., the motility “halo”) 
was measured using a centimetre scale. The area of each 
halo was calculated and analysed to evaluate the influence 
of PGPE, EA, and GA on the swimming motility of Xcc. 
For each thesis four replicates were performed.

Effect of EA, GA and PGPE on biofilm production of Xcc

The influence of PGPE, EA, and GA on biofilm production 
by Xcc was evaluated using a 96-well microtiter plate assay 
(O’Toole 2011; Schiavi et al. 2022b). The minimal XVM2 
broth, known to simulate the apoplastic conditions and to 
promote biofilm formation (Sabuquillo and Cubero 2021), 
was supplemented with PGPE, EA, and GA at concentra-
tions 0.01%, 0.025%, 0.05%, 0.1% and 0.5% w/v. XVM2 
alone was used as control. 20 µl of a 107 CFU/ml of a fresh 
bacterial suspension were inoculated into 180 µl of previ-
ously amended broth and statically incubated at 28 °C. Two 
parallel plates were prepared for 12- and 24-hours experi-
ment. Following incubation, the wells were gently washed 
with phosphate-buffered saline to remove non-adherent 
cells. To visualize biofilm formation, the wells were stained 
with 0.1% crystal violet for 15 min, followed by rinsing with 
distilled water to remove excess stain. The bound dye was 
solubilized using 30% acetic acid, and absorbance was mea-
sured at wavelength (λ) of 550 nm with a microplate reader 
to quantify biofilm production. The absorbance values were 
adjusted by subtracting the average absorbance of the blank 
wells (containing only acetic acid) from all readings. The 
data were statistically analysed to assess the effectiveness of 
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control and hot water treated (suspension of seeds in ster-
ile distilled water at 50 °C for 15 min) as positive control 
(Kim et al. 2022). Also, seeds coated with only xanthan gum 
were included. The seeds were sprayed with bacterial sus-
pension (108 CFU/ml) prepared from freshly harvested Xcc 
colonies (grown on NA media at 28 °C for 48 h) and left to 
dry on sterile Petri dishes. After drying, the seeds were thor-
oughly rotated by shaking, and the infection procedure was 
repeated to ensure significant adherence of bacterial cells 
and then dried again under laminar flow cabinet.

The coated and infected seeds were sown in seed tray in 
sterile commercial soil media. Germinated seedlings were 
transplanted to bigger pots containing sterile soil media 
for evaluation of symptoms development for calculation of 
AUDPC. For each treatment, 12 plants in three replicates 
were studied and maintained under controlled environment 
of 24 °C, 60% relative humidity and 16/8 hours of photope-
riod. Symptoms were observed at 5 days interval to record 
the AUDPC as previously described.

Statistical analysis

Data from all the experiments was analysed through analy-
sis of variance (ANOVA) as complete randomized design. 
All pairwise comparison of means was performed using 
Tukey’s HSD test at significance level of p < 0.05 to assess 
the significance of results. For each mean value standard 
deviation (± SD) was calculated manually in Microsoft 
Excel worksheets. Statistical analysis was performed using 
DSAATSAT macro for Microsoft Excel software (Onofri 
and Pannacci 2014).

Results

Chemical characterization and analysis of PGPE

The identification of phenolic and other compounds in 
various natural products is typically conducted by using 
liquid chromatography analyses. To this end, the chemical 

to facilitate the bacterial penetration into plant tissues. After 
that plants were maintained under growth room conditions. 
The progression of black rot symptoms was monitored visu-
ally on alternative days from 3 to 27 days post-inoculation 
(dpi) using a severity 6 levels scale from 0 to 9 values cor-
responding to healthy to severe disease symptoms based 
on the method described by Sheng et al. 2020 (Fig. 1). On 
each data taking time point plants of each replicate were 
observed and a number was assigned to disease progression 
for comparative disease severity on symptomatic leaves. 
The AUDPC value was calculated for each treatment using 
the following formula as described by Shaner and Finney 
(1977):

AUDPC =
n−1∑
i=1

yi + yi+1

2
· (ti+1 − ti)

Where, yi represents disease severity at the ith observation, 
ti denotes time of the ith observation and n is the total 
number of observations.

Effect of Brassica rapa seed coating with PGPE against Xcc 
infection

The impact of film coating of Brassica rapa seeds with 
PGPE was evaluated against artificial infection of Xcc in 
terms of AUDPC for black rot symptoms in mature plants. 
Seeds were coated using xanthan gum as biopolymer to 
form a film around seed coat as carrier for PGPE at differ-
ent concentrations (Hassanisaadi et al. 2025). First, xanthan 
gum was dissolved to form slurry @ 0.25% w/v in sterile 
distilled water and then varying concentrations of PGPE 
were mixed in 10  ml for each treatment to reach 0.25%, 
0.5%, 1%, 2%, and 3% w/v. For each treatment, 1 gram 
of seeds were thoroughly mixed with 3  ml of slurry in 
10  ml falcon tubes using vortex mixer to ensure uniform 
coating. The seeds were then spread in sterile Petri plates 
under laminar flow cabinet for overnight to dry. Controls 
were included in experiment, non-coated seeds as negative 

Fig. 1  Scale developed and fol-
lowed for visual observation of 
Brassica rapa plants infected 
with Xcc to observed disease 
progression showing leaf pictures 
with increasing disease severity 
assigned numbers from 0 to 9 
based on symptoms development
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polyphenol content helps to explain their interesting bio-
logical activity.

Antimicrobial effects of EA, GA, and PGPE under in 
vitro condition

Effect of EA, GA, and PGPE on in vitro growth of Xcc

Under in vitro conditions, all tested substances influenced 
bacterial growth differently depending on concentration 
(Fig.  2). Among all substances, GA was the most effec-
tive, significantly reducing bacterial colonies at all tested 
levels. At higher concentrations (0.05%, 0.1%, and 0.5%), 
GA completely inhibited bacterial growth, similar to the 
effect of the copper control treatment. Conversely, EA had a 
milder impact, with lower concentrations (0.01%, 0.025%, 

composition of the PGPE was analyzed through a UHPLC–
HRMS method, which indicated the presence of ellagitan-
nins, gallotannins, and organic and phenolic acids (Table 1). 
Among the biologically active class of ellagitannins, the 
main compound with molecular formula C34H22O22 was 
assigned, and confirmed by the standard, as punicalin fol-
lowing by the two punicalagin anomers and its derived 
metabolites: ellagic acid, HHDP-glucose and urolithin A. 
The presence of organic and phenolic acids, mainly the 
citric acid, contribute to the acidic pH of aqueous PGPE 
solutions. Indeed, the value of total acidity was 1.38 meq 
NaOH/g while the pH was about 4.08.

The well-known antioxidant property of such extracts 
was estimated through their total phenolic content (TPC) 
which turned out to be about 270 mg GAE/g DW. This high 

Table 1  Compounds identified in PGPE according to their retention time (RT), molecular formula, high resolution mass found (m/z) and mass 
accuracy (∆ppm, part per million error). Qualitative score was estimated with the information obtained from the mass spectra: ‘‘+’’ present, ‘‘++ 
and +++’’ highly present

RT Compound Mol. Formula HRMS, m/z ∆ppm Score
1 0.43 5-Hydroxymethylfurfural (5-HMF) C6H6O3 (M-H)−125.0244 -0.03 +
2 0.45 Ascorbic acid C6H8O6 (M-H)−175.0246 2.85 +
3 0.45 Tartaric acid C4H6O6 (M-H)−149.0090 -1.49 +
4 0.50

0.60
2,3-O-hexahydroxydiphenoyl-D-glucose (HHDP-glucose) (α + β) C20H18O14 (M-H)−481.0629

(M-H)−481.0631
0.93
1.26

+++

5 0.60 Citric acid C6H8O7 (M-H)−191.0200 1.40 +++
6 1.08 Gallic acid C6H8O7 (M-H)−169.0142 -0.38 ++
7 1.36 Punicalin C34H22O22 (M-H)−781.0534 0.45 ++
8 2.60

3.98
Punicalagin (α + β) C48H28O30 (M-H)−1083.0574

(M-H)−1083.0576
0.01
0.25

+

9 5.98 Urolithin A C13H8O4 (M-HCOO)−273.0462 -0.61 +
10 8.20 Ellagic acid C14H6O8 (M-H)−300.9990 0.01 +

Fig. 2  Mean values for Log10 
CFU/ml representing in vitro 
growth of Xcc under varying 
concentrations of EA, GA, and 
PGPE along against copper 
treated (+) and non-treated (-) 
controls. Error bars reflect ± SD 
and labels assigned representing 
all pairwise comparison with 
confidence level of p < 0.05
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from 0.01 to 0.1% which was below the control for 12 h 
incubation period while higher than the control for 24  h 
incubation period. However, the highest tested concentra-
tion of GA showed significantly less biofilm production 
than control at both 12- and 24- hours incubation periods. 
On the other hand, PGPE showed an increasing trend of 
biofilm production from 0.01 to 0.1% and then a significant 
decline at 0.5% while at all concentration and both incu-
bation periods the biofilm production in presence of PGPE 
was lower than control.

Biocompatibility and efficacy of PGPE as foliar 
treatment and seed coating against black rot in 
Brassica rapa

Biocompatibility

For both tested methods to assess the biocompatibility of 
PGPE with Brassica rapa plants and seeds, no significant 
difference was observed in terms of SPAD values for chlo-
rophyll pigment against foliar treatments (Table 2) and ger-
mination percentages for seed coating treatments (Table 3). 
This reflects that the tested concentrations of PGPE were 
not phytotoxic by different approaches and therefore could 
be used for subsequent in vivo experiments.

Efficacy of protective treatment of PGPE on Brassica rapa 
plants against foliar Xcc infection

Protective treatment of PGPE on Brassica rapa plants 
resulted in dose dependent control of black rot symptoms 
reflecting the suitability to contain Xcc (Fig. 5). The results 
of this assay showed a decline of AUDPC value with 
increase in concentration of PGPE as a protective treatment. 

and 0.05%) being the least effective and statistically similar 
to the control (-). Even at higher concentrations, bacterial 
growth was only inhibited by up to two log units. Unlike 
GA and EA, PGPE demonstrated a dose-dependent reduc-
tion in bacterial growth. The highest tested concentration of 
PGPE (0.5%) resulted in up to a four-log unit decrease in 
CFU counts, with bacterial colony numbers on NA media 
inversely correlated with increasing PGPE concentrations.

Effect of EA, GA, and PGPE on swimming motility of Xcc

The areas of swimming halos of Xcc showed a significant 
reduction of motility under all the treatments in comparison 
to negative control (Fig. 3). Only the lower concentrations 
(0.01% and 0.025% for EA and 0.01% for GA and PGPE) 
incorporated into agar media allowed some swimming of 
Xcc while all the higher concentration effectively halted the 
expansion of bacterial colonies. These findings suggest that 
all the tested substances may severely hinder the bacterial 
motility.

Effect of EA, GA, and PGPE on biofilm production by Xcc

Biofilm production is an important stress responsive physi-
ological process by Xcc. All tested treatments (including 
control) resulted in production of biofilm, however, the 
level of biofilm varied uniquely against different concentra-
tions of tested substances (Fig. 4). The patterns of biofilm 
production, observed in terms of absorbance at λ of 550 nm 
reflected a significant difference among EA, GA and PGPE 
at 12 and 24 h. For instance, EA significantly halted biofilm 
production on all concentrations (0.01 − 0.5%) compared to 
control at both the 12- and 24- hours incubation periods. 
The GA showed an increasing trend for biofilm production 

Fig. 3  Effect of different concen-
trations of EA, GA, and PGPE 
on Swimming motility of Xcc in 
terms of area (cm2) of bacterial 
swimming halo in comparison 
with a negative control. Error 
bars reflect ± SD and labels 
assigned representing all pairwise 
comparison with confidence level 
of p < 0.05

 

1 3



Journal of Plant Pathology

Efficacy of PGPE seed coating against seed borne Xcc 
infectiom in Brassica rapa plants

As black rot is primarily a seed borne disease, seed coating 
with PGPE at various concentrations could represent a valid 
protection strategy against the infection of Xcc. The results 
of seed coating assay shown a significant control of black 
rot symptoms in mature plantlets with increase in PGPE 
concentration (Fig.  6). Coating seeds with higher PGPE 
concentrations i.e., 2% and 3% showed similar results to 
those of heat-treated seeds. This finding is very promising 
and reflects the efficacy of this novel approach to combat the 
black rot in field crops.

Discussion

This study presents the potential of pomegranate peel extract 
(PGPE) as a biocompatible and sustainable control agent 
against Xanthomonas campestris pv. campestris, causative 
agent of black rot disease in crucifers, through a series of 
in vitro and in vivo experiments. The chemical analysis of 
PGPE showed that our extraction method is valid for get-
ting complex organic substance with a variety of phenolic 
compounds that have previously been studied rigorously for 
their broad biological, particularly antimicrobial, activities 
(Siddiqui et al. 2024). Presence of such compounds in our 
PGPE was found to be concurrently effective in the com-
plex composition through our subsequent experiments. It 
is well reported that the extraction methods, cultivar and 

The highest concentrations, i.e., 0.25% and 0.5%, showed 
a significant decrease in AUDPC values, which reflect that 
protective treatment of Brassica rapa plants with PGPE may 
help in reducing the development of symptoms of black rot 
in result of foliar Xcc infection.

Table 2  Effect of different concentrations of PGPE on SPAD values of 
Brassica rapa leaves against foliar treatments
PGPE concentration in 
foliar treatments

Mean SPAD value ± SD
DPT 1 DPT 10

0% 62.125 ± 3.06 ns 58.725 ± 3.29 
ns

0.25% 57.975 ± 6.25 ns 59.025 ± 4.09 
ns

0.50% 66.075 ± 8.67 ns 65.225 ± 8.76 
ns

1% 65.475 ± 1.79 ns 59.55 ± 7.19 ns
2% 65.15 ± 4.47 ns 60.1 ± 7.29 ns
3% 62.95 ± 2.11 ns 61.35 ± 3.14 ns

Table 3  Effect of different concentrations of PGPE and xanthan gum 
(XG) as seed coating treatments on germination percentage
Seed coating treatment Germination percentage % ± SD
No Coating 82 ± 3 ns
0.25% PGPE + 0.25% XG 80 ± 2 ns
0.50% PGPE + 0.25% XG 78 ± 4 ns
1% PGPE + 0.25% XG 71 ± 7 ns
2% PGPE + 0.25% XG 76 ± 4 ns
3% PGPE + 0.25% XG 73 ± 4 ns
Only 0.25% XG 85 ± 2 ns
Hot-water treatment 70 ± 6 ns

Fig. 4  Effect of different concen-
trations of EA, GA, and PGPE 
on biofilm production by Xcc 12- 
and 24-hours incubation intervals 
measured in terms of absorbance 
recorded at wavelength of 
550 nm. Error bars reflect ± SD 
and labels assigned representing 
all pairwise comparison with 
confidence level of p < 0.05
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formation was observed on higher tested concentration of 
PGPE i.e., 0.5% w/v. These findings are in line with various 
previous studies where the antibacterial potential of PGPE 
against various bacteria was observed. For instance, Khar-
choufi et al. 2018 find that both the water as well as metha-
nol-based extracts of ‘Gabsi’ pomegranate peel resulted in 
a dose dependent reduction of Pseudomonas putidia under 
in vitro conditions in terms of log CFU/ml. Likewise, Negi 
and Jayaprakasha 2003 also reported significant inhibition 
and reduction of colonies growth of several gram positive 
and negative pathogenic bacteria. In contrast to PGPE, GA 
severely inhibited bacterial growth on all tested concentra-
tions while EA couldn’t express the strong inhibition under 
tested concentrations. This could be attributed to severe 

other conditions may contribute to variation in levels of cer-
tain compounds in the final extract (Singh et al. 2023). But 
the compounds like Punicalagins, Ellagic acid, Galic acid 
which are observed to be highly present in our extract are 
always reported to have some level of antimicrobial proper-
ties (Singh et al. 2019). The insights from our in vitro and in 
vivo experiments, highlight that PGPE is not only effective 
against Xcc under in vitro conditions but also biocompat-
ible with Brassica rapa plants and have shown a protective 
activity against foliar and seed borne Xcc infection.

The in vitro bacterial growth was consistently reduced 
with increase in concentration of PGPE and a dose dependent 
response was observed, contrary to the individual effect of 
EA and GA. Most significant reduction in bacterial colonies 

Fig. 6  Effect of different concen-
trations of PGPE applied as seed 
coating against Seed-borne Xcc 
infection in cabbage seedlings in 
terms of AUDPC values along 
with hot-water treated (+) and 
non-treated (-) and one treatment 
with only coated by Xanthan gum 
(XG). Error bars reflect ± SD and 
labels assigned representing all 
pairwise comparison with confi-
dence level of p < 0.05

 

Fig. 5  Efficacy of PGPE as 
protective treatment against 
Xcc foliar infection represented 
by mean AUDPC values in 
comparison with copper treated 
(+) and non-treated (-) controls. 
Error bars reflect ± SD and labels 
assigned representing all pairwise 
comparison with confidence level 
of p < 0.05
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subsequently flagellar propelled motility (Asadishad et al. 
2012). Therefore, PGPE is well-known to inhibit the bacte-
rial cells motility and hence could be a promising antibacte-
rial agent against various pathogens. Likewise, we studied 
the impact of presence of these substances on the production 
of biofilm by Xcc. Biofilm production is a protective mech-
anism by which Xcc cells respond against different stress-
ful situations and develop a matrix enclosed cluster of cells 
to sustain the antibiotics and other stresses (Crossman and 
Dow 2004). Our results are supported by findings of Chen 
et al. (2021) as they reported increase of biofilm production 
over the time in presence of composite pomegranate poly-
phenols, as well as individual phenolic compounds like gal-
lic acid and ellagic acid which is also evident in our results. 
However, the decline of biofilm production on increased 
concentrations of EA, GA and PGPE in our study could be 
attributed to inhibition of bacterial cells under the higher 
concentrations of these substances. This finding is in line 
with results of El-Egami and Sayed 2017; who reported a 
decline of biofilm production by Xanthomonas campestris 
with increase of pomegranate extracts. This behaviour could 
also be attributed to the activity of phenolic compounds at 
higher concentration to be able to disrupt the bacterial quo-
rum sensing and denaturation of extracellular matrix. Vari-
ous studies have shown that plant-based compounds have 
ability to disrupt the normal biofilm activity by pathogenic 
bacteria and inhibit the biofilm formation (Silva et al. 2016). 
These findings from in vitro experiments highlight the com-
plex interaction of PGPE with Xcc which is important with 
respect to its antimicrobial potential. Virulence or pathoge-
nicity of bacteria is not limited to any single mechanism 
and these factors are considered to be most significant in 
this regard. Approaching a novel natural antimicrobial agent 
by characterizing and validating action against these mecha-
nisms provides substantial evidence for PGPE to be a prom-
ising control agent against Xcc and hence could provide 
sustainable management solution for black rot disease.

The biocompatibility of PGPE with Brassica rapa plants 
and seeds is a crucial consideration for its practical applica-
tion in the field. In this study, we observed no significant 
phytotoxic effects of PGPE for concentrations up to 3% in 
terms of chlorophyll contents for foliar spray application 
as well as germination percentage for seed-coating. These 
findings are in line with Pangallo et al. 2022; who reported 
no phytotoxic effects on olive plants for pomegranate peels 
extracts as a sustainable control for Anthracnose. A recent 
study by Bodor et al. 2024; reported that nutrient-fortified 
pomegranate peel powders in various combinations did not 
significantly harmed Brassica napus plants and some com-
binations were found to be beneficial for plants. However, 
our findings are contrary to those of Campos et al. 2022; 
who reported phytotoxicity at higher concentrations of 

disruption of bacterial cells under the effect of GA as com-
pared to EA. Our results are in line with the findings of 
Quattrucci et al. 2013 who reported a similar antibacterial 
effect of pomegranate peel extract in comparison with pure 
ellagic acid and gallic acid against Pseudomonas syringae 
pv. tomato. The stronger inhibition under individual effect 
of GA could be attributed to the ability of GA to suppress 
the expression of bacterial efflux pump which is an impor-
tant resistive mechanism with which bacterial cells extrude 
toxic chemicals (Piddock 2006). Therefore, if the action of 
these genes could be suppressed by some external agent, the 
survival of bacteria becomes harder in response to antibac-
terial agents. A study by (Macêdo et al. 2022), also reflects 
similar finding that GA has a strong inhibition effect on bac-
terial efflux pump related genes as compared to EA. Similar 
findings have been reported in a comparative study for anti-
bacterial potential of GA and EA against human pathogenic 
bacteria that GA was more effective in inhibiting and causing 
mortality of bacterial cells (Cota and Patil 2023). The over-
all synergistic effect of PGPE is interestingly unique finding 
which could be a result of complex polyphenolic composi-
tion and hence PGPE shows promising potential as sustain-
able control measure against bacterial plant pathogens. The 
study by Chen et al. 2021; also supports our interpretation 
where they reported that composite effect of pomegranate 
peel polyphenols was more evident in terms of restricting the 
bacterial proliferation of Ralstonia solanacearum than that 
of individual phenolic compounds including EA and GA. 
However, to understand better about antibacterial mecha-
nism of PGPE against Xcc, the assessment of its effect on 
swimming and biofilm production by bacterial cells was an 
important aspect. Our results demonstrate that PGPE as well 
as GA and EA significantly halt the bacterial motility even 
at the sub-optimal concentrations for inhibition, and, hence, 
reduce the swimming capabilities. Xcc cells are motile and 
have cellular apparatus called flagella which help them in 
invading host tissues, relocation and movement and hence 
facilitate develop and spread disease symptoms in host spe-
cies (Malvino 2024). The findings of our study show that the 
tested substances and particularly PGPE could have halted 
the flagellar pathways and reduced the swimming potential 
of Xcc in a less viscous in vitro growth media. Numerous 
studies have reported similar findings where pomegran-
ate-based polyphenols or plant extracts caused reduction 
of swimming motility in various bacterial pathogens, for 
instance, fermented pomegranate polyphenols against 
aquatic pathogen gram-negative bacterium Vibrio algino-
lyticus (Yu et al. 2024), pomegranate peel extract against 
human pathogen gram-negative bacterium Helicobacter 
pylori by inhibiting flagellin gene expression (Hassen et al. 
2020), and pomegranate rind extract against uropathogenic 
Escherichia coli by inhibiting flagellin gene expression and 
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and effective antibacterial agents, understand the molecu-
lar mechanisms involved, and evaluate its long-term field 
applicability for broader agricultural applications.

Acknowledgements  The Research was carried out in the framework 
of the National program for ‘Departments of Excellence 2023–2027’ 
of MUR (DiVerSo Project) at DAFNE, University of Tuscia, Italy and 
of the National Recovery and Resilience Plan (PNRR) PhD Scholar-
ship. EC and SG thank Drs. Alice Coletti and Leonardo Tensi for their 
technical assistance in MS analysis (DelphiStar Labs, UniPG).

Declarations

Conflict of interest  The authors declare that there are no conflicts of 
interest regarding the publication of this article.

References

Adonizio AL, Downum K, Bennett BC, Mathee K (2006) Anti-quo-
rum sensing activity of medicinal plants in Southern Florida. J 
Ethnopharmacol 105:427–435. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​p​.​2​0​0​
5​.​1​1​.​0​2​5

Ali N, Ali A, Syed MA (2021) Bacterial plant diseases and their man-
agement: conventional versus modern approaches. In: Kaushal 
M, Prasad R (eds) Microbial biotechnology in crop protection. 
Springer, Singapore, pp 209–226. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​9​7​​8​-​9​
8​1​-​1​6​-​0​0​4​9​-​4​_​9.

Almasoudi NM, Al-Qurashi AD, Abo-Elyousr KAM (2024) Assess-
ment of certain plant extracts for controlling potato tuber soft rot 
disease caused by Pectobacterium carotovorum subsp. carotovo-
rum. J Plant Pathol 106:1591–1602. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​2​1​
6​1​-​0​2​4​-​0​1​6​7​3​-​5

Asadishad B, Hidalgo G, Tufenkji N (2012) Pomegranate materials 
inhibit Flagellin gene expression and flagellar-propelled motility 
of uropathogenic Escherichia coli strain CFT073. FEMS Micro-
biol Lett 334:87–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​5​7​​4​-​6​​9​6​8​.​​2​0​​1​2​.​0​
2​6​2​2​.​x

Bajpai VK, Baek KH, Kang SC (2012) Control of Salmonella in foods 
by using essential oils: A review. Food Res Int 45:722–734. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​r​e​​s​.​2​0​​1​1​​.​0​4​.​0​5​2

Belgacem I, Li Destri Nicosia MG, Pangallo S et al (2021) Pome-
granate Peel extracts as safe natural treatments to control plant 
diseases and increase the shelf-life and safety of fresh fruits and 
vegetables. Plants 10:1–13. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​l​​a​n​t​s​1​0​0​3​0​4​
5​3

Bernini R, Campo M, Cassiani C et al (2024) Polyphenol-Rich extracts 
from agroindustrial waste and byproducts: results and perspec-
tives according to the green chemistry and circular economy. J 
Agric Food Chem 72:12871–12895. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​
.​j​a​f​c​.​4​c​0​0​9​4​5

Bodor A, Bellahsen N, Perei K et al (2024) Phytotoxicity evaluation of 
nutrient-fortified pomegranate Peel powders prepared from food 
waste and their feasibility as biofertilizers. Environ Dev Sustain 
26:3671–3685. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​6​6​8​-​0​2​2​-​0​2​8​5​2​-​z

Büttner D, Bonas U (2010) Regulation and secretion of Xanthomonas 
virulence factors. FEMS Microbiol Rev 34:107–133. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​5​7​​4​-​6​​9​7​6​.​​2​0​​0​9​.​0​0​1​9​2​.​x

Campos L, Seixas L, Dias S et al (2022) Effect of extraction method on 
the bioactive composition, antimicrobial activity and phytotoxic-
ity of pomegranate By-Products. Foods 11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​
9​0​​/​f​o​​o​d​s​1​1​0​7​0​9​9​2

pomegranate extracts in terms of germination percentage 
and root length for garden-cress seeds. Therefore, the tested 
levels in our study were found to be suitable for conducting 
in vivo experiments to assess the potential of PGPE against 
Xcc in Brassica rapa plants.

We utilized two different approaches to study the prog-
ress of the disease in Brassica rapa plants: one by applying 
a protective treatment of aqueous suspension of PGPE on 
the levels which were tested for in vitro studies (i.e., 0.025–
0.5%) and other to coat seeds with promising levels from in 
vitro results (i.e., 0.25% and 0.5%) and higher concentra-
tions which were found non-phytotoxic (i.e., up to 3%). The 
protective treatment of PGPE showed a decrease in visible 
symptoms development especially at 0.25% and 0.5% the 
results were comparable to those of copper treatment, which 
could be attributed to the fact that contact of bacterial cells 
with a protective layer of PGPE on leaf surfaces could have 
halted the penetration into the leave tissues along with inhi-
bition of viable cells and cell swimming, as we observed 
in in vitro experiments. These findings are supported 
by results of Elsherbiny et al. 2016 and Almasoudi et al. 
2024; who reported similar protective effects of pomegran-
ate peel extract in potato tubers. Likewise, Pangallo et al. 
2022 also reported that protective treatment of pomegran-
ate peel extracts significantly controlled the latent infection 
and symptoms development of olive anthracnose and leaf 
spot diseases. Additionally, the seed coating with PGPE also 
showed a decline in AUDPC in a dose-dependent manner 
with higher concentrations i.e., 2% and 3% showed results 
comparable to those in plants grown from heat treated 
seeds. This finding also emphasizes the potential of PGPE 
for sustainable and feasible control strategy for notorious 
seed borne diseases like black rot. Our results are supported 
by the findings of Mandiriza et al. 2018 who proved that 
seed treatment with plant extracts significantly reduce black 
rot disease incidence and severity on rape leaves. Moreover, 
as black rot is mainly seed borne infection, these findings 
could pave way for an economical and socially responsible 
control strategy for managing such diseases. The protective 
effect of PGPE on seeds as well as leaves suggests that it 
could serve as an alternative to chemical seed and foliar 
treatments, offering a more sustainable solution to control-
ling bacterial diseases in crop.

The in vitro and in vivo results demonstrate the multi-
faceted role of PGPE in inhibiting bacterial growth, motil-
ity, and biofilm formation, as well as in protecting Brassica 
rapa plants from foliar and seed-borne infections. PGPE’s 
safe application and significant efficacy make it an attractive 
alternative to chemical pesticides, paving the way for more 
sustainable agricultural practices. However, further research 
is required to optimize its use, valuating efficacy in various 
combinations and composite formulation with other novel 

1 3

https://doi.org/10.1016/j.jep.2005.11.025
https://doi.org/10.1016/j.jep.2005.11.025
https://doi.org/10.1007/978-981-16-0049-4_9
https://doi.org/10.1007/978-981-16-0049-4_9
https://doi.org/10.1007/s42161-024-01673-5
https://doi.org/10.1007/s42161-024-01673-5
https://doi.org/10.1111/j.1574-6968.2012.02622.x
https://doi.org/10.1111/j.1574-6968.2012.02622.x
https://doi.org/10.1016/j.foodres.2011.04.052
https://doi.org/10.1016/j.foodres.2011.04.052
https://doi.org/10.3390/plants10030453
https://doi.org/10.3390/plants10030453
https://doi.org/10.1021/acs.jafc.4c00945
https://doi.org/10.1021/acs.jafc.4c00945
https://doi.org/10.1007/s10668-022-02852-z
https://doi.org/10.1111/j.1574-6976.2009.00192.x
https://doi.org/10.1111/j.1574-6976.2009.00192.x
https://doi.org/10.3390/foods11070992
https://doi.org/10.3390/foods11070992


Journal of Plant Pathology

Group) in crop residues. Plant Pathol 60:661–670. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​3​​0​5​9​.​​2​0​​1​0​.​0​2​4​2​2​.​x

Luo Y, Liang J, Zeng G et al (2018) Seed germination test for toxicity 
evaluation of compost: its roles, problems and prospects. Waste 
Manag 71:109–114. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​w​a​s​m​a​n​.​2​0​1​7​.​0​9​.​0​
2​3

Macêdo NS, dos Santos Barbosa CR, Bezerra AH et al (2022) Evalu-
ation of ellagic acid and Gallic acid as efflux pump inhibitors in 
strains of Staphylococcus aureus. Biol Open 11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​2​4​2​​/​b​i​​o​.​0​5​9​4​3​4

Malvino ML (2024) Unraveling the dynamics of Xanthomonas’ fla-
gella: insights into host-pathogen interactions. PeerJ 12. Avail-
able at: ​h​t​t​p​​s​:​/​​/​p​e​e​​r​j​​.​c​o​​m​/​a​r​​t​i​c​​l​e​s​​/​1​8​2​0​4​/

Mandiriza G, Kritzinger Q, Aveling TAS (2018) The evaluation of 
plant extracts, biocontrol agents and hot water as seed treatments 
to control black rot of rape in South Africa. Crop Prot 114:129–
136. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​o​p​r​o​.​2​0​1​8​.​0​8​.​0​2​5

Martínez OF, Cardoso MH, Ribeiro SM, Franco OL (2019) Recent 
advances in anti-virulence therapeutic strategies with a focus on 
dismantling bacterial membrane microdomains, toxin neutraliza-
tion, quorum-sensing interference and biofilm Inhibition. Front 
Cell Infect Microbiol 9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​c​​i​m​b​.​2​0​1​9​.​0​0​0​
7​4

Negi PS, Jayaprakasha GK (2003) Antioxidant and antibacterial activ-
ities of Punica granatum Peel extracts. J Food Sci 68:1473–1477. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​2​​6​2​1​.​​2​0​​0​3​.​t​b​0​9​6​6​9​.​x

O’Toole GA (2011) Microtiter dish biofilm formation assay. J Vis Exp 
47:2437. https://doi.org/10.3791/2437

Onofri A, Pannacci E (2014) Spreadsheet tools for biometry classes 
in crop science programmes. Communications in Biometry and 
Crop Science 9 (2), 43–53. Available at: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​s​e​​a​r​c​h​​g​a​t​​
e​.​n​​e​t​/​​p​u​b​​l​i​c​a​​t​i​​o​n​/​​2​6​9​0​​3​6​2​​6​6​_​​S​p​r​​e​a​d​​s​h​e​e​​t​_​​t​o​o​​l​s​_​f​​o​r​_​​b​i​o​​m​e​t​​r​y​_​​c​
l​a​s​​s​e​​s​_​i​n​_​c​r​o​p​_​s​c​i​e​n​c​e​_​p​r​o​g​r​a​m​m​e​s

Pangallo S, Li Destri Nicosia MG, Agosteo GE, Schena L (2022) Con-
trol of Olive anthracnose and leaf spot disease by bloom treat-
ments with a pomegranate Peel extract. J Saudi Soc Agricultural 
Sci 21:248–254. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​s​s​a​s​.​2​0​2​1​.​0​9​.​0​0​1

Piddock LJ (2006) Clinically relevant chromosomally encoded mul-
tidrug resistance efflux pumps in bacteria. Clin Microbiol Rev 
19(2):382–402. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​8​​/​c​m​​r​.​1​​9​.​2​​.​3​8​2​​-​4​​0​2​.​2​0​0​6

Quattrucci A, Ovidi E, Tiezzi A et al (2013) Biological control of 
tomato bacterial speck using Punica granatum fruit Peel extract. 
Crop Prot 46:18–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​r​o​p​r​o​.​2​0​1​2​.​1​2​.​0​0​
8

Rongai D, Pulcini P, Pesce B, Milano F (2017) Antifungal activity of 
pomegranate Peel extract against fusarium wilt of tomato. Eur J 
Plant Pathol 147:229–238. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​6​5​8​-​0​1​6​-​0​
9​9​4​-​7

Rongai D, Pucci N, Cesari E et al (2023) Potential of endotherapeu-
tic treatments with pomegranate Peel extract to control the Olive 
quick decline syndrome (OQDS) caused by Xylella fastidiosa 
subsp. Pauca. Eur J Plant Pathol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​6​5​
8​-​0​2​3​-​0​2​7​8​0​-​2

Rossetti A, Mazzaglia A, Muganu M et al (2017) Microparticles con-
taining Gallic and ellagic acids for the biological control of bacte-
rial diseases of Kiwifruit plants. J Plant Dis Prot 124:563–575. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​4​​1​3​4​8​-​0​1​7​-​0​0​9​6​-​6

Russell HL (1898) A bacterial rot of cabbage and allied plants. Wis 
Agric Exp Stn Bull 65:1–39

Sabuquillo P, Cubero J (2021) Biofilm formation in Xanthomonas 
arboricola Pv. Pruni: structure and development. Agronomy 11. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​g​​r​o​n​o​m​y​1​1​0​3​0​5​4​6

Schiavi D, Francesconi S, Bischetti G et al (2022a) Antibacterial 
activity of coumarin as an innovative organic control strategy for 
Xanthomonas euvesicatoria pv. euvesicatoria. Journal of Plant 

Carvalho R, Duman K, Jones JB, Paret ML (2019) Bactericidal activ-
ity of Copper-Zinc hybrid nanoparticles on Copper-Tolerant Xan-
thomonas perforans. Sci Rep 9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​
1​9​-​5​6​4​1​9​-​6

Chen X, Zhang H, Li J, Chen L (2021) Analysis of chemical com-
pounds of pomegranate Peel polyphenols and their antibacterial 
action against Ralstonia solanacearum. South Afr J Bot 140:4–
10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​a​j​b​.​2​0​2​1​.​0​3​.​0​2​1

Cota D, Patil D (2023) Antibacterial potential of ellagic acid and Gal-
lic acid against IBD bacterial isolates and cytotoxicity against 
colorectal cancer. Nat Prod Res 37:1998–2002. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​8​0​​/​1​4​​7​8​6​​4​1​9​​.​2​0​2​​2​.​​2​1​1​1​5​6​0

Crossman L, Dow JM (2004) Biofilm formation and dispersal in Xan-
thomonas campestris. Microbes Infect 6:623–629. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​m​i​c​i​n​f​.​2​0​0​4​.​0​1​.​0​1​3

Dow JM, Crossman L, Findlay K, He Y-Q, Feng J-X, Tang J-L (2003) 
Biofilm dispersal in Xanthomonas campestris is controlled by 
cell-cell signaling and is required for full virulence to plants. Proc 
Natl Acad Sci U S A 100(19):10995–10000. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
7​3​​/​p​n​​a​s​.​1​8​3​3​3​6​0​1​0​0

El-Egami MA, Sayed HA (2017) Using pomegranate extracts (Punica 
granatum L.) and Rhizobium leguminosarum exopolysaccharides 
as antimicrobial and antibiofilm against plant pathogen. N. Egypt. 
J. Microbiol 48(September), 44–55. Available at: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​s​
e​​a​r​c​h​​g​a​t​​e​.​n​​e​t​/​​p​u​b​​l​i​c​a​​t​i​​o​n​/​​3​3​8​5​​0​0​4​​6​0​_​​U​S​I​​N​G​_​​P​O​M​E​​G​R​​A​N​A​​T​
E​_​E​​X​T​R​​A​C​T​​S​_​P​​U​N​I​​C​A​_​G​​R​A​​N​A​T​​U​M​_​L​​_​A​N​​D​_​R​​H​I​Z​​O​B​I​​A​
U​M​_​​L​E​​G​U​M​​I​N​O​S​​A​R​U​​M​_​E​​X​O​P​​O​L​Y​​S​A​C​C​​H​A​​R​I​D​​E​S​_​A​​S​_​
A​​N​T​I​​M​I​C​​R​O​B​​I​A​L​_​​A​N​​D​_​A​N​T​I​B​I​O​F​I​L​M​_​A​G​A​I​N​S​T​_​P​L​A​N​
T​_​P​A​T​H​O​G​E​N​_​B​Y

Elsherbiny EA, Amin BH, Baka ZA (2016) Efficiency of pomegran-
ate (Punica granatum L.) peels extract as a high potential natural 
tool towards Fusarium dry rot on potato tubers. Postharvest Biol 
Technol 111:256–263. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​o​s​​t​h​a​​r​v​b​i​​o​.​​2​0​1​5​
.​0​9​.​0​1​9

Gnanadhas DP, Marathe SA, Chakravortty D (2013) Biocides-resis-
tance, cross-resistance mechanisms and assessment. Expert Opin 
Investig Drugs 22:191–206. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​1​7​​/​1​3​​5​4​3​7​8​4​.​2​
0​1​3​.​7​4​8​0​3​5

Gregoriou G, Neophytou CM, Vasincu A et al (2021) Anti-Cancer 
activity and phenolic content of extracts derived from Cypriot 
Carob (Ceratonia siliqua L.) pods using different solvents. Mol-
ecules 26(16):5017. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​6​1​6​5​0​1​7

Hassanisaadi M, Vatankhah M, Kennedy JF et al (2025) Advance-
ments in Xanthan gum: A macromolecule for encapsulating plant 
probiotic bacteria with enhanced properties. Carbohydr Polym 
348. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​r​​b​p​o​​l​.​2​0​​2​4​​.​1​2​2​8​0​1

Hassen FG, Nijris ON, Mahmood AE (2020) Inhibition flagellin gene 
expression responsible for the movement of Helicobacter pylori 
bacteria exposition of pomegranate peel extract. Eur J Biosci 
14(2):5185–5191. Available at: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​s​e​​a​r​c​h​​g​a​t​​e​.​n​​e​t​/​​p​u​
b​​l​i​c​a​​t​i​​o​n​/​​3​4​5​9​​8​0​9​​7​8​_​​I​n​h​​i​b​i​​t​i​o​n​​_​f​​l​a​g​​e​l​l​i​​n​_​g​​e​n​e​​_​e​x​​p​r​e​​s​s​i​o​​n​_​​r​e​s​​p​
o​n​s​​i​b​l​​e​_​f​​o​r​_​​t​h​e​​_​m​o​v​​e​m​​e​n​t​​_​o​f​_​​H​e​l​​i​c​o​​b​a​c​​t​e​r​​_​p​y​l​​o​r​​i​_​b​​a​c​t​e​​r​i​a​​_​e​x​​
p​o​s​i​t​i​o​n​_​o​f​_​p​o​m​e​g​r​a​n​a​t​e​_​p​e​e​l​_​e​x​t​r​a​c​t

Kearns DB (2010) A field guide to bacterial swarming motility. Nat 
Rev Microbiol 8:634–644. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​r​​m​i​c​r​o​2​4​0​5

Kharchoufi S, Licciardello F, Siracusa L et al (2018) Antimicrobial 
and antioxidant features of ‘gabsiʼ pomegranate Peel extracts. Ind 
Crops Prod 111:345–352. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​n​d​​c​r​o​​p​.​2​0​​1​7​​
.​1​0​.​0​3​7

Kim M, Shim C, Lee J, Wangchuk C (2022) Hot Water Treatment 
as Seed Disinfection Techniques for Organic and Eco-Friendly 
Environmental Agricultural Crop Cultivation. Agriculture 12. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​g​​r​i​c​u​l​t​u​r​e​1​2​0​8​1​0​8​1

Köhl J, Vlaswinkel M, Groenenboom-de Haas BH et al (2011) Survival 
of pathogens of Brussels sprouts (Brassica Oleracea gemmifera 

1 3

https://doi.org/10.1111/j.1365-3059.2010.02422.x
https://doi.org/10.1111/j.1365-3059.2010.02422.x
https://doi.org/10.1016/j.wasman.2017.09.023
https://doi.org/10.1016/j.wasman.2017.09.023
https://doi.org/10.1242/bio.059434
https://doi.org/10.1242/bio.059434
https://peerj.com/articles/18204/
https://doi.org/10.1016/j.cropro.2018.08.025
https://doi.org/10.3389/fcimb.2019.00074
https://doi.org/10.3389/fcimb.2019.00074
https://doi.org/10.1111/j.1365-2621.2003.tb09669.x
https://doi.org/10.1111/j.1365-2621.2003.tb09669.x
https://doi.org/10.3791/2437
https://www.researchgate.net/publication/269036266_Spreadsheet_tools_for_biometry_classes_in_crop_science_programmes
https://www.researchgate.net/publication/269036266_Spreadsheet_tools_for_biometry_classes_in_crop_science_programmes
https://www.researchgate.net/publication/269036266_Spreadsheet_tools_for_biometry_classes_in_crop_science_programmes
https://doi.org/10.1016/j.jssas.2021.09.001
https://doi.org/10.1128/cmr.19.2.382-402.2006
https://doi.org/10.1016/j.cropro.2012.12.008
https://doi.org/10.1016/j.cropro.2012.12.008
https://doi.org/10.1007/s10658-016-0994-7
https://doi.org/10.1007/s10658-016-0994-7
https://doi.org/10.1007/s10658-023-02780-2
https://doi.org/10.1007/s10658-023-02780-2
https://doi.org/10.1007/s41348-017-0096-6
https://doi.org/10.1007/s41348-017-0096-6
https://doi.org/10.3390/agronomy11030546
https://doi.org/10.3390/agronomy11030546
https://doi.org/10.1038/s41598-019-56419-6
https://doi.org/10.1038/s41598-019-56419-6
https://doi.org/10.1016/j.sajb.2021.03.021
https://doi.org/10.1080/14786419.2022.2111560
https://doi.org/10.1080/14786419.2022.2111560
https://doi.org/10.1016/j.micinf.2004.01.013
https://doi.org/10.1016/j.micinf.2004.01.013
https://doi.org/10.1073/pnas.1833360100
https://doi.org/10.1073/pnas.1833360100
https://www.researchgate.net/publication/338500460_USING_POMEGRANATE_EXTRACTS_PUNICA_GRANATUM_L_AND_RHIZOBIAUM_LEGUMINOSARUM_EXOPOLYSACCHARIDES_AS_ANTIMICROBIAL_AND_ANTIBIOFILM_AGAINST_PLANT_PATHOGEN_BY
https://www.researchgate.net/publication/338500460_USING_POMEGRANATE_EXTRACTS_PUNICA_GRANATUM_L_AND_RHIZOBIAUM_LEGUMINOSARUM_EXOPOLYSACCHARIDES_AS_ANTIMICROBIAL_AND_ANTIBIOFILM_AGAINST_PLANT_PATHOGEN_BY
https://www.researchgate.net/publication/338500460_USING_POMEGRANATE_EXTRACTS_PUNICA_GRANATUM_L_AND_RHIZOBIAUM_LEGUMINOSARUM_EXOPOLYSACCHARIDES_AS_ANTIMICROBIAL_AND_ANTIBIOFILM_AGAINST_PLANT_PATHOGEN_BY
https://www.researchgate.net/publication/338500460_USING_POMEGRANATE_EXTRACTS_PUNICA_GRANATUM_L_AND_RHIZOBIAUM_LEGUMINOSARUM_EXOPOLYSACCHARIDES_AS_ANTIMICROBIAL_AND_ANTIBIOFILM_AGAINST_PLANT_PATHOGEN_BY
https://www.researchgate.net/publication/338500460_USING_POMEGRANATE_EXTRACTS_PUNICA_GRANATUM_L_AND_RHIZOBIAUM_LEGUMINOSARUM_EXOPOLYSACCHARIDES_AS_ANTIMICROBIAL_AND_ANTIBIOFILM_AGAINST_PLANT_PATHOGEN_BY
https://www.researchgate.net/publication/338500460_USING_POMEGRANATE_EXTRACTS_PUNICA_GRANATUM_L_AND_RHIZOBIAUM_LEGUMINOSARUM_EXOPOLYSACCHARIDES_AS_ANTIMICROBIAL_AND_ANTIBIOFILM_AGAINST_PLANT_PATHOGEN_BY
https://doi.org/10.1016/j.postharvbio.2015.09.019
https://doi.org/10.1016/j.postharvbio.2015.09.019
https://doi.org/10.1517/13543784.2013.748035
https://doi.org/10.1517/13543784.2013.748035
https://doi.org/10.3390/molecules26165017
https://doi.org/10.1016/j.carbpol.2024.122801
https://www.researchgate.net/publication/345980978_Inhibition_flagellin_gene_expression_responsible_for_the_movement_of_Helicobacter_pylori_bacteria_exposition_of_pomegranate_peel_extract
https://www.researchgate.net/publication/345980978_Inhibition_flagellin_gene_expression_responsible_for_the_movement_of_Helicobacter_pylori_bacteria_exposition_of_pomegranate_peel_extract
https://www.researchgate.net/publication/345980978_Inhibition_flagellin_gene_expression_responsible_for_the_movement_of_Helicobacter_pylori_bacteria_exposition_of_pomegranate_peel_extract
https://www.researchgate.net/publication/345980978_Inhibition_flagellin_gene_expression_responsible_for_the_movement_of_Helicobacter_pylori_bacteria_exposition_of_pomegranate_peel_extract
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.1016/j.indcrop.2017.10.037
https://doi.org/10.1016/j.indcrop.2017.10.037
https://doi.org/10.3390/agriculture12081081
https://doi.org/10.3390/agriculture12081081


Journal of Plant Pathology

Singh J, Kaur HP, Verma A, Chahal AS, Jajoria K, Rasane P, Kaur 
S, Kaur J, Gunjal M, Ercisli S, Choudhary R, Bozhuyuk MR, 
Sakar E, Karatas N, Sulusoglu Durul M (2023) Pomegranate Peel 
phytochemistry, Pharmacological properties, methods of extrac-
tion, and its application: A comprehensive review. ACS Omega 
8(39):35452–35469. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​o​m​e​g​a​.​3​c​0​2​5​8​6

Sundin GW, Castiblanco LF, Yuan X, Zeng Q, Yang CH (2016) Bacte-
rial disease management: challenges, experience, innovation and 
future prospects: challenges in bacterial molecular plant pathol-
ogy. Mol Plant Pathol 17(9):1506–1518. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​
m​p​​p​.​1​2​4​3​6

Uddling J, Gelang-Alfredsson J, Piikki K, Pleijel H (2007) Evaluat-
ing the relationship between leaf chlorophyll concentration and 
SPAD-502 chlorophyll meter readings. Photosynth Res 91:37–46. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​2​0​-​0​0​6​-​9​0​7​7​-​5

Vicente JG, Holub EB (2013) Xanthomonas campestris pv. campestris 
(cause of black rot of crucifers) in the genomic era is still a world-
wide threat to brassica crops. Mol Plant Pathol 14:2–18. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​4​-​3​​7​0​3​.​​2​0​​1​2​.​0​0​8​3​3​.​x

Yu Z, Hong Y, Zhao S et al (2024) Antibacterial effect of fermented 
pomegranate Peel polyphenols on Vibrio alginolyticus and its 
mechanism. Biology (Basel) 13. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​9​0​/​​b​i​o​l​o​g​y​
1​3​1​1​0​9​3​4

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Diseases and Protection 129:181–187. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​
4​​1​3​4​8​-​0​2​1​-​0​0​5​3​4​-​y

Schiavi D, Francesconi S, Taddei AR et al (2022b) Exploring cellulose 
nanocrystals obtained from Olive tree wastes as sustainable crop 
protection tool against bacterial diseases. Sci Rep 12. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​2​2​-​1​0​2​2​5​-​9

Shaner G, Finney RE (1977) The effect of nitrogen fertilization on the 
expression of slow-mildewing resistance in Knox wheat. Phyto-
pathology 67:1051–1056. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​4​​/​P​h​​y​t​o​-​6​7​-​1​0​5​1

Sheng XG, Branca F, Zhao ZQ et al (2020) Identification of black rot 
resistance in a wild brassica species and its potential transferabil-
ity to cauliflower. Agronomy 10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​g​​r​o​n​o​
m​y​1​0​0​9​1​4​0​0

Shigaki T, Nelson SC, Alvarez AM (2000) Symptomless Spread of 
Blight-inducing Strains of Xanthomonas campestris pv. campes-
tris on Cabbage Seedlings in Misted Seedbeds. European Journal 
of Plant Pathology 106, 339–346. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​3​​/​A​:​​1​0​0​
8​7​7​1​2​1​7​4​7​7

Siddiqui SA, Singh S, Nayik GA (2024) Bioactive compounds from 
pomegranate peels - Biological properties, structure–function 
relationships, health benefits and food applications – A compre-
hensive review. J Funct Foods 116:106132. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​j​f​f​.​2​0​2​4​.​1​0​6​1​3​2

Silva LN, Zimmer KR, Macedo AJ, Trentin DS (2016) Plant natu-
ral products targeting bacterial virulence factors. Chem Rev 
116(16):9162–9236. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​.​c​h​e​m​r​e​v​.​6​b​0​0​1​
8​4

Silva F, Gracia N, McDonagh BH et al (2019) Antimicrobial activity 
of biocomposite films containing cellulose nanofibrils and Ethyl 
Lauroyl arginate. J Mater Sci 54:12159–12170. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​0​7​​/​s​1​​0​8​5​3​-​0​1​9​-​0​3​7​5​9​-​3

Singh B, Singh JP, Kaur A, Singh N (2019) Antimicrobial potential of 
pomegranate Peel: a review. Int J Food Sci Technol 54(4):959–
965. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​i​j​​f​s​.​1​3​9​6​4

1 3

https://doi.org/10.1021/acsomega.3c02586
https://doi.org/10.1111/mpp.12436
https://doi.org/10.1111/mpp.12436
https://doi.org/10.1007/s11120-006-9077-5
https://doi.org/10.1007/s11120-006-9077-5
https://doi.org/10.1111/j.1364-3703.2012.00833.x
https://doi.org/10.1111/j.1364-3703.2012.00833.x
https://doi.org/10.3390/biology13110934
https://doi.org/10.3390/biology13110934
https://doi.org/10.1007/s41348-021-00534-y
https://doi.org/10.1007/s41348-021-00534-y
https://doi.org/10.1038/s41598-022-10225-9
https://doi.org/10.1038/s41598-022-10225-9
https://doi.org/10.1094/Phyto-67-1051
https://doi.org/10.3390/agronomy10091400
https://doi.org/10.3390/agronomy10091400
https://doi.org/10.1023/A:1008771217477
https://doi.org/10.1023/A:1008771217477
https://doi.org/10.1016/j.jff.2024.106132
https://doi.org/10.1016/j.jff.2024.106132
https://doi.org/10.1021/acs.chemrev.6b00184
https://doi.org/10.1021/acs.chemrev.6b00184
https://doi.org/10.1007/s10853-019-03759-3
https://doi.org/10.1007/s10853-019-03759-3
https://doi.org/10.1111/ijfs.13964

	﻿Pomegranate peel extract as a sustainable plant protection agent against ﻿Xanthomonas campestris﻿ pv. ﻿campestris﻿: mechanisms and applications
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bacterial strain, pomegranate peel extract, pure compounds and plant material
	﻿Total phenolic and flavonoids content, acidity and pH analysis
	﻿Polyphenols content analysis by using liquid chromatography–tandem mass spectrometry
	﻿Antimicrobial activity under in vitro conditions
	﻿Effect of EA, GA and PGPE on Xcc growth
	﻿Effect of EA, GA and PGPE on swimming motility of Xcc
	﻿Effect of EA, GA and PGPE on biofilm production of Xcc


	﻿Efficacy of PGPE against Xcc under in vivo conditions
	﻿Biocompatibility of PGPE with ﻿Brassica rapa﻿ plants and seeds
	﻿Effect of protective treatment of PGPE against foliar infection of Xcc on ﻿Brassica rapa﻿ plants
	﻿Effect of ﻿Brassica rapa﻿ seed coating with PGPE against Xcc infection

	﻿Statistical analysis
	﻿Results
	﻿Chemical characterization and analysis of PGPE
	﻿Antimicrobial effects of EA, GA, and PGPE under in vitro condition
	﻿Effect of EA, GA, and PGPE on in vitro growth of Xcc
	﻿Effect of EA, GA, and PGPE on swimming motility of Xcc
	﻿Effect of EA, GA, and PGPE on biofilm production by Xcc


	﻿Biocompatibility and efficacy of PGPE as foliar treatment and seed coating against black rot in ﻿Brassica rapa﻿
	﻿Biocompatibility
	﻿Efficacy of protective treatment of PGPE on ﻿Brassica rapa﻿ plants against foliar Xcc infection
	﻿Efficacy of PGPE seed coating against seed borne Xcc infectiom in ﻿Brassica rapa﻿ plants

	﻿Discussion
	﻿References


