& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Amira Zairi,
University of Sousse, Tunisia

REVIEWED BY

Shraddha Maitra,

University of lllinois at Urbana-Champaign,
United States

Ali Chenari Bouket,

Agricultural Research, Education and
Extension Organization, Iran

*CORRESPONDENCE

Peggy Marconi
mcyQ@unife.it

Benedetta Chiancone
benedetta.chiancone@unipr.it

These authors have contributed equally to
this work

RECEIVED 15 July 2025
ACCEPTED 21 August 2025
PUBLISHED 07 November 2025

CITATION

Fontana R, Leto L, Ortore MG, Guarrasi V,
Pula W, Esposito E, Bigi F, Chiancone B and
Marconi P (2025) Hop biomass waste against
fire blight and black rot: an eco-friendly
approach to crop protection.

Front. Microbiol. 16:1665767.

doi: 10.3389/fmicb.2025.1665767

COPYRIGHT

© 2025 Fontana, Leto, Ortore, Guarrasi, Pula,
Esposito, Bigi, Chiancone and Marconi. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 07 November 2025
pol 10.3389/fmicb.2025.1665767

Hop biomass waste against fire
blight and black rot: an
eco-friendly approach to crop
protection

Riccardo Fontana'!, Leandra Leto?, Maria Grazia Ortore?,
Valeria Guarrasi®, Walter Pula?, Elisabetta Esposito?,
Francesco Bigi®, Benedetta Chiancone?** and Peggy Marconi®’*

!Department of Chemical, Pharmaceutical and Agricultural Sciences, University of Ferrara, Ferrara,
Italy, 2Department of Food and Drug Sciences, University of Parma, Parma, Italy, *Department of Life
and Environmental Sciences, Marche Polytechnic University, Ancona, Italy, *Institute of Biophysics,
National Research Council (CNR), Palermo, Italy, °Packtin srl, Reggio Emilia, Italy, °Department of
Environmental and Prevention Sciences, University of Ferrara, Ferrara, Italy, ’LTTA Laboratory for
Advanced Therapies, Technopole of Ferrara, Ferrara, Italy

Hop is a perennial, deciduous climbing plant best known for its use in beer production.
Recently, in line with the Green Strategy of Agenda 2030 and increasing market
demand, research and industry interest in natural products has grown. In this
context, hop biomass waste (HW), such as leaves, stems and non-standardized
cones discarded after cone harvesting, has been shown to contain a wealth of
bioactive compounds. These compounds offer promising applications in several
productive sectors, including the pesticide industry. This study aims to evaluate
the effect of extracts obtained from powdered HW (HWP) on two quarantine
phytopathogenic bacteria: Erwinia amylovora (EA), the causal agent of fire blight
in Rosaceae, and Xanthomonas campestris pv. campestris (Xcc), the causal agent
of black rot in crucifers. Both diseases are highly destructive and economically
impactful, necessitating the search for effective and eco-friendly alternatives.
Various extracts were prepared, including two hydroalcoholic ones (ethanol/water
80:20 and 70:30), one ethanolic extract, and one methanolic extract. The potential
mechanisms of action were investigated, with a focus on bacterial membrane
permeability, biofilm formation and removal, and antioxidant activity, assessed
using the Folin—Ciocalteu test. The in vitro analyses demonstrated that HWP
extracts exhibit significant antibacterial activity against both EA and Xcc by altering
bacterial membrane permeability, inhibiting biofilm formation, and promoting
biofilm removal. The Folin—Ciocalteu test confirmed the presence of polyphenols,
suggesting antioxidant activity. In planta tests provided realistic insights into the
interaction between plants, bacteria, and extracts, showing promising results for
the use of HWP extracts in controlling these phytopathogens. The study highlights
the high efficacy, eco-friendliness, and sustainability of low-cost HWP extracts as
a potential strategy for controlling fire blight and black rot. HWP extracts could
serve as an alternative to traditional synthetic pesticides and antibiotics, promoting
more sustainable and environmentally friendly agricultural practices, in line with
Sustainable Development Goal 2 of the 2030 Agenda.

KEYWORDS
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1 Introduction

Plant diseases caused by phytopathogens represent a growing
threat to global agriculture, leading to substantial economic losses and
impacting food security. Among these pathogens, bacteria such as
Xanthomonas campestris pv. campestris (Xcc) and Erwinia amylovora
(EA) are especially known for their virulence and the severe diseases
they induce in crops (Vicente and Holub, 2013; Vanneste, 2001).

Xanthomonas campestris pv. campestris (Xcc) is the causative agent
of black rot in cruciferous vegetables, including cabbage, broccoli, and
cauliflower (Liu et al., 2022). This pathogen uses various virulence
factors to infect host plants. Key factors in this process include the
type III secretion system (T3SS) and its associated effector proteins,
which enable the injection of bacterial proteins directly into plant
cells, subverting host defenses and promoting infection (Zhou et al.,
2020). Additionally, Xcc produces extracellular polysaccharides (EPS),
such as xanthan gum, which contribute to biofilm formation and
protect the bacteria from plant immune responses.
Lipopolysaccharides (LPS) in the bacterial outer membrane also play
a crucial role in biofilm development, evading host detection and
enhancing virulence (Vorholter et al., 2001). The impact of these
virulence factors is profound, leading to the characteristic V-shaped
lesions on leaves, systemic infection, and significant yield losses in
affected crops.

Similarly, Erwinia amylovora (EA), the pathogen responsible for
fire blight in members of the Rosaceae family, such as apple and pear
trees, utilizes a sophisticated arsenal of virulence factors (Vanneste,
2022). The T3SS in EA is essential for its pathogenicity, delivering
effector proteins that manipulate host cellular processes to promote
bacterial colonization. Another critical virulence factor is amylovoran,
an exopolysaccharide that facilitates biofilm formation and protects
the bacteria from environmental stresses and host immune responses.
Additionally, EA employs quorum-sensing mechanisms to coordinate
the expression of virulence genes in response to population density,
enhancing its ability to cause disease. The rapid spread and severe
symptoms of fire blight, including shoot blight and fruit
mummification, highlight the devastating impact of these virulence
factors on orchard productivity (Piqué et al., 2015).

In the pursuit of sustainable disease management, the use of plant-
derived compounds has garnered significant interest (Astray et al.,
2020). This growing interest has the development of sustainable
production models and an increasing emphasis on food safety, driving
integrated pest management (IPM) efforts and the use of plant extracts
as “green agrochemical products” By evaluating the richness of
bioactive compounds in these extracts, IPM strategies can improve
pest control efficacy while promoting ecological balance, ultimately
contributing to resilient agricultural systems consistent with
sustainability goals.

Humulus lupulus L., commonly known as hops, is a plant
renowned for its antimicrobial properties. Hop extracts, mainly
derived from the cones of Humulus lupulus L., but not exclusively,
contain a wide range of bioactive compounds that contribute to their
antimicrobial effects (Astray et al., 2020; Zanoli and Zavatti, 2008).
The key components include alpha acids, such as humulone,
cohumulone, and adhumulone, which are the primary bitter
compounds in hops and are known for their antimicrobial activity,
especially against Gram-positive bacteria. Beta acids, including
lupulone, colupulone, and adlupulone, also have antimicrobial
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properties and, while less bitter than alpha acids, significantly enhance
the overall antimicrobial efficacy of hop extracts. Besides these acids,
hop extracts are rich in essential oils like myrcene, humulene,
caryophyllene, and farnesene. These oils not only provide the
characteristic aroma of hops but also exhibit antimicrobial and
antioxidant properties. Polyphenols, such as flavonoids and phenolic
acids like quercetin and xanthohumol, are another crucial component.
These compounds are known for their antioxidant properties, which
help neutralize reactive oxygen species and defend cells from oxidative
damage. Terpenes and terpenoids, including compounds like
limonene and linalool, contribute to the aromatic profile of hops but
also have demonstrated antimicrobial and anti-inflammatory
properties (Bocquet et al., 2019; Di Sotto et al., 2018). Additionally,
hop extracts contain minor components such as hard resins, waxes,
chlorophylls, and inorganic salts, which can also contribute to their
overall bioactivity.

The antimicrobial properties of hop extracts are particularly
noteworthy: a- and f-acids disrupt bacterial cell membranes, leading
to cell lysis and death; essential oils and polyphenols further enhance
this effect by interfering with bacterial metabolism and protecting
against oxidative stress.

Recent studies have focused not only on extracts from hop cones
but also on the characterization and utilization of bioactive
compounds in hop leaves. Traditionally, after harvesting the cones,
large amounts of hop biomass, including leaves and stems, are treated
as waste and composted; however, this biomass is rich in phenolic
compounds such as flavonols, prenylflavonoids and proanthocyanidins
(Chiancone et al., 2023; Leto et al., 2024; Sabbatini et al., 2024;
Macchioni et al.,, 2021). These compounds possess antioxidant,
antimicrobial, and estrogenic effects (Santarelli et al., 2021) and are
produced by the plant as part of its natural defense mechanisms
against biotic and abiotic stress factors (Kunej et al., 2020). These
properties make hop biomass extracts a promising natural alternative
for managing plant diseases and reducing reliance on synthetic
chemicals (Karabin et al., 2016). Incorporating hop extracts into
disease management strategies not only leverages their antimicrobial
properties but also aligns with sustainable agricultural practices,
reducing the environmental impact of chemical pesticides and
promoting healthier crop production systems. Understanding the
virulence mechanisms of phytopathogens like Xcc and EA, along with
exploring the antimicrobial potential of plant extracts such as those
from Humulus lupulus agricultural waste, is crucial for developing
effective and sustainable approaches to plant disease management and
favoring a circular economy.

In this study, powdered hop biomass waste was used to produce
extracts that could serve as innovative solutions for protecting crops
and vegetables from bacterial diseases.

2 Materials and methods
2.1 Plant material and extracts preparation

The Cascade hop plants were grown at Azienda Agricola Ludovico
Lucchi in Campogalliano (MO), Emilia-Romagna, Italy (44°42"19.9"N,
10°50"26.1”E). This American aroma variety, introduced in 1972 by
Oregon State University and the USDA (Padgitt-Cobb et al., 2021),
originates from a breeding program in which Fuggle was crossed with
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a hybrid of Serebrianka and a Fuggle seedling, followed by open
pollination (Henning et al., 2018).

Fresh hop biomass waste, including stems, leaves and discarded
cones, were dried at 35°C in a low-temperature dryer (model PKT
2022, Packtin srl, Reggio Emilia, Italy) until a relative humidity of
6.0 = 0.5% was reached. The dried material was then ground with a
hammer mill (model Rapide 200Z, Nuova Guseo S.r.l., Villanova
sullArda, Italy), and sieved through a 1,000 pm fine sieve to obtain a
fine powder (HWP), which was stored at room temperature in
low-density polyethylene bags.

For the next employment of this matrix, we used ethanol,
methanol, which were purchased from Sigma-Aldrich, and distilled
water. All chemicals used were of analytical grade (>99%). The hop
extracts subsequently prepared and described in the next paragraphs
were tested in a final concentration range of 10 mg/mL to 1 pg/mL,
using stock solutions initially prepared at 400 mg/mL in the respective
solvents (ethanol, methanol, 80:20, and 70:30 ethanol: water). These
stock solutions were then diluted in sterile distilled water prior to
application in all biological assays. As a result, although the initial
solvent used for extraction and stock preparation had high ethanol
content (e.g., 80%), the final solvent concentration in the wells was
extremely low, typically <1% v/v, and insufficient to exert any
antimicrobial effect on the cultures. This was also confirmed by the
solvent-only controls, which showed no measurable inhibition of
bacterial growth, thus ensuring that the biological effects observed
were due to the active compounds in the hop extracts and not the
solvent itself.

2.1.1 Ethanolic extraction

10 g of HWP were mixed with 100 mL of ethanol. The mixture
was treated with ultrasound at a power of 87.5 for 30 min at room
temperature. Subsequently, it was macerated at 40°C for 10 min under
constant rotation, which was repeated three times with fresh ethanol.
After each maceration step, the extracts were filtered through a
Biichner funnel using Whatman filter paper No. 1. The combined
filtrates (300 mL) were completely evaporated under reduced pressure
using a rotary evaporator. The residue was weighted, resuspended in
ethanol and stored at —20°C until further analysis. For microbiological
assays, the extracts, initially solubilized in a minimal volume of
ethanol, were subsequently diluted with sterile distilled water to
achieve the desired final concentrations, thereby minimizing any
solvent-related effects on bacterial growth (Hrnci¢ et al, 2019
Panzella et al., 2020). The extraction yield was 8.6% (w/w). All solvents
were evaporated under reduced pressure using a rotary evaporator.
The final dried residues were resuspended in the same solvent used for
extraction and stored at —20°C. No specific solvent residue analysis
(e.g., GC-MS or ethanol quantification) was performed on the
final extracts.

2.1.2 Hydroalcoholic extraction (80:20)

10 g of HWP were mixed with 100 mL of an 80:20 (v/v) ethanol/
water solution. The mixture was treated with ultrasound at a power of
87.5 for 30 min at room temperature. Subsequently, it was macerated at
40°C for 10 min under continuous rotation, which was repeated three
times with fresh 80:20 ethanol-water solution. After each maceration
step, the extracts were filtered through a Biichner funnel using Whatman
filter paper No. 1. The combined filtrates were evaporated under reduced
pressure using a rotary evaporator. The residue was weighted,
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resuspended in ethanol and water and stored at —20°C until further
analysis. For microbiological assays, the extracts, initially solubilized in
a minimal volume of hydroalcoholic solution, were subsequently diluted
with sterile distilled water to achieve the desired final concentrations,
thereby minimizing any solvent-related effects on bacterial growth. The
extraction yield was 10.2% (w/w). All solvents were evaporated under
reduced pressure using a rotary evaporator. The final dried residues were
resuspended in the same solvent used for extraction and stored at
—20°C. No specific solvent residue analysis (e.g., GC-MS or ethanol
quantification) was performed on the final extracts.

2.1.3 Hydroalcoholic extraction (70:30)

10 g of HWP were mixed with 100 mL of a 70:30 (v/v) ethanol/
water solution. The mixture was treated with ultrasound at a power of
87.5 for 30 min at room temperature. Subsequently, the HWP was
macerated at 40°C for 10 min under continuous rotation, which was
repeated three times with fresh 70:30 ethanol-water solution. After
each maceration step, the extracts were filtered through a Biichner
funnel using Whatman filter paper No. 1. The combined filtrates were
evaporated under reduced pressure using a rotary evaporator. The
residue was weighted, resuspended in ethanol and water and stored at
—20°C until further analysis. For microbiological assays, the extracts,
initially solubilized in a minimal volume of the hydroalcoholic
solution, were subsequently diluted with sterile distilled water to
achieve the desired final concentrations, thereby minimizing any
solvent-related effects on bacterial growth. The extraction yield was
9.1% (w/w). All solvents were evaporated under reduced pressure
using a rotary evaporator. The final dried residues were resuspended
in the same solvent used for extraction and stored at —20°C. No
specific solvent residue analysis (e.g, GC-MS or ethanol
quantification) was performed on the final extracts.

2.1.4 Methanolic extraction

10 g of HWP were mixed with 100 mL of methanol. The mixture
was treated with ultrasound at a power of 87.5 for 30 min at room
temperature. Subsequently, the hop powder was macerated at 40°C for
10 min under constant rotation, which was repeated three times with
fresh methanol. After each maceration step, the extracts were filtered
through a Biichner funnel using Whatman filter paper No. 1. The
combined filtrates were evaporated under reduced pressure using a
rotary evaporator. The residue was weighted, resuspended in methanol
and stored at —20°C until further analysis. For microbiological assays,
the extracts, initially solubilized in a minimal volume of methanol,
were subsequently diluted with sterile distilled water to achieve the
desired final concentrations, thereby minimizing any solvent-related
effects on bacterial growth. The extraction yield was 7.8% (w/w). All
solvents were evaporated under reduced pressure using a rotary
evaporator. The final dried residues were resuspended in the same
solvent used for extraction and stored at —20°C. No specific solvent
residue analysis (e.g, GC-MS or ethanol quantification) was
performed on the final extracts.

2.2 Chemical analysis
2.2.1 Total polyphenol content

The total phenolic content (TPC) was measured using the Folin—
Ciocalteu method based on Martelli et al. (2020). For this analysis,
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250 pL of the extract was mixed with 1 mL of a 1:10 (v/v) dilution of
Folin-Ciocalteu phenol reagent (Sigma-Aldrich, St. Louis, MO,
United States) and 2 mL of a 20% (w/v) aqueous sodium carbonate
solution. The mixture was allowed to stand in the dark for 30 min and
then the absorbance was measured at 760 nm using a JASCO V-530
spectrophotometer (Easton, MD, United States).

A gallic acid calibration curve with five concentration points
(10-100 mg/kg) was used as a standard reference to quantify the
polyphenols. Each sample extract was tested in triplicate, with results
expressed as milligrams of gallic acid equivalents per gram of sample
(mg GAE/g).

2.2.2 Antioxidant activity of extracts

The antioxidant activity of the extracts was evaluated using a
DPPH radical scavenging assay based on the method described by
Abram et al. (2015) with slight adaptations. For this procedure, 100 pL
of each sample, different extracts, or standard solution was added to
2.9 mL of a 0.05 mM ethanolic DPPH solution (Sigma-Aldrich, St.
Louis, MO, United States). The solution was incubated in the dark for
30 min, and the absorbance was then recorded at 517 nm using a
JASCO V-530 spectrophotometer (Easton, MD, United States). Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) from
Sigma-Aldrich was used to generate a calibration curve for
quantification of antioxidant activity, with standard solutions ranging
from 0.1 to 1 mM. A control sample consisting in ascorbic acid (ASC)
was used. A blank sample containing only 100 pL of the extraction
solution was also analyzed under the same conditions.

2.3 In vitro antimicrobial properties of
extracts

2.3.1 Tested microorganisms

The EA and Xcc isolates employed in this study were kindly
supplied by the Plant Protection Agency of Emilia-Romagna, whereas
the reference strains DSM 30165 and DSM 3586, obtained from the
Leibniz Institute DSMZ-German Collection of Microorganisms, were
used as controls. Bacterial cultures were maintained on Luria Bertani
(LB) agar (30 g/L), R2A agar (specifically for Xcc), or in LB broth
(Liofilchem, Roseto degli Abruzzi, Italy), with incubation temperatures
consistently maintained between 25 and 28°C. Inoculum concentrations
were selected in accordance with established protocols and previously
reported data, as referenced in the corresponding sections. For biofilm
formation assays, a higher inoculum density of 10° CFU/mL was
employed to enhance the robustness and expedite the development of
biofilms. A similarly elevated inoculum was utilized in the in-planta
trials. Propidium iodide (PI) and cetylpyridinium chloride (CPC)
assays were conducted using bacterial suspensions ranging from 10* to
10’ CFU/mL to assess membrane permeability and amylovoran
production. Following preliminary analyses and in accordance with the
literature, an inoculum concentration of 10° CFU/mL was subsequently
selected as the standardized condition for downstream applications.

2.3.2 Determination of minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC)

The minimum inhibitory concentration (MIC) of the hop water
phase (HWP) extracts was determined using the broth microdilution
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method, following the guidelines established by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
(European Committee for Antimicrobial Susceptibility Testing, 2003).
Initially, EA cultures were grown overnight at 28°C in LB broth with
constant agitation at 160 rpm in a MaxQ 4,000 incubator (Thermo
Scientific Italia, Milan, Italy). Aliquots of the HWP extract stock
solutions were subsequently added to LB broth to achieve an initial
concentration of 10,000 pg/mL in the first well of each row in sterile
96-well microtiter plates (Promega, Madison, WI, United States).
Serial twofold dilutions were then performed in LB medium directly
within the microplate, generating a concentration gradient from
10,000 to 5 pg/mL, with a final volume of 200 pL per well. Each well
was then inoculated with 10 pL of the overnight bacterial suspension,
resulting in a standardized inoculum of 10* CFU/mL. Plates were
incubated under static conditions at 25°C for 48 h. Bacterial growth
was subsequently assessed by measuring turbidity at ODsoo using a
GloMax® spectrophotometer (Promega, Madison, W1, United States).
The same experimental procedure was applied to Xcc. Data represent
the mean values from three independent experiments; each conducted
in triplicate. Streptomycin and tetracycline, used at their respective
MICs reported in the literature, were included as reference
antimicrobial agents. Solvent-only treatments were included as
negative controls to isolate the effect of hop-derived compounds from
the intrinsic antimicrobial activity of the solvents themselves.

2.3.3 Biofilm studies: biofilm formation and
removal activity of the extracts/antibiofilm
activity

EA and Xcc are recognized for their pronounced capacity to form
biofilms, a pivotal process in their pathogenic life cycle. The impact of
hop extracts on biofilm development was assessed using the crystal
violet microplate assay, following the methodology outlined by Wilson
et al. (2017). EA cultures were adjusted to a final concentration of
10° CFU/mL in LB broth; for biofilm inhibition assays, subinhibitory
concentrations (subMICs) of hop extracts were incorporated into each
well of a 96-well U-bottom microplate. Plates were incubated statically
at 25°C for 72 h to allow biofilm formation. Upon completion of
incubation, the medium, hop extracts, and planktonic cells were
carefully aspirated, and wells were gently rinsed with deionized water
to remove residual non-adherent bacteria. For biofilm disruption
assays, hop extracts were introduced at this stage onto pre-formed
biofilms and incubated for an additional 24 h under the same
conditions. Following treatment, a 1% crystal violet solution was
added to each well and incubated at room temperature for 30 min to
stain the adherent biofilm matrix. Excess stain was removed by
successive washes with deionized water. To solubilize the bound dye,
200 pL of 95% ethanol was added per well and incubated for 15 min
at room temperature. The contents were then transferred to a clean,
sterile microplate, and the absorbance was measured at 570 nm using
a microplate reader (Promega, Madison, W1, United States). The same
protocol was applied to Xcc. Quantitative analyses were based on three
independent biological replicates, each performed in triplicate.

2.3.4 Membrane permeability test

EA bacterial suspensions were cultured in LB broth at 25°C for
24 h. Subsequently, aliquots containing 10° CFU/mL were transferred
into individual Eppendorf tubes supplemented with hop extracts at
their respective MIC and subinhibitory (%2 MIC) concentrations.
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These suspensions were incubated for 180, 120, 60, and 5 min.
Following incubation, samples were centrifuged at 10,000 rpm for
5 min and washed with phosphate-buffered saline (PBS). The resulting
pellets were resuspended in a 0.5% solution of propidium iodide (PI)
and incubated for 15 min in the dark to prevent photoactivation.
Fluorescence intensity was then measured in 96-well black microplates
using a fluorescence microplate reader (Promega, Madison, WI,
United States) (Crowley et al., 2016; Kirchhoff and Cypionka, 2017).
Untreated EA suspensions served as the negative control, whereas cells
treated with 10% sodium hypochlorite functioned as the positive
control. The identical experimental setup was applied to Xcc. All data
were derived from three independent experiments, each performed
in triplicate.

2.3.5 Amylovoran production test

Amylovoran represents a major exopolysaccharide and key
virulence determinant in Erwinia amylovora (EA), whose
pathogenicity is primarily mediated by the type III secretion system
(T3SS) and amylovoran biosynthesis. Quantification of amylovoran
production was performed using the cetylpyridinium chloride (CPC)
assay, as previously described by (Bellemann et al. (1994). Briefly, EA
cultures were centrifuged overnight at 4°C, and the resulting cell
pellets were washed with phosphate-buffered saline (PBS). The pellets
were then diluted 1:100 into a modified Burkholderia minimal agar
(MBMA) medium, composed of 3 g KH,PO,4 7 gK,HPO,, 1g
(NH,4),SO4, 2 mL glycerol, 0.5 g citric acid, and 0.03 g MgSO,, and
further supplemented with 1% sorbitol and hop extracts at subMIC
concentrations. Following incubation, the culture supernatants were
collected and reacted with CPC by adding 50 pL of a 50,000 pg/mL
CPC solution per mL of supernatant and incubating for 10 min at
room temperature. Untreated EA cells served as the control.
Amylovoran production was quantified by measuring turbidity at
ODsoo using a spectrophotometer, and the results were interpreted
based on a standard calibration curve correlating absorbance with
amylovoran concentration. All experiments were conducted in
triplicate across three independent biological replicates.

2.4 In planta and ex planta evaluations

2.4.1 In planta activity of extracts on Pyrus
communis trees

Erwinia amylovora (EA) strains were cultured in 5 mL of Luria-
Bertani (LB) broth at 28°C for 24 h. Following incubation, bacterial
cells were harvested by centrifugation and resuspended in phosphate-
buffered saline (PBS) to obtain a final concentration of 10’ CFU/
mL. Greenhouse-based pathogenicity assays were carried out on
two-year-old Pyrus communis cv. “San Pietro” pear seedlings (Mendes
etal., 2021). For each treatment group, three independent trees were
used; on each tree, three separate shoots were selected for inoculation
and subsequent treatment. Plants were maintained under controlled
environmental conditions throughout the trial: 25°C ambient
temperature, 70% relative humidity, and approximately 12 h of natural
light per day. In the control group, a 50 pL aliquot of the EA
suspension was introduced into actively growing shoots (15-20 cm in
length) using scissor inoculation. For the treatment group, an identical
inoculation protocol was followed, and after the appearance of disease
symptoms (7 days post-inoculation), hop extracts at their minimum
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inhibitory concentration (MIC) were sprayed directly onto the
infected shoots. Disease symptoms were monitored at 14 and 28 days
post-inoculation. Both total shoot length and lesion (necrotic) length
were measured, and the severity of fire blight infection was expressed
as a disease index (DI), calculated as: DI = (lesion length/total shoot
length) x 100. Each condition was evaluated in triplicate to ensure
statistical robustness and reproducibility. Lesion areas were further
quantified using Image] software (version 2.9, Fiji Image] for macOS,
NIH, Maryland, United States), following the procedure described by
Schneider et al. (2012).

2.4.2 Ex planta activity of extracts on Brassica
leaves

To evaluate the ex-planta antimicrobial efficacy of hop extracts,
previously shown to possess bactericidal activity in vitro, against
Xanthomonas campestris pv. campestris (Xcc) on Brassica oleracea
var. capitata (cabbage), the following experimental protocol was
employed. A total of 200 pL of Xcc bacterial suspension was
inoculated into 5 mL of Luria-Bertani (LB) broth and incubated
for 48 h at 28°C with agitation at 120 rpm. After incubation,
cultures were centrifuged, and the bacterial pellet was resuspended
in phosphate-buffered saline (PBS) to obtain a final concentration
of 107 CFU/mL. Four cabbage leaves of similar weight (variation
within £10%) were selected for analysis. Sterile scissors were
immersed in the Xcc suspension, and three of the leaves were cut
into uniform strips and placed into separate sterile plastic bags.
The fourth leaf was similarly processed using sterile scissors
without prior contact with the bacterial suspension, serving as the
bacteria-free control. Two hydroalcoholic hop extracts (80:20 and
70:30 v/v ethanol:water) were tested at their minimum inhibitory
concentration (MIC) of 1 mg/mL. Each extract was diluted in
sterile water to a final volume of 5mL and sprayed into its
corresponding plastic bag. The remaining two bags, the negative
control (uninfected leaf) and the positive control (infected,
untreated leaf), received 5 mL of sterile water. All samples were
sealed and stored at 4°C. From day 1 to day 30 of refrigerated
storage, visual inspection was performed daily, and any necrotic
lesions that developed on the cabbage leaves were documented and
compared with control samples to assess antimicrobial efficacy.

2.5 Statistical analysis

Statistical analyses were conducted using GraphPad Prism
Software v.9.0.0 for MacOS (GraphPad Software, San Diego,
California, United States). Comparisons were made by using one-way
and two-way ANOVA followed by Dunnett’s post hoc test to analyze
the effect of extracts and their concentration on microbial growth and
virulence factors. p <0.05 or p <0.01 was used depending on
the analysis.

3 Results
3.1 Folin—Ciocalteu test and DPPH assay

Phenolic compounds are widely present in both edible and
non-edible plants and are known for their various biological effects,
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particularly for their antioxidant properties. Plant materials rich in
phenols are increasingly attracting interest in the food industry due to
their ability to slow oxidative lipid degradation, thereby improving food
quality and nutritional value. Moreover, these antioxidant compounds
play a crucial role in health maintenance, contributing to the prevention
of coronary heart disease and cancer (Agati et al., 2012; Kowalczyk
etal, 2013).

To assess the total polyphenol content in the extracts, the Folin—
Ciocalteu test was employed, and the results are summarized in Table 1.

From these values, it is evident that the total polyphenol content in
the methanolic, ethanolic, and hydroalcoholic (70:30) extracts is
comparable, while the hydroalcoholic extract (80:20) contains the
highest amount of polyphenols. Notably, this extract also exhibited the
highest extraction yield among all tested extracts. These findings align
with literature reports; for instance, Gorjanovi¢ et al. found a total
polyphenol content of 42.44 + 0.88 pg GAE/mg in their methanolic
extract, while Kowalczyk et al. (2013) and Gorjanovi¢ et al. (2013)
analyzed hydroalcoholic extracts (50:50 methanol/water and ethanol/
water) with values of 49.66 pg GAE/mg and 52.74 pg GAE/mg,
respectively (Kowalczyk et al., 2013; Gorjanovic et al., 2013). In facts,
ethanol:water mixtures offer an optimal balance between polarity and
solubility, enhancing the extraction of both polar and moderately
non-polar phenolic compounds (Hrn¢ic et al., 2019).

The DPPH assay results reveal that the antioxidant activity of
the compounds present in the ethanolic and hydroalcoholic
extracts (70:30 and 80:20) is notably comparable (Figure 1), while
the methanolic extract exhibits the lowest antioxidant capacity
among all tested extracts. This variation in antioxidant activity
can be attributed to the differences in the chemical composition
and solubility of the bioactive compounds extracted by each
solvent. Ethanol and hydroalcoholic mixtures are particularly
effective at solubilizing a wide range of phenolic compounds and
flavonoids, which are known for their strong antioxidant
properties. These compounds can scavenge free radicals, thereby
mitigating oxidative stress. In contrast, methanol may not extract
the same diversity or concentration of these beneficial molecules,
leading to its reduced efficacy in antioxidant activity (Azieana
et al., 2017; Sreelatha and Padma, 2009). This finding suggests
that the choice of solvent plays a critical role in maximizing the
extraction of antioxidant compounds from HWP, highlighting
the potential of ethanolic and hydroalcoholic extracts for
applications in health and food preservation.

3.2 Minimal inhibitory and bactericidal
concentration

The lowest concentration exhibiting a bacteriostatic effect was
identified in the first well which showed no- or lower turbidity
compared to the control. This result was confirmed by measuring
absorbance using a microplate reader. For EA, wells with
concentrations below 1 mg/mL displayed significant turbidity for all
tested extracts, indicating that concentrations of 0.1 mg/mL and
0.01 mg/mL are insufficient to inhibit bacterial growth. In contrast,
wells containing extracts at concentrations of 1 mg/mL and 10 mg/mL
showed no turbidity, demonstrating bacteriostatic activity at these
levels. Thus, we can define the minimum inhibitory concentration
(MIC) for all extracts as 1 mg/mL. Solvent-only treatments were
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TABLE 1 TPC in hop extracts by Folin—Ciocalteu test.

Extracts of HPW

TPC (ng GAE/mg)

Methanolic extract 484 +0.7
Ethanolic extract 449+0.6
Hydroalcoholic extract (80:20) 58.3+0.3
Hydroalcoholic extract (70:30) 47.7+0.2

Standard deviation has been assessed by ANOVA (p = 0.1). TPC, total polyphenol
content; HPW, hop waste powder. There was no statistically significant difference between
extracts TPC.
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FIGURE 1

Antioxidant activity of hop waste powder extracts presented as DPPH
ICso compared to the control, ASC (ascorbic acid): EtOH-HOP,
ethanol extract; MeOH-HOP, methanol extract; 80:20,
hydroalcoholic extract 80:20; 70:30, hydroalcoholic extract 70:30.

included as negative controls to isolate the effect of hop-derived
compounds from the intrinsic antimicrobial activity of the solvents
themselves. No effects were observed in solvent-only samples.

Regarding the minimum bactericidal concentration (MBC),
we plated the 10 mg/mL and 1 mg/mL suspensions on LB agar plates
to count colonies and confirm bactericidal action. The results
indicated that the two alcohol extracts (methanol and ethanol)
exhibited bactericidal activity against EA at a concentration of 10 mg/
mL, while the two hydroalcoholic extracts did not show any
bactericidal effects at this concentration, only bacteriostatic
activity on EA.

For Xcc, wells below the 1 mg/mL concentration again showed
significant turbidity for all tested extracts, confirming that
concentrations of 0.1 mg/mL and 0.01 mg/mL are too low to affect
bacterial growth. Conversely, wells with extracts at 1 mg/mL and
10 mg/mL exhibited no turbidity, indicating bacteriostatic activity at
these concentrations. Therefore, the MIC against Xcc for all tested
extracts is also 1 mg/mL.

For the MBC, we plated the wells containing suspensions at
10 mg/mL and 1 mg/mL on R2A agar plates to assess bacterial
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colonies and confirm bactericidal action. The results showed that the
hydroalcoholic extracts (80:20 and 70:30) had bactericidal activity at
10 mg/mL, as no bacterial growth was observed. The ethanolic extract
yielded a single colony, while the methanolic extract produced
numerous colonies that were uncountable, although with lower
growth than the control. Thus, we conclude that the methanolic
extract does not exhibit bactericidal activity at 10 mg/mL but is
bacteriostatic on Xcc.

3.3 Biofilm studies: biofilm formation and
biofilm removal activity of the extracts

Biofilm formation is a critical mechanism in the pathogenesis of
cruciferous black rot, caused by the Xcc bacterium, and fire blight,
caused by EA. This phenomenon enables bacterial colonies to resist
environmental stresses cohesively through various intercellular
communication mechanisms. To combat bacterial biofilms, an
effective strategy is to target different stages of biofilm development,
including adhesion, motility, production of extracellular polymeric
substances (EPS), and quorum sensing (QS) (Hoiby et al., 2011;
Sharma et al., 2023). These interventions can weaken, disperse, or
disrupt biofilms, facilitating their removal. To evaluate the anti-biofilm
activity of HWP extracts, we added bacteriostatic and/or bactericidal
concentrations of hop powder (10 mg/mL and 1 mg/mL) to Xcc and
EA bacterial suspensions. After incubation, we quantified biofilm
formation using a spectrophotometer (Figures 2, 3). As shown in
Figure 2, there was a significant decrease in biofilm formation for all
tested extracts compared to the positive control, which consisted of
the bacterial suspension alone. To exclude any potential effects of the
solvents used in extract preparation, solvent-only (negative control)
samples were included in the biofilm formation assay (Figures 2, 3).
The results indicate that there were no statistically significant
differences between the untreated control and the solvent-only
treatments, confirming that the observed inhibition of biofilm
formation was due to the bioactive compounds in the hop waste
extracts rather than the solvents themselves.

After establishing the
we investigated whether the extracts could weaken and remove

anti-biofilm  formation activity,
pre-formed biofilms. As shown in Figures 4 and 5, all extracts
demonstrated the ability to remove biofilms of Xcc and EA, with a
more pronounced effect at a concentration of 10 mg/mL compared to
the control. Notably, they also exhibited activity at a concentration of
1 mg/mL. This evidence aligns with literature indicating that extracts
from exhausted hop cones—free of xanthohumol but rich in various
derivatives of quercetin, kaempferol, catechin, and epicatechin—along
with pure xanthohumol, significantly reduced the viability of mature
biofilms on Staphylococcus aureus when applied at relatively low
concentrations (MIC or 2xMIC) (Panda et al, 2020; Rozalski
etal., 2013).

3.4 Membrane permeability

Based on the results, we evaluated whether extracts with proven
antibacterial activity could affect the permeability of the bacterial
membrane in both Xcc and EA. We tested two concentrations that
exhibited bacteriostatic and/or bactericidal activity on standardized
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FIGURE 2

Effects of HWP at different concentrations on Biofilm formation
processes of Xcc. Effects of hop waste powder extracts on Xcc
biofilm formation are presented as absorbances (ODgq) Of crystal
violet. EtOH, ethanol extract; MeOH, methanol extract; 80:20,
hydroalcoholic extract 80:20; 70:30, hydroalcoholic extract 70:30;
Ctrl+, positive control, untreated bacteria. **** p < 0.0001.
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FIGURE 3

Effects of HWP at different concentrations on biofilm formation
processes of EA. Effects of hop waste powder on EA biofilm
formation are presented as absorbances (ODggo) Of crystal violet.
EtOH, ethanol extract; MeOH, methanol extract; 80:20,
hydroalcoholic extract 80:20; 70:30, hydroalcoholic extract 70:30;
Ctrl+, positive control, untreated bacteria; **** p < 0.0001.

bacterial suspensions. To assess potential alterations in membrane
integrity, we added a fluorescent intercalating agent, propidium
iodide (PI), to the bacterial suspension in each well. Under normal
conditions, PI cannot penetrate the membrane; however, if the
membrane’s integrity is compromised, the dye enters the bacterial cell
and intercalates between DNA bases. This binding increases the
quantum yield by 20-30 times, allowing to differentiate between cells
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FIGURE 4

Effects of HWP at different concentrations on Xcc's biofilm removal.
Effects of hop waste powder extracts on Xcc biofilm formation are
presented as Absorbances (ODgg) Of crystal violet; EtOH, ethanol
extract; MeOH, methanol extract; 80:20, hydroalcoholic extract
80:20; 70:30, hydroalcoholic extract 70:30; Ctrl+, positive control,
untreated bacteria; **** p < 0.0001.
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FIGURE 5

Effects of HWP at different concentrations on EA’s biofilm removal.
Effects of hop waste powder extracts on Xcc biofilm formation are
presented as absorbances (ODgg) of crystal violet; EtOH, ethanol
extract; MeOH, methanol extract; 80:20, hydroalcoholic extract
80:20; 70:30, hydroalcoholic extract 70:30; Ctrl+, positive control,
untreated bacteria; **** p < 0.0001.

with intact membranes and those with damaged structures using a
spectrofluorometer (Figures 6, 7) (Crowley et al., 2016; Kirchhoff and
Cypionka, 2017). All extracts demonstrated the ability to alter the
bacterial membrane, but the hydroalcoholic extract (80:20) was
particularly notable, showing significant activity at the MIC
concentration of 1 mg/mL for both Xcc and EA, comparable to the
positive control. This extract also revealed the highest total
polyphenol content in the Folin-Ciocalteu test, supporting findings
in the literature that phenolic compounds primarily exert their
antibacterial effects by damaging the bacterial membrane, altering
permeability, polarization, and efflux pump activity (Khan et al,
2017; Pei et al., 2022; Hossain et al., 2021). Solvent-only treatments
were included as negative controls to isolate the effect of hop-derived
compounds from the intrinsic antimicrobial activity of the solvents
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FIGURE 6

Effects of hop waste powder used at MIC/2 concentration on EA
membrane permeability at t = 15 min, 30 min, 60 min, and 120 min.
Permeability alteration is presented as a percentage. EtOH, ethanol
extract; MeOH-HOP, methanol extract; 80:20, hydroalcoholic
extract 80:20; 70:30, hydroalcoholic extract 70:30; Ctrl+, positive
control, bacteria treated with bleach solution; Ctrl—, untreated
bacteria; (ns), not significant, *p < 0.05, **p < 0.005, ***p < 0.0005,
and ****p < 0.0001.
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FIGURE 7

Effects of hop waste powder used at MIC/2 concentration on Xcc
membrane permeability at t = 15 min, 30 min, 60 min, and 120 min.
Permeability alteration is presented as a percentage. EtOH, ethanol
extract; MeOH-HOP, methanol extract; 80:20, hydroalcoholic
extract 80:20; 70:30, hydroalcoholic extract 70:30; Ctrl+, positive
control, bacteria treated with bleach solution; Ctrl—, untreated
bacteria; (ns), not significant, *p < 0.05, **p < 0.005, ***p < 0.0005,
and ****p < 0.0001.

themselves. Results confirm that the observed bioactivity was due to
hop extract compounds rather than solvents.

3.5 Amylovoran production

The results of the amylovoran production assay indicate that hop
waste powder extracts, especially those based on ethanol, significantly
inhibit the production of this virulence factor in Erwinia species
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FIGURE 8

Effects of hop waste powder extracts on amylovoran production by
EA. Amylovoran production is presented as a percentage compared
to the negative control (Ctrl-), which consisted in untreated EA.
EtOH-HOP, ethanol extract; MeOH-HOP, methanol extract; 80:20,
hydroalcoholic extract 80:20; 70:30, hydroalcoholic extract 70:30.

associated with fire blight. As seen in Figure 8, the higher inhibition
(40-45%) observed with ethanolic extracts compared to the
methanolic extracts (18%) may be attributed to the differences in
solubility and extraction efficiency of bioactive compounds in these
solvents (Hrndic¢ et al., 2019; Laws, 1981; Arrdez-Roman et al., 2006).
Ethanol is known to effectively extract a broader range of phenolic
compounds and flavonoids from hops, which possess antimicrobial
and anti-virulence properties. These compounds may disrupt the
metabolic pathways involved in amylovoran synthesis or interfere with
the signaling mechanisms that regulate virulence factor production.
In contrast, methanol, while also a good solvent, may not extract the
same spectrum of active compounds, leading to a lesser inhibitory
effect. This suggests that the specific phytochemicals present in the
ethanolic extracts play a crucial role in mitigating the pathogenicity of
Erwinia, highlighting the potential of hop extracts as a natural means
to manage fire blight.

3.6 Analysis of ex planta antimicrobial
effects on cabbage leaves

To evaluate the bactericidal capacity of the 80:20 and 70:30
hydroalcoholic extracts against the bacterium Xcc, we conducted a
preliminary study to assess their antibacterial effects in a plant
system. This experiment provides valuable insights into how Xcc,
the causative agent of black rot in cruciferous plants, interacts with
plant cells and how hop waste powder extracts perform in a more
realistic three-dimensional context. In response to microbial attacks,
infected plants activate various defensive mechanisms, both innate
and acquired, which operate at different levels. Solvent-only
treatments were included as negative controls to isolate the effect of
hop-derived compounds from the intrinsic antimicrobial activity of
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FIGURE 9

Day 8. Comparison of the two controls tested: on the left leaf
infected with Xcc and untreated, which serves as a control, on the
right leaf free of pathogen and not treated.

FIGURE 10
Day 8. On the left control infected with Xcc and untreated; on the
right, leaf infected and treated with hydroalcoholic extract 80:20.

the solvents themselves. No effects were observed in solvent-
only samples.

We tested the antimicrobial properties of these extracts on
cabbage leaves infected with Xcc. After washing the leaf surfaces,
we cut the leaves using scissors immersed in the bacterial suspension,
simulating a natural infection mechanism. The cut leaves were then
placed in small strips inside plastic bags, and the extracts were sprayed
at their MIC concentrations. We stored the leaves at 4°C for 8 days,
allowing sufficient time for the disease to develop. At the end of the
incubation period, the leaves were transferred to glass Petri dishes for
analysis of the infection area. The results obtained are illustrated in
Figures 9, 10, and 11.

As shown in the images, both tested extracts effectively block
the infection caused by Xcc. Unlike the control group, which
exhibits visible signs of rot, the leaves treated with the extracts
show no signs of decay and remain comparable to day 1. As
illustrated in Figures 12 and 13, even at the end of the experiment,
after 30 days, the effects of the extracts are highly satisfactory. The
control leaves have deteriorated further due to the progression of
the bacterial infection, displaying rotten and blackened areas on
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FIGURE 11
Day 8. On the left control infected with Xcc and untreated; on the
right, leaf infected and treated with hydroalcoholic extract 70:30.

FIGURE 12
Day 30. On the left control infected with Xcc and untreated; on the
right, leaf infected and treated with hydroalcoholic extract 80:20.

FIGURE 13

Day 8. On the left control leaves infected with Xcc and untreated; on
the right, leaves infected and treated with hydroalcoholic extract
70:30.

their surfaces. In contrast, both extracts, particularly the
hydroalcoholic 80:20, maintain leaf conditions similar to those
observed on day 8. This demonstrates that the infection was
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TABLE 2 Total viable count of Xcc colonies on LB agar after hop
treatment of cabbage leaves.

Leaf treated with hydroalcoholic extract (80:20) 45+ 18
Leaf treated with hydroalcoholic extract (70:30) 90 +22
Untreated leaves 70.000 + 138

Standard deviation has been assessed by ANOVA (p = 0.1).

effectively halted, ensuring the preservation of the leaves and
protecting them from physiological deterioration.

The result obtained is not surprising, in fact in the literature
several plant extracts (grape extracts, grapefruit seed extracts, and
pomegranate extracts are just some examples) are reported as
preservatives in fruit and vegetables due to the presence of
polyphenols which have antimicrobial activities (Quideau et al,,
2011; Ribeiro et al., 2016; Andrade et al., 2019; Shahbaz et al., 2022).

After establishing the in vivo activity of the hydroalcoholic
HWP extracts, we conducted further analysis to determine the
presence of Xcc in the plant structures. Following treatment of the
cabbage leaves with the hop extracts, we assessed whether the
bacterium was still present. The number of colony-forming units
(CFU) detected in each analysis is reported in Table 2.

The colonies from the control group, represented by the
infected and untreated leaves, demonstrate high bacterial activity.
In contrast, the treated leaves showed a significantly lower number
of colonies, not exceeding 100 units. Notably, the hydroalcoholic
extract (80:20) was the most active and effective. Overall, we can
conclude that the pathogenesis of Xcc has significantly decreased,
as the treated cabbage portions appeared visually less affected.
Thus, Xcc persists in low quantities in the leaves and is
not pathogenic.

3.7 Analysis of in planta antimicrobial effect
in Pyrus communis plants

The potential of ethanolic and methanolic extracts from hops
powder to combat EA in vitro was assessed, followed by a
preliminary study to investigate their antibacterial effects in planta.
This experiment provides insights into how the bacterium interacts
with plant cells and the effects of the extracts in a more realistic
three-dimensional context (Mendes et al., 2021; Gusberti
etal., 2015).

As EA is the causative agent of fire blight in Rosaceae,
particularly in pears and apple trees, we tested the antimicrobial
properties of these extracts on previously infected pear plants. As
shown in Figures 14, 15b, the negative control group exhibited
significant leaf loss, with the remaining leaves displaying the
characteristic hook-like folding associated with fire blight.
Additionally, after 7 days, bacterial exudate was observed on the
surface of the infected pears, and the branches were infested with
insects, unlike the treated plants, suggesting a possible insecticidal
action of the extracts.

Analyzing the therapeutic effects, Figure 16 illustrates that both
extracts effectively maintained the infected area, which remained
largely unaltered after 25 days. In contrast to the control, the leaves on
treated plants remained attached to the branches, with limited necrotic
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FIGURE 14

25-day post-inoculation insect-rich negative control.

(a) Negative control, 7-day post-inoculation pear with bacterial “0oze” exudate; (b) negative control, 25-day post-inoculation leaf hook folding; (c)

FIGURE 15

(a) infected pear pretreated with methanolic extract (sx) and negative control at 15 days post-inoculation; (b) comparison between negative control
(sx) and plant treated with the extracts of hop waste powder (dx) at 25 days post-inoculation.

areas. Thus, the alcoholic extracts of HWP demonstrate promising
therapeutic potential for treating fire blight.

From the results, it appears that the methanolic extract of HWP
is more effective, particularly when applied preventively. However, as
shown in Figure 153, the preventive treatment on the pears was not
successful, likely due to suboptimal administration or formulation of
the extract. It is possible that after 2 days, the extract may have
evaporated, failing to remain on the leaf surfaces. Therefore, a more
effective and persistent formulation should be developed.

Frontiers in Microbiology

11

Spraying the extracts therapeutically is effective when the pear
surfaces exhibit damage, allowing the extract to penetrate and act
directly. There may also be a synergistic effect between the
bioactive molecules in the extracts and the secondary metabolites
already present in the plant. Studies by Shaw et al. indicate that the
accumulation of phenolic compounds at the infection site
strengthens the cell wall, accompanied by localized production of
reactive oxygen species, which contributes to antimicrobial action
(Shaw et al., 2006).
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FIGURE 16

of hop waste powder at 25 days post-inoculation.

}.‘

(a) Infected branch treated with methanolic extract of hop waste powder at 25 days post-inoculation; (b) infected branch treated with ethanol extract

4 Discussion and conclusion

Black rot and fire blight diseases have a significant impact on
agriculture, especially from an economic perspective, due to the lack
of effective bactericides, the environmental impact of certain
pesticides, and the development of resistance caused by the excessive
use of non-specific antimicrobials. The need to reduce the use of toxic
products for both the environment and human health, as well as the
emergence of resistant bacteria, has driven research to explore more
sustainable and organic alternatives. Among these alternatives, the use
of phytocomplexes with antimicrobial properties has emerged as an
effective and eco-friendly strategy.

This study aimed to analyze the antibacterial activity of
phytocomplexes present in extracts obtained from drying and
powdering whole hop biomass left after cone harvesting,
commonly considered waste, against the phytopathogens
Xanthomonas campestris pv. campestris (Xcc) and Erwinia
amylovora (EA). The in vitro and in planta results confirm that
hydroalcoholic and ethanolic extracts of HWP are rich in
phenolic compounds and can inhibit bacterial growth and biofilm
formation through multiple complementary mechanisms. A
preliminary analysis demonstrated bacteriostatic activity at 1 mg/
mL across all extracts, while hydroalcoholic extracts were
bactericidal at 10 mg/mL against Xcc.

The antimicrobial effect appears to derive from the synergistic
action of several polyphenolic compounds. These include
(e.g.,
chlorogenic, ferulic, and ellagic acid), which interact with

prenylflavonoids and phenolic acids naringenin,
bacterial membranes, altering their permeability and fluidity, and
impairing energy metabolism and nutrient uptake (Hossain et al.,
2021; Mackieh et al., 2023; Lou et al., 2011). Other molecules
such as epigallocatechin, quercetin, and kaempferol inhibit DNA/
RNA synthesis and enzymes like DNA gyrase (Plaper et al., 2003;
Periferakis et al., 2022). Additionally, a- and p-acids may
dissipate the proton motive force by proton influx (Arruda et al.,

2021; Schurr et al., 2015), while flavonols like rutin interfere with
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bacterial topoisomerases and penicillin-binding proteins (Amin
et al., 2015; Ivanov et al., 2022; Alnour et al., 2022). Phenolic
compounds may also irreversibly complex with membrane
proteins or interfere with fatty acid and peptidoglycan
biosynthesis (Scalbert, 1991; Brown et al., 2007; Bibens et al.,
2023). These structural alterations may explain the membrane-
disrupting effects observed, particularly with the 80:20
hydroalcoholic extract, which also exhibited the highest
polyphenol content.

Beyond antibacterial action, several molecules, including
catechins, tannins, quercetin, and ellagic acid, are known to interfere
with biofilm formation, either by inhibiting cell adhesion or biofilm
maturation (Ikigai et al., 1993; Stapleton et al., 2004; Wang et al., 2022;
Hu and Pan, 2022; Buchmann et al., 2022). This is consistent with the
observed inhibition and removal of EA and Xcc biofilms by HWP
extracts, particularly at higher concentrations.

Importantly, this study extends beyond in vitro assays. The ex
planta evaluation on cabbage leaves demonstrated that hydroalcoholic
HWP extracts prevented visible decay and reduced viable bacterial
counts over 30 days, highlighting their potential as a natural
preservative. These results are in line with literature reports on the
antimicrobial efficacy of polyphenol-rich plant extracts in food
systems (Panzella et al., 2020; Conte et al., 2007; Burt, 2004; Tiwari
et al., 2009; Deabes et al., 2021; Bulkan et al., 2022). Furthermore, the
potential application in the food industry is underscored by the
extracts low cost, minimal toxicity, and their dual role as
antimicrobials and antioxidants.

An in vivo use of the tested extracts could not only combat plant
infections but also support post-harvest preservation. In this regard,
integration into natural food packaging materials or nanoformulations
could enable targeted delivery and sustained antimicrobial activity.
Recent advances in nanoencapsulation and polymer-based coatings
offer promising avenues for such applications (Pettinato et al., 2017;
Papoutsis et al., 2018).

Despite the strong bioactivity observed, the study has
limitations. The persistence of the extracts on plant surfaces, their
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long-term stability, and solvent residue levels were not evaluated.
Moreover, ethanol and methanol, while effective solvents, may
be cost- or safety-limiting for large-scale use. Future studies should
evaluate greener alternatives such as aqueous extractions, enzymatic
digestion, or supercritical CO, extraction (Hrncic¢ et al., 2019;
Panzella et al., 2020).

It is also essential to deepen our understanding of the specific
compounds responsible for the observed effects. While total phenolics
were quantified, future research should focus on identifying and
quantifying key bioactives using targeted phytochemical techniques (e.g.,
HPLC, LC-MS, NMR). Furthermore, structure—activity relationship
(SAR) analyses could help pinpoint the molecular determinants
of efficacy.

From a translational perspective, scalability will depend on the
reproducibility of extraction, regulatory approval, formulation
development, and cost-benefit analyses. Encapsulation into
biopolymers, controlled release systems, and compatibility with
integrated pest management (IPM) strategies should be prioritized.
Ultimately, extensive field trials will be necessary to confirm efficacy
under real-world agronomic conditions.

In conclusion, hop biomass waste extracts, particularly
hydroalcoholic formulations, represent a promising, sustainable, and
circular economy-aligned approach for controlling plant bacterial
diseases. Their effectiveness, affordability, and multi-target action
suggest they could serve as valuable alternatives to synthetic pesticides
and preservatives in both agricultural and food applications.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

RF: Writing - original draft, Writing - review & editing,
Formal analysis, Investigation, Data curation. LL: Writing -
original draft, Writing - review & editing, Formal analysis,
Investigation, Data curation. MO: Writing - original draft,
Conceptualization, Visualization. VG: Writing - review &
editing, Conceptualization, Visualization. WP: Writing - original
draft, Formal analysis, Investigation. EE: Writing - review &
editing, Conceptualization, Visualization. FB: Writing - original
draft, Formal analysis, Investigation. BC: Writing - review &
editing, Conceptualization, Methodology, Validation, Resources,
Data curation, Writing - original draft, Visualization, Project
administration, Funding acquisition. PM: Writing - review &
editing, Conceptualization, Methodology, Validation, Resources,
Data curation, Writing - original draft, Visualization, Project
administration, Funding acquisition.

References

Abram, V., Ceh, B., Vidmar, M., Hercezi, M., Lazi¢, N., Bucik, V, et al. (2015). A
comparison of antioxidant and antimicrobial activity between hop leaves and hop cones.
Ind. Crop. Prod. 64, 124-134. doi: 10.1016/j.indcrop.2014.11.008

Frontiers in Microbiology

13

10.3389/fmicb.2025.1665767

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by (1) the National Recovery and Resilience Plan (NRRP), Mission 4,
Component 2, Investment 1.1, Call for tender No. 104 published on
2.2.2022 by the Italian Ministry of University and Research (MUR),
funded by the European Union—NextGenerationEU—Project Title:
Bioactive compounds from vitro-derived hop plantlets: a green
opportunity—BIOSHOP—CUP D53D23011680006. Grant
Assignment Decree No. n. 1048 adopted on 14-07-2023; (2) University
of Parma through the action “Bando di Ateneo 2021 per la ricerca”
co-funded by MUR—Italian Ministry of Universities and
Research—D.M.  737/2021—PNR—PNRR—NextGenerationEU;
Project Title: HOPLURE—Hop leaves, an unexplored resource.

Acknowledgments

The authors would like to thank Packtin srl who kindly provided
the hop waste powder. The authors also thank the master thesis
students Fadila Zouari and Ilaria Valente for their lab work and
enthusiastic approach.

Conflict of interest

FB was employed by Packtin srl.

The remaining 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 authors declare that no Gen Al 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.

Agati, G., Azzarello, E., Pollastri, S., and Tattini, M. (2012). Flavonoids as antioxidants
in plants: location and functional significance. Plant Sci. 196, 67-76. doi:
10.1016/].PLANTSCIL.2012.07.014

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1665767
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.indcrop.2014.11.008
https://doi.org/10.1016/J.PLANTSCI.2012.07.014

Fontana et al.

Alnour, T. M. S., Ahmed-Abakur, E. H., Elssaig, E. H., Abuduhier, E M., and
Ullah, M. F. (2022). Antimicrobial synergistic effects of dietary flavonoids rutin and
quercetin in combination with antibiotics gentamicin and ceftriaxone against E. coli
(MDR) and P. mirabilis (XDR) strains isolated from human infections: implications
for food-medicine interactions. Ital. J. Food Sci. 34, 34-42. doi:
10.15586/1JFS.V3412.2196

Amin, M. U, Khurram, M., Khattak, B., and Khan, J. (2015). Antibiotic additive and
synergistic action of rutin, morin and quercetin against methicillin resistant
Staphylococcus — aureus. BMC  Complement.  Altern. Med. 15, 1-12. doi:
10.1186/512906-015-0580-0

Andrade, M. A., Lima, V., Sanches Silva, A., Vilarinho, F, Castilho, M. C,,
Khwaldia, K., et al. (2019). Pomegranate and grape by-products and their active
compounds: are they a valuable source for food applications? Trends Food Sci. Technol.
86, 68-84. doi: 10.1016/j.tifs.2019.02.010

Arraez-Roman, D., Cortacero-Ramirez, S., Segura-Carretero, A., Contreras, J. A. M.
L., and Fernédndez-Gutiérrez, A. (2006). Characterization of the methanolic extract of
hops using capillary electrophoresis-electrospray ionization-mass spectrometry.
Electrophoresis 27, 2197-2207. doi: 10.1002/elps.200500714

Arruda, T. R, Pinheiro, P. E, Silva, P. I, and Bernardes, P. C. (2021). A new perspective
of a well-recognized raw material: phenolic content, antioxidant and antimicrobial
activities and a- and p-acids profile of Brazilian hop (Humulus lupulus L.) extracts. LW T
141:110905. doi: 10.1016/j.1wt.2021.110905

Astray, G., Gullén, P, Gullén, B., Munekata, P. E. S., and Lorenzo, J. M. (2020).
Humulus lupulus L. as a natural source of functional biomolecules. Appl. Sci. 10:5074.
doi: 10.3390/app10155074

Azieana, J., Zainon, M. N., Noriham, A., and Rohana, M. N. (2017). Total phenolic
and flavonoid content and antioxidant activities of ten Malaysian wild mushrooms. Open
Access Lib. ]. 4, 1-9. doi: 10.4236/0alib.1103987

Bellemann, P, Bereswill, S., Berger, S., and Geider, K. (1994). Visualization of capsule
formation by Erwinia amylovora and assays to determine amylovoran synthesis. Int. J.
Biol. Macromol. 16, 290-296. doi: 10.1016/0141-8130(94)90058-2

Bibens, L., Becker, J.-P,, Dassonville-Klimpt, A., and Sonnet, P. (2023). A review of
fatty acid biosynthesis enzyme inhibitors as promising antimicrobial drugs.
Pharmaceuticals 16:425. doi: 10.3390/ph16030425

Bocquet, L., Sahpaz, S., Bonneau, N., Beaufay, C., Mahieux, S., Samaillie, J., et al.
(2019). Phenolic compounds from humulus lupulus as natural antimicrobial products:
new weapons in the fight against methicillin resistant staphylococcus aureus, leishmania
mexicana and  trypanosoma brucei strains. Molecules 24:1024. doi:
10.3390/molecules24061024

Brown, A. K., Papaemmanouil, A., Bhowruth, V., Bhatt, A., Dover, L. G., and
Besra, G. S. (2007). Flavonoid inhibitors as novel antimycobacterial agents targeting
Rv0636, a putative dehydratase enzyme involved in Mycobacterium tuberculosis fatty acid
synthase II. Microbiology 153, 3314-3322. doi: 10.1099/mic.0.2007/009936-0

Buchmann, D., Schultze, N., Borchardt, J., Béttcher, 1., Schaufler, K., and Guenther, S.
(2022). Synergistic antimicrobial activities of epigallocatechin gallate, myricetin,
daidzein, gallic acid, epicatechin, 3-hydroxy-6-methoxyflavone and genistein combined
with antibiotics against ESKAPE pathogens. J. Appl. Microbiol. 132, 949-963. doi:
10.1111/JAM.15253

Bulkan, G., Yudhanti, G. T, Sitaresmi, S., Millati, R., Wikandari, R., and
Taherzadeh, M. J. (2022). Inhibitory and stimulatory effects of fruit bioactive compounds
on edible filamentous fungi: potential for innovative food applications. Fermentation
8:270. doi: 10.3390/FERMENTATION8060270

Burt, S. (2004). Essential oils: their antibacterial properties and potential
applications in foods - a review. Int. J. Food Microbiol. 94, 223-253. doi:
10.1016/j.ijffoodmicro.2004.03.022

Chiancone, B., Guarrasi, V., Leto, L., Del Vecchio, L., Calani, L., Ganino, T., et al.
(2023). Vitro-derived hop (Humulus lupulus L.) leaves and roots as source of bioactive
compounds: antioxidant activity and polyphenolic profile. Plant Cell Tissue Organ Cult.
153, 295-306. doi: 10.1007/s11240-023-02462-1

Conte, M., Aliberti, E, Fucci, L., and Piscopo, M. (2007). Antimicrobial activity of
various cationic molecules on foodborne pathogens. World ] Microbiol Biotechnol 23,
1679-1683. doi: 10.1007/s11274-007-9415-6

Crowley, L. C,, Scott, A. P, Marfell, B. J., Boughaba, J. A., Chojnowski, G., and
Waterhouse, N. J. (2016). Measuring cell death by propidium iodide uptake and flow
cytometry. Cold Spring Harb. Protoc. 2016, 647-651. doi: 10.1101/pdb.prot087163

Deabes, M. M., El-Fatah, S. I. A,, Salem, S. H., and Naguib, K. M. (2021).
Antimicrobial activity of bioactive compounds extract from Saussurea costus against
food spoilage microorganisms. Egypt. J. Chem. 64, 2833-2843. doi:
10.21608/EJCHEM.2021.69572.3528

Di Sotto, A., Checconi, P., Celestino, I., Locatelli, M., Carissimi, S., De Angelis, M.,
etal. (2018). Antiviral and antioxidant activity of a hydroalcoholic extract from humulus
lupulus L. Oxidative Med. Cell. Longev. 2018:5919237. doi: 10.1155/2018/5919237

European Committee for Antimicrobial Susceptibility Testing (2003). Determination
of minimum inhibitory concentrations (MICs) of antibacterial agents by broth dilution.
Clin. Microbiol. Infect. 9, ix-xv. doi: 10.1046/j.1469-0691.2003.00790.x

Frontiers in Microbiology

14

10.3389/fmicb.2025.1665767

Gorjanovi¢, S., Pastor, E T., Vasié, R., Novakovi¢, M., Simonovié, M., Mili¢, S., et al.
(2013). Electrochemical versus spectrophotometric assessment of antioxidant activity
of hop (Humulus lupulus L.) products and individual compounds. J. Agric. Food Chem.
61, 9089-9096. doi: 10.1021/jf401718z

Gusberti, M., Klemm, U., Meier, M. S., Maurhofer, M., and Hunger-Glaser, I. (2015).
Fire blight control: the struggle goes on. A comparison of different fire blight control
methods in Switzerland with respect to biosafety, efficacy and durability. Int. J. Environ.
Res. Public Health 12, 11422-11447. doi: 10.3390/ijerph120911422

Henning, J. A., Gent, D. H., Townsend, M. S., and Haunold, A. (2018). Registration of
downy mildew-resistant male hop germplasm USDA 21087M. J. Plant Regist. 12,
379-381. doi: 10.3198/jpr2017.09.0067crg

Hoiby, N., Ciofu, O., Johansen, H. K., Song, Z. J., Moser, C., Jensen, P. @., et al. (2011).
The clinical impact of bacterial biofilms. Int. J. Oral Sci. 3, 55-65. doi: 10.4248/ijos11026

Hossain, S. L, Saha, S. C., and Deplazes, E. (2021). Phenolic compounds alter the ion
permeability of phospholipid bilayers via specific lipid interactions. Phys. Chem. Chem.
Phys. 23, 22352-22366. doi: 10.1039/D1CP03250]

Hrn¢i¢, M. K., Spaninger, E., Kosir, . J., Knez, Z., and Bren, U. (2019). Hop
compounds: extraction techniques, chemical analyses, antioxidative, antimicrobial, and
anticarcinogenic effects. Nutrients 11:257. doi: 10.3390/nu11020257

Hu, T., and Pan, S. (2022). Co-assembled C13-dipeptide hydrogels by Gallic acid (CA)
and epigallocatechin gallate (EGCG) with antibacterial activity. Food Biosci. 49:101962.
doi: 10.1016/].FBI0.2022.101962

Ikigai, H., Nakae, T., Hara, Y., and Shimamura, T. (1993). Bactericidal catechins
damage the lipid bilayer. Biochim. Biophys. Acta Biomembr. 1147, 132-136. doi:
10.1016/0005-2736(93)90323-R

Ivanov, M., Novovi¢, K., Malesevi¢, M., Dini¢, M., Stojkovié, D., Jov¢i¢, B., et al.
(2022). Polyphenols as inhibitors of antibiotic resistant Bacteria—mechanisms
underlying Rutin interference with bacterial virulence. Pharmaceuticals 15:385. doi:
10.3390/PH15030385

Karabin, M., Hudcova, T., Jelinek, L., and Dostalek, P. (2016). Biologically active
compounds from hops and prospects for their use. Compr. Rev. Food Sci. Food Saf. 15,
542-567. doi: 10.1111/1541-4337.12201

Khan, I., Bahuguna, A., Kumar, P, Bajpai, V. K., and Kang, S. C. (2017). Antimicrobial
potential of Carvacrol against Uropathogenic Escherichia coli via membrane disruption,
depolarization, and reactive oxygen species generation. Front. Microbiol. 8:2421. doi:
10.3389/fmicb.2017.02421

Kirchhoff, C., and Cypionka, H. (2017). Propidium ion enters viable cells with high
membrane potential during live-dead staining. J. Microbiol. Methods 142, 79-82. doi:
10.1016/j.mimet.2017.09.011

Kowalczyk, D., Swieca, M., Cichocka, J., and Gawlik-Dziki, U. (2013). The phenolic
content and antioxidant activity of the aqueous and hydroalcoholic extracts of hops and
their pellets. J. Inst. Brew. 119, 103-110. doi: 10.1002/jib.73

Kunej, U, Mikuli¢-Petkovsek, M., Radigek, S., and Stajner, N. (2020). Changes in the
phenolic compounds of hop (Humulus lupulus L.) induced by infection with Verticillium
nonalfalfae, the causal agent of hop Verticillium wilt. Plants 9:841. doi:
10.3390/plants9070841

Laws, D. R. J. (1981). Hop extracts—a review. J. Inst. Brew. 87, 24-29. doi:
10.1002/j.2050-0416.1981.tb03980.x

Leto, L., Favari, C., Agosti, A., del Vecchio, L., di Fazio, A., Bresciani, L., et al. (2024).
Evaluation of in vitro-derived hop plantlets, cv. Columbus and magnum, as potential
source of bioactive compounds. Antioxidants 13:909. doi: 10.3390/antiox13080909

Liu, Z., Wang, H., Wang, J., Ly, J., Xie, B., Luo, S., et al. (2022). Physical, chemical, and
biological control of black rot of brassicaceae vegetables: a review. Front. Microbiol.
13:4637. doi: 10.3389/FMICB.2022.1023826

Lou, Z., Wang, H., Zhu, S., Ma, C., and Wang, Z. (2011). Antibacterial activity and
mechanism of action of chlorogenic acid. J. Food Sci. 76, M398-M403. doi:
10.1111/].1750-3841.2011.02213.X

Macchioni, V., Picchi, V., and Carbone, K. (2021). Hop leaves as an alternative source
of health-active compounds: effect of genotype and drying conditions. Plants 11:99. doi:
10.3390/plants11010099

Mackieh, R., Al-Bakkar, N., Kfoury, M., Roufayel, R., Sabatier, J.-M., and Fajloun, Z.

(2023). Inhibitors of ATP synthase as new antibacterial candidates. Antibiotics 12:650.
doi: 10.3390/antibiotics12040650

Martelli, E, Cirlini, M., Lazzi, C., Neviani, E., and Bernini, V. (2020). Edible seaweeds
and spirulina extracts for food application: in vitro and in situ evaluation of antimicrobial
activity towards foodborne pathogenic bacteria. Foods 9:1442. doi: 10.3390/foods9101442

Mendes, R. J., Sario, S., Luz, J. P, Tassi, N., Teixeira, C., Gomes, P, et al. (2021).
Evaluation of three antimicrobial peptides mixtures to control the phytopathogen
responsible for fire blight disease. Plants 10:2637. doi: 10.3390/plants10122637

Padgitt-Cobb, L. K., Kingan, S. B., Wells, J., Elser, J., Kronmiller, B., Moore, D., et al.
(2021). A draft phased assembly of the diploid Cascade hop (Humulus lupulus) genome.
Plant Genome 14:€20072. doi: 10.1002/tpg2.20072

Panda, S. K., Das, R,, Lavigne, R., and Luyten, W. (2020). Indian medicinal plant
extracts to control multidrug-resistant S. aureus, including in biofilms. S. Afr. J. Bot. 128,
283-291. doi: 10.1016/j.52jb.2019.11.019

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1665767
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.15586/IJFS.V34I2.2196
https://doi.org/10.1186/S12906-015-0580-0
https://doi.org/10.1016/j.tifs.2019.02.010
https://doi.org/10.1002/elps.200500714
https://doi.org/10.1016/j.lwt.2021.110905
https://doi.org/10.3390/app10155074
https://doi.org/10.4236/oalib.1103987
https://doi.org/10.1016/0141-8130(94)90058-2
https://doi.org/10.3390/ph16030425
https://doi.org/10.3390/molecules24061024
https://doi.org/10.1099/mic.0.2007/009936-0
https://doi.org/10.1111/JAM.15253
https://doi.org/10.3390/FERMENTATION8060270
https://doi.org/10.1016/j.ijfoodmicro.2004.03.022
https://doi.org/10.1007/s11240-023-02462-1
https://doi.org/10.1007/s11274-007-9415-6
https://doi.org/10.1101/pdb.prot087163
https://doi.org/10.21608/EJCHEM.2021.69572.3528
https://doi.org/10.1155/2018/5919237
https://doi.org/10.1046/j.1469-0691.2003.00790.x
https://doi.org/10.1021/jf401718z
https://doi.org/10.3390/ijerph120911422
https://doi.org/10.3198/jpr2017.09.0067crg
https://doi.org/10.4248/ijos11026
https://doi.org/10.1039/D1CP03250J
https://doi.org/10.3390/nu11020257
https://doi.org/10.1016/J.FBIO.2022.101962
https://doi.org/10.1016/0005-2736(93)90323-R
https://doi.org/10.3390/PH15030385
https://doi.org/10.1111/1541-4337.12201
https://doi.org/10.3389/fmicb.2017.02421
https://doi.org/10.1016/j.mimet.2017.09.011
https://doi.org/10.1002/jib.73
https://doi.org/10.3390/plants9070841
https://doi.org/10.1002/j.2050-0416.1981.tb03980.x
https://doi.org/10.3390/antiox13080909
https://doi.org/10.3389/FMICB.2022.1023826
https://doi.org/10.1111/J.1750-3841.2011.02213.X
https://doi.org/10.3390/plants11010099
https://doi.org/10.3390/antibiotics12040650
https://doi.org/10.3390/foods9101442
https://doi.org/10.3390/plants10122637
https://doi.org/10.1002/tpg2.20072
https://doi.org/10.1016/j.sajb.2019.11.019

Fontana et al.

Panzella, L., Moccia, F, Nasti, R., Marzorati, S., Verotta, L., and Napolitano, A.
(2020). Bioactive phenolic compounds from Agri-food wastes: an update on green
and sustainable extraction methodologies. Front. Nutr. 7:60. doi:
10.3389/fnut.2020.00060

Papoutsis, K., Golding, J. B., Vuong, Q., Pristijono, P., Stathopoulos, C. E.,
Scarlett, C. ], et al. (2018). Encapsulation of citrus by-product extracts by spray-
drying and freeze-drying using combinations of maltodextrin with soybean protein
and 1-carrageenan. Foods 7:115. doi: 10.3390/FOODS7070115

Pei, J., Yu, H., Qiu, W,, Mei, J., and Xie, J. (2022). Antimicrobial effect of
epigallocatechin Gallate against Shewanella putrefaciens ATCC 8071: a study based
on cell membrane and biofilm. Curr.  Microbiol. 79:297. doi:
10.1007/500284-022-02978-3

Periferakis, A., Periferakis, K., Badarau, I. A., Petran, E. M., Popa, D. C,,
Caruntu, A., et al. (2022). Kaempferol: antimicrobial properties, sources, clinical,
and traditional applications. Int. J. Mol. Sci. 23:15054. doi: 10.3390/ijms232315054

Pettinato, A., Aliakbarian, B., Casazza, A., Perego, P. (2017). Encapsulation of
antioxidants from spent coffee ground extracts by spray drying. Chem. Eng. Trans.
57,1219-1224. doi: 10.3303/CET1757204

Piqué, N., Mifiana-Galbis, D., Merino, S., and Tomas, J. M. (2015). Virulence factors of
Erwinia amylovora: a review. Int. J. Mol. Sci. 16, 12836-12854. doi: 10.3390/IJMS160612836

Plaper, A., Golob, M., Hafner, I., Oblak, M., Solmajer, T., and Jerala, R. (2003).
Characterization of quercetin binding site on DNA gyrase. Biochem. Biophys. Res.
Commun. 306, 530-536. doi: 10.1016/S0006-291X(03)01006-4

Quideau, S., Deffieux, D., Douat-Casassus, C., and Pouységu, L. (2011). Plant
polyphenols: chemical properties, biological activities, and synthesis. Angew. Chem. Int.
Ed. Engl. 50, 586-621. doi: 10.1002/ANIE.201000044

Ribeiro, S. M., Felicio, M. R., Boas, E. V., Gongalves, S., Costa, E E, Samy, R. P, et al.
(2016). New frontiers for anti-biofilm drug development. Pharmacol. Ther. 160, 133-144.
doi: 10.1016/j.pharmthera.2016.02.006

Rozalski, M., Micota, B., Sadowska, B., Stochmal, A., Jedrejek, D.,
Wieckowska-Szakiel, M., et al. (2013). Antiadherent and Antibiofilm activity of Humulus
lupulus L. derived products: new pharmacological properties. Biomed. Res. Int. 2013,
1-7. doi: 10.1155/2013/101089

Sabbatini, G., Mari, E., Ortore, M. G., di Gregorio, A., Fattorini, D., di Carlo, M., et al.
(2024). Hop leaves: from waste to a valuable source of bioactive compounds - a
multidisciplinary approach to investigating potential applications. Heliyon 10:¢37593.
doi: 10.1016/j.heliyon.2024.e37593

Santarelli, V., Neri, L., Carbone, K., Macchioni, V., and Pittia, P. (2021). Use of
conventional and innovative technologies for the production of food grade hop extracts:
focus on bioactive compounds and antioxidant activity. Plants 11:41. doi:
10.3390/plants11010041

Scalbert, A. (1991). Antimicrobial properties of tannins. Phytochemistry 30,
3875-3883. doi: 10.1016/0031-9422(91)83426-L

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH image to Image]J: 25
years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/nmeth.2089

Frontiers in Microbiology

15

10.3389/fmicb.2025.1665767

Schurr, B. C., Hahne, H., Kuster, B., Behr, J.,, and Vogel, R. E. (2015). Molecular
mechanisms behind the antimicrobial activity of hop iso-a-acids in Lactobacillus brevis.
Food Microbiol. 46, 553-563. doi: 10.1016/j.fm.2014.09.017

Shahbaz, M. U,, Arshad, M., Mukhtar, K., Nabi, B. G., Goksen, G., Starowicz, M., et al.
(2022). Natural plant extracts: an update about novel spraying as an alternative of
chemical pesticides to extend the postharvest shelf life of fruits and vegetables. Molecules
27:5152. doi: 10.3390/molecules27165152

Sharma, S., Mohler, J., Mahajan, S. D., Schwartz, S. A., Bruggemann, L., and
Aalinkeel, R. (2023). Microbial biofilm: a review on formation, infection, antibiotic
resistance, control measures, and innovative treatment. Microorganisms 11:1614. doi:
10.3390/microorganisms11061614

Shaw, L. J., Morris, P, and Hooker, J. E. (2006). Perception and modification of plant
flavonoid signals by rhizosphere microorganisms. Environ. Microbiol. 8, 1867-1880. doi:
10.1111/j.1462-2920.2006.01141.x

Sreelatha, S., and Padma, P. R. (2009). Antioxidant activity and total phenolic content
of Moringa oleifera leaves in two stages of maturity. Plant Foods Hum. Nutr. 64, 303-311.
doi: 10.1007/s11130-009-0141-0

Stapleton, P. D., Shah, S., Hamilton-Miller, J. M., Hara, Y., Nagaoka, Y., Kumagai, A.,
et al. (2004). Anti-Staphylococcus aureus activity and oxacillin resistance modulating
capacity of 3-O-acyl-catechins. Int. J. Antimicrob. Agents 24, 374-380. doi:
10.1016/j.jantimicag.2004.03.024

Tiwari, B. K., Valdramidis, V. P., O’Donnell, C. P., Muthukumarappan, K., Bourke, P,
and Cullen, P. J. (2009). Application of natural antimicrobials for food preservation. J.
Agric. Food. Chem. 57, 5987-6000. doi: 10.1021/jf900668n

Vanneste, J. L. (2001). Fire blight: the disease and its causative agent, Erwinia
amylovora. Plant Pathol. 50:418. doi: 10.1046/j.1365-3059.2001.00436-2.x

Vanneste, J. (2022). Erwinia amylovora (fireblight). CABI Compendium. doi:
10.1079/cabicompendium.21908

Vicente, J. G., and Holub, E. B. (2013). Xanthomonas campestris pv. Campestris (cause
of black rot of crucifers) in the genomic era is still a worldwide threat to brassica crops.
Mol. Plant Pathol. 14, 2-18. doi: 10.1111/j.1364-3703.2012.00833.x

Vorholter, E. J., Niehaus, K., and Piihler, A. (2001). Lipopolysaccharide biosynthesis
in Xanthomonas campestris pv. Campestris: a cluster of 15 genes is involved in the
biosynthesis of the LPS O-antigen and the LPS core. Mol Genet Genomics 266, 79-95.
doi: 10.1007/s004380100521

Wang, H., Zou, H., Wang, Y,, Jin, J., Wang, H., and Zhou, M. (2022). Inhibition effect
of epigallocatechin gallate on the growth and biofilm formation of Vibrio
parahaemolyticus. Lett. Appl. Microbiol. 75, 81-88. doi: 10.1111/LAM.13712

Wilson, C., Lukowicz, R., Merchant, S., Valquier-Flynn, H., Caballero, J., Sandoval, J.,
et al. Quantitative and qualitative assessment methods for biofilm growth: a mini-review
HHS public access. Res. Rev. J. Eng. Technol. 6.

Zanoli, P, and Zavatti, M. (2008). Pharmacognostic and pharmacological profile of
Humulus lupulus L. J. Ethnopharmacol. 116, 383-396. doi: 10.1016/j.jep.2008.01.011

Zhou, L., Wang, C., Wang, G. H., Wei, Z. W,, Fu, Q. X, Hang, X. H,, et al. (2020).
Chemical targeting and manipulation of type III secretion in the Phytopathogen
Xanthomonas campestris for control of disease. Appl. Environ. Microbiol. 86, €02349—
€02319. doi: 10.1128/AEM.02349-19

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1665767
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fnut.2020.00060
https://doi.org/10.3390/FOODS7070115
https://doi.org/10.1007/S00284-022-02978-3
https://doi.org/10.3390/ijms232315054
https://doi.org/10.3303/CET1757204
https://doi.org/10.3390/IJMS160612836
https://doi.org/10.1016/S0006-291X(03)01006-4
https://doi.org/10.1002/ANIE.201000044
https://doi.org/10.1016/j.pharmthera.2016.02.006
https://doi.org/10.1155/2013/101089
https://doi.org/10.1016/j.heliyon.2024.e37593
https://doi.org/10.3390/plants11010041
https://doi.org/10.1016/0031-9422(91)83426-L
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.fm.2014.09.017
https://doi.org/10.3390/molecules27165152
https://doi.org/10.3390/microorganisms11061614
https://doi.org/10.1111/j.1462-2920.2006.01141.x
https://doi.org/10.1007/s11130-009-0141-0
https://doi.org/10.1016/j.ijantimicag.2004.03.024
https://doi.org/10.1021/jf900668n
https://doi.org/10.1046/j.1365-3059.2001.00436-2.x
https://doi.org/10.1079/cabicompendium.21908
https://doi.org/10.1111/j.1364-3703.2012.00833.x
https://doi.org/10.1007/s004380100521
https://doi.org/10.1111/LAM.13712
https://doi.org/10.1016/j.jep.2008.01.011
https://doi.org/10.1128/AEM.02349-19

	Hop biomass waste against fire blight and black rot: an eco-friendly approach to crop protection
	1 Introduction
	2 Materials and methods
	2.1 Plant material and extracts preparation
	2.1.1 Ethanolic extraction
	2.1.2 Hydroalcoholic extraction (80:20)
	2.1.3 Hydroalcoholic extraction (70:30)
	2.1.4 Methanolic extraction
	2.2 Chemical analysis
	2.2.1 Total polyphenol content
	2.2.2 Antioxidant activity of extracts
	2.3 In vitro antimicrobial properties of extracts
	2.3.1 Tested microorganisms
	2.3.2 Determination of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
	2.3.3 Biofilm studies: biofilm formation and removal activity of the extracts/antibiofilm activity
	2.3.4 Membrane permeability test
	2.3.5 Amylovoran production test
	2.4 In planta and ex planta evaluations
	2.4.1 In planta activity of extracts on Pyrus communis trees
	2.4.2 Ex planta activity of extracts on Brassica leaves
	2.5 Statistical analysis

	3 Results
	3.1 Folin–Ciocalteu test and DPPH assay
	3.2 Minimal inhibitory and bactericidal concentration
	3.3 Biofilm studies: biofilm formation and biofilm removal activity of the extracts
	3.4 Membrane permeability
	3.5 Amylovoran production
	3.6 Analysis of ex planta antimicrobial effects on cabbage leaves
	3.7 Analysis of in planta antimicrobial effect in Pyrus communis plants

	4 Discussion and conclusion

	References

