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Abstract

Post-harvest bacterial infections pose a serious threat to modern agriculture, resulting in
substantial financial losses and environmental issues. Every year, microbial spoiling causes
a significant loss in fruit and vegetable production, and traditional control techniques
are frequently insufficient. This review highlights novel delivery systems such as edible
films and coatings while analyzing recent developments in bacteriophage-based post-
harvest disease management techniques. Bacterial resistance, environmental stability,
and regulatory issues restrict the use of bacteriophages, despite their high specificity,
biodegradability, and low environmental impact. Phage viability in storage and the field
has increased thanks to developments in formulation technologies, such as encapsulation
and stabilization. The review highlights the practical implementation of phage applications
in post-harvest disease management, with a particular focus on innovative delivery systems
as well as integrating legal and regulatory viewpoints. By bridging scientific innovation
with legal and commercial considerations, this work offers an interdisciplinary foundation
for advancing sustainable, phage-based approach.

Keywords: bacteriophages; bio-control; post-harvest disease; regulatory aspects

1. Introduction: The Need for Sustainable Post-Harvest
Disease Management

Post-harvest losses remain a critical issue in modern agriculture, with significant
economic, environmental, and social consequences. Despite improvements in harvesting,
sorting, cooling, and storage technologies, bacterial diseases continue to cause substantial
losses in perishable crops such as fruits and vegetables. These losses not only impact
food availability and affordability but also contribute to resource waste and environmental
degradation [1,2]. Fruits and vegetables are particularly prone to mechanical damage after
harvest due to their freshness and fragility, which can serve as entry points for spoilage
bacteria. As a result, postharvest losses can reach up to 12% in industrialized countries
like the US, and as high as 30% in humid developing countries [3]. Conventional disease
management strategies such as fungicides and biocontrol agents are facing increasing
limitations, including environmental concerns, regulatory restrictions, and the emergence
of resistant pathogen strains; in particular, the overuse of chemical fungicides in postharvest
disease control has raised serious concerns due to their residual toxicity and ecological
impact [4].
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Animal immune responses are fundamentally different from the intricate host defen-
sive systems that plant pathogenic microorganisms must overcome. Even though bacterial
infection mechanisms in plants and animals were always thought to be different, new
studies show that they are similar, particularly in terms of bacterial secretion systems
and pathogenicity islands (PAIs). Plant resistance (R) and bacterial avirulence genes (avr)
usually combine to give plants resistance to bacterial infection. When both are present,
the plant triggers defence mechanisms such as the hypersensitive response (HR), which
is characterized by localized cell death, reactive oxygen species generation, cell wall re-
inforcement, and antimicrobial chemicals. Numerous avr genes encode effector proteins,
which are mostly transported into plant cells by the Type III secretion system [5]. Given the
complexity of these interactions and the limitations of conventional management, there is
growing interest in alternative, sustainable solutions for post-harvest disease control [6].

One promising biological approach is the use of bacteriophages, viruses that specif-
ically infect and kill bacterial pathogens. Bacteriophages offer numerous advantages,
including high specificity, adaptability, and minimal environmental impact, making them a
promising tool for sustainable post-harvest disease management [7,8]. Due to their abil-
ity to replicate exclusively within living bacterial cells, bacteriophage-based biosensors
can also distinguish between live and dead pathogens, reducing false-positive results [9].
Alongside these benefits, there is a need to select phages with a sufficiently broad host
range to prevent false-negative results, since phages typically recognize specific receptors
on bacterial cell surfaces [10]. This review highlights recent advancements in bacterio-
phage formulations, including encapsulation and stabilization techniques that enhance
their viability under storage and field conditions. Practical aspects are examined of imple-
menting bacteriophage-based strategies, focusing on delivery methods, real-world appli-
cations, formulation enhancements, and regulatory challenges (Table 1), which compares
bacteriophage-based approaches with conventional post-harvest disease control methods,
highlighting their practical advantages and limitations. Importantly, this work uniquely
integrates legal and regulatory perspectives—identifying gaps in formal classification of
phages as plant protection products—and discusses existing implementation pathways
(e.g., through GAP) alongside several commercially available bacteriophage preparations.
By also discussing commercially available phage products, this paper bridges theory with
implementation, offering an interdisciplinary contribution to the development of sustain-
able agricultural solutions. By bridging theory with practice, this paper contributes to the
growing knowledge on sustainable agricultural solutions.

Table 1. Overview of Post-Harvest Disease Control Methods Including Bacteriophage-Based Approaches.

Method Advantages Disadvantages Examples References

Cooling Limits bacterial growth
High energy cost, does

not eliminate
pathogens

Storage of fresh fruits,
vegetables [1,2]

Chemical fungicides Effective in pathogen control Chemical residues,
toxicity, resistance Imidazoles, fungicides [4]

Convection drying Low cost, ease of use Loss of colour, texture,
nutrients

Dried fruits and
vegetables [3]

Freeze drying Retention of bioactive
compounds, better quality

High costs,
complex process Lyophilized products [11,12]

Freezing Slows down and
microorganism development

Structural damage, loss
of turgor and texture

Frozen fruits
and vegetables [3]

Bacteriophages
Selectivity towards pathogens,

biodegradability, lack
of toxicity

Narrow spectrum of
action, need for
strain matching

PhageGuard,
AgriPhage [7,12,13]
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2. Methodology
This review was conducted using a systematic search of peer-reviewed articles

from databases such as PubMed (https://pubmed.ncbi.nlm.nih.gov/, accessed on 7 May
2025), Scopus (https://www.scopus.com/pages/home?display=basic#basic, accessed on
7 May 2025), and Web of Science (https://clarivate.com/academia-government/scientific-
and-academic-research/research-discovery-and-referencing/web-of-science/, accessed on
7 May 2025). Keywords included insect microbiome, plant growth promoting bacteria,
PGPB, PGPR, biocontrol, and sustainable agriculture. The search was limited to articles pub-
lished between 2000 and 2025, but most of the listed publications (48%) are from the years
2023–2024. Relevant studies were selected based on their focus on insect-associated bacteria
with plant growth-promoting traits. Duplicate and non-English articles were excluded.

3. Delivery Methods for Bacteriophage Applications in
Post-Harvest Systems

Delivery systems of bacteriophage application can be created using various tech-
niques, enabling a wide range of applications in the food industry, such as food processing,
packaging, and contact surfaces. Similar approaches have been used in biocontrol formula-
tions, e.g., talc- or wood flour-based formulations based on Bacillus spp. and Pseudomonas
fluorescens, which are used in plant protection to reduce the occurrence of diseases in
greenhouse and field conditions [14,15]. The choice of technique depends on the intended
purpose, such as sanitation, preservation, control, or modulation, and the active substance
to be delivered, like phages, probiotics, or essential oils [16]. Food packaging plays a
vital role in preserving food quality, ensuring safety, and extending shelf life by shielding
against physical, chemical, and microbial damage. Traditional passive packaging, although
effective at preventing contamination from environmental factors like light, oxygen, and
moisture, cannot stop microbial growth if contamination occurs before or during packaging
process. To address this, green and active food packaging has been developed, incorporat-
ing chemical, or biological agents that actively inhibit microbial growth, reduce oxidation,
and manage moisture levels [17]. These innovations preserve freshness, reduce food waste,
and also extend shelf life by advanced techniques like mould casting, electrospinning and
coatings [18].

Active packaging utilizing natural additives like organic acids, essential oils, enzymes,
and bacteriocins has gained increasing attention over synthetic agents due to the latter’s
potential health risks, environmental concerns, as well as contribution to antimicrobial
resistance. Among natural bio additives, bacteriophages are especially promising due to
their safety, cost-effectiveness and because they do not compromise the taste or texture
of food [18,19]. Bacteriophages uniquely amplify in the presence of pathogens, providing
a targeted antibacterial action unmatched by synthetic alternatives [18]. Techniques like
spray drying, freeze drying, emulsification, extrusion, and electrospinning are commonly
studied and utilized for developing delivery systems of bacteriophages. Spray drying
involves spraying a liquid containing bacteriophages into hot air, leading to rapid water
evaporation and the formation of dry particles, which ensures quick drying and stable
powders [20]. Freeze drying (lyophilization is a low-pressure dehydration process that
involves freezing the phage suspension and removing water by sublimation under vacuum,
thereby maintaining the structural and biological integrity of bacteriophages. Initially
designed for food preservation, lyophilization and related methods such as spray-drying,
hot-air-drying, and drum-drying are now widely employed for the stabilization and long-
term storage of bacteriophages [21–23]. Emulsification involves creating an emulsion, a
mixture of two immiscible liquids, in which bacteriophages are encapsulated in micro-
droplets, stabilizing and protecting the bacteriophages in the emulsion [20,24,25]. Extrusion
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involves passing the material containing bacteriophages through a narrow opening under
high pressure, forming fibres or granules, with the key being to control the shape and
size of the particles [26]. Electrospinning involves producing nanofibers from a polymer
solution containing bacteriophages using an electric field, resulting in very thin fibres with
a large surface area [27–29]. These methods can produce structures of different scales, from
nano to macro, allowing for effective retention and controlled release of phages at specific
rates and locations. This enhances phage viability while reducing interactions with other
elements in the same environment, such as the food matrix, making them less susceptible
to environmental factors like pH and temperature, thus promoting stability [30]. Recent
advancements in formulation and delivery technologies are summarized in Table 2, show-
casing a variety of techniques and their specific advantages in improving bacteriophage
viability and release profiles.

Table 2. Recent Advancements in Bacteriophage Formulation and Delivery Methods.

Method Description Advantages Challenges Applications References

Encapsulation

Encasing phages
in protective

carriers to shield
them from

environmental
stressors.

Enhances stability,
protects against

pH, temperature,
and enzymatic
degradation.

Production cost,
scalability.

Agriculture, food
safety, medical
therapeutics.

[23,31,32]

Lyophilization
(Freeze-drying)

Removes water via
sublimation,
transforming

phages into dry,
stable powders.

Extends shelf-life,
allows for diverse

delivery forms
(capsules,

inhalables).

Costly, requires
stabilizers to

maintain activity.

Food
preservation,

pharmaceuticals.
[11,31,33]

Nanoparticle
Encapsulation (e.g.,

Chitosan
Nanoparticles)

Phages
incorporated into
nanoparticles for

controlled release.

Improves thermal
stability, enhances
targeted bacterial

interactions.

Potential
regulatory

hurdles,
formulation
complexity.

Antimicrobial
coatings, plant

protection.
[23,32]

Synergistic
Combinations

(Phages +
Antimicro-

bials/Antibiotics)

Integrating phages
with bacteriocins
or antibiotics to
enhance efficacy.

Effective against
biofilms, combats

multidrug-
resistant bacteria.

Risk of resistance
development,

regulatory
concerns.

Post-harvest
protection. [31,33]

Ion Additives
(Sodium,

Magnesium, Sugars)

Use of stabilizers
to improve phage

viability under
varying

conditions.

Cost-effective,
enhances phage
integrity at room

temperature.

Requires
optimization for

different
environments.

Post-harvest
disease control,

biopreservation.
[34,35]

When used for surface treatment or packaging, the type of delivery system and its
application method (e.g., spraying, dipping, immersion, wrapping) should align with the
manufacturer’s equipment and requirements. Bio-based structures, including films, multi-
layer films, emulsions, capsules, and hydrogels, can be tailored to create innovative phage
delivery systems for various food applications [36–38]. The fabrication of bacteriophage-
based packaging involves three primary components: the base material (such as hydrogels,
films or coatings), phage incorporation as bioadditives, and specific processes like multi-
layer film or spray application. The choice of the base material is critical—it must not inhibit
phage viability and should stabilize the phages in the innermost layer to ensure efficient
antibacterial activity. These packaging systems are especially beneficial for ready-to-eat
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meats, fresh produce, and poultry, offering sustainable and natural solutions for food
safety [18].

Edible dip coatings, as a type of biodegradable packaging, have been suggested as a
method for applying antimicrobials to fresh produce. The process of preparing edible films
or coatings using plasticizers is shown in Figure 1.

Figure 1. Preparation process of edible films or coatings with plasticizers. Diagram created by the
author and prepared based on data from [18].

These coatings act as barriers that prevent moisture loss, reduce gas exchange, and
retain flavour volatiles, thereby maintaining the food’s quality and extending its shelf life.
In addition to serving as physical barriers, dip coatings can also encapsulate antioxidants
and antimicrobials [39].
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Encapsulation or immobilization of phages using polymers is a common strategy for
maintaining their antibacterial activity. The encapsulation process and material selection
for bacteriophage stabilization are illustrated in Figure 2.

Figure 2. Encapsulation process and material selection for bacteriophage stabilization. Siagram
prepared by the author based on data from [21].

These methods enhance phage stability by creating a sustained release mechanism
or forming protective barriers against pathogens on food surfaces. Both synthetic and
natural polymers, such as agarose, alginate, chitosan, cellulose, whey proteins, PVA, PLGA,
and PMMA, are widely employed to encapsulate or immobilize phages, improving their
viability and activity. Advanced techniques like physisorption, microencapsulation, poly-
merization, electrospinning, electrospraying, and layer-by-layer assembly enable the devel-
opment of edible films, microbeads, and spray or dip coatings for efficient antimicrobial
performance in active food packaging [18]. Recent advances in biofilm control strategies
and the use of microbial exopolysaccharides further expand the arsenal of biological tools
for post-harvest disease management [40].

There are many benefits of using bacteriophage-based food packaging. As mentioned
by, ref. [19] bacteriophages offer targeted antimicrobial action, specifically eliminating
pathogenic bacteria while preserving beneficial microbial populations, making them a
safer alternative to traditional antimicrobial agents. Their application in food packaging
can significantly enhance food safety by reducing the microbial load throughout the food
supply chain, thereby lowering the risk of foodborne illnesses. As natural viruses that do
not harm humans or livestock, bacteriophages represent a green and sustainable solution
for addressing antimicrobial resistance (AMR) issues.

Moreover, the incorporation of bacteriophages into food packaging does not adversely
affect the physicochemical properties or sensory qualities of the food, ensuring consumer
acceptance and maintaining food quality. For example, the study by [41] explored the
application of phage vB_EcoMH2W incorporated into chitosan-based edible coatings
for controlling E. coli O157:H7 on tomatoes. The results demonstrated that the phage
remained viable within the coating throughout the storage period and significantly reduced
the bacterial population on the tomato surface compared to the control. Researchers
successfully isolated and characterized three phages with potential for E. coli O157:H7
biocontrol. Phage vB_EcoMH2W displayed the most promising results due to its broad host
range and efficacy in reducing E. coli O157:H7 in chitosan coatings. The findings suggest
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the potential of phage-based edible coatings as a novel strategy for food safety applications.
However, further research is needed to optimize phage incorporation techniques and
ensure their long-term viability in food packaging [41].

Edible films and coatings with bacteriophages have shown potential for preserv-
ing vegetables, fruits, meat, and cheese by decreasing the growth of pathogenic bacteria.
For instance, the study led by [42] demonstrated that phage-added edible coatings ef-
fectively reduced bacterial populations in various storage crops, such as cucumbers and
potatoes, thereby extending shelf life and maintaining quality. However, the application of
bacteriophages into edible films and coatings faces challenges, including the stability of
bacteriophages within the film, their release from the film to the food, phage mobility, and
the availability of bacteria to ensure effective physical contact [43].

Ref. [44] investigated the efficacy of composite phage nanofiber (fP-NF) films in active
food packaging, particularly against E. coli O157:H7, by testing their application on fresh
cucumbers and cherry tomatoes. The fruits and vegetables were first treated to remove
surface microorganisms and then inoculated with E. coli O157:H7 before being wrapped
with fP-NF films and stored at both 4 ◦C and 25 ◦C for four days. The results demon-
strated significant antibacterial activity, with a rapid 60.61% reduction in free Escherichia coli
O157:H7 within the first hour and a 99.74% reduction after 8 h. Remarkable anti-biofilm
properties were also observed, achieving a 99.92% biofilm elimination rate on cucumbers at
4 ◦C and maintaining a 99.35% rate at 25 ◦C. Similar efficacy was noted on cherry tomatoes,
indicating the films’ broad applicability across different produce types. Importantly, the
phages in the films remained highly active for the first three days, with a release rate of
79.63% after 7 h at 25 ◦C, ensuring sustained antibacterial activity. Additionally, the incor-
poration of D-phenylalanine enhanced the films’ effectiveness against both free bacteria
and biofilms. Crucially, the fP-NF films did not affect the colour, texture, or overall quality
of the produce, underscoring their suitability for active food packaging. These findings
suggest that fP-NF films could significantly reduce the risk of foodborne illnesses caused
by E. coli O157:H7, providing a novel and effective solution for enhancing food safety in the
fresh produce market. Another example is the study by [39] that evaluated the application
of whey protein isolate WPI dip coatings on glass as a model surface to determine the
distribution and efficacy of phages. Imaging measurements showed that fluorescently
labelled phages were randomly distributed within the WPI coating without significant lo-
calisation, although some aggregation was observed. Antibacterial activity assays revealed
that phages retained their antibacterial properties after being deposited on glass slides,
with inhibition zones increasing in size with higher phage concentrations. The study also
compared the phage loading efficiency of WPI coatings versus water coatings on sliced
cucumbers, cut apple slices, and whole cherry tomatoes. The WPI coating consistently
loaded more phages across all produce types compared to the water coating, achieving
significantly higher phage counts (p < 0.05). Over a seven-day refrigerated storage pe-
riod, the WPI coating provided enhanced phage stability on cut apples and whole cherry
tomatoes but not on sliced cucumbers. Additionally, antimicrobial efficacy tests against
E. coli BL21 demonstrated significant bacterial reduction on tomatoes with WPI coatings,
while no significant reduction was observed on cut cucumbers, likely due to inhibitory
effects of cucumber homogenate on phage activity. Phage survivability in a simulated
gastric environment indicated that the WPI coating offered better protection on cucumbers
compared to the control, but the differences were not significant for apples and tomatoes.
Overall, the WPI dip coating proved to be a promising method for phage delivery on fresh
produce, addressing key post-harvest pathogen control challenges by enhancing phage
stability and antimicrobial efficacy, particularly under cold storage conditions [39].
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Bacteriophages can be applied in the field using several methods, including immersion
of seeds or seedlings in phage suspensions before planting, direct infiltration into plant
tissues, foliar spraying on the phyllosphere, and soil drenching to target the rhizosphere [45].
These studies collectively highlight the versatility and effectiveness of bacteriophages in
food preservation across various food types and storage conditions. The targeted nature
of phage activity, combined with their natural origin and lack of impact on food quality,
makes phages a promising alternative to traditional chemical preservatives.

Several commercial bacteriophage products have been developed and are currently
commercially available for use, for combating bacterial diseases in crops. For instance, Intr-
alytix, Inc. (Intralytix, Inc., Baltimore, MD, USA) offers Biolysate, a phage-based product
aimed at controlling bacterial infections in various agricultural settings, including crops and
livestock. These products include ListShield, which targets Listeria monocytogenes contami-
nation in foods and food facilities, CampyShield for Campylobacter spp. and Campylobacter
jejuni, Salmofresh for selected highly pathogenic Salmonella serotypes, and Shigashield
for Shigella serotypes in foods and food processing facilities. These products have been
approved by the FDA and other regulatory agencies (USA (FDA 21 CFR § 172.785, FSIS
Directive 7120.1, GRAS GRN No. 528), USA (FDA FCN No. 1018, FSIS Directive 7120.1,
Health Canada (iLONO), GRAS GRN No. 000672) [13,46]. Another notable product line
is PhageGuard by Micreos, which targets specific pathogens such as Salmonella, E. coli,
and Listeria, applicable in both plant and animal production systems. These products are
USDA/FDA GRAS approved and are further accepted as processing aids in Australia,
New Zealand, Israel, Switzerland, The Netherlands (EU), Canada, and others [13]. Other
commercial bacteriophage products include Listex™ (Listex Global, Sunnyvale, CA, USA),
which targets Listeria monocytogenes and is used in the food industry to control this pathogen
in products like meat and cheese. Product has been approved by both the FDA and USDA.
These types of products are used as biopreservatives in the processing of both animal
products (e.g., raw milk cheeses, smoked salmon, raw meat, seafood) and plant products
(e.g., ready-to-eat salad mixes, sprouts, fruit salads, strawberries) [12]. Additionally other
commercial bacteriophage products include Secure Shield E1, developed by the German
company FINK TEC GmbH, which specifically targets E. coli and has been approved by the
FDA for use in food safety applications. Additionally, the Finalyse® (Brussels, Belgium)
product, developed by Passport Food Safety Solutions and approved by the USDA, is
designed to combat enterohemorrhagic Escherichia coli O157:H7 [47].

In agriculture, OmniLytics company has developed the AgriPhage product line, de-
signed to treat various bacterial plant pathogens. These products have shown effec-
tiveness in managing diseases such as fire blight, citrus canker, and bacterial spot in
tomatoes and peppers, without affecting beneficial microflora (Registered in USA (EPA
Reg. No. 67986-1) [13]. Also, Integrated Bio Products LLC (Ault, CO, USA.) has developed
the Eco product line, designed to treat plant pathogens. For example, EcoStonia targets
Ralstonia solanacearum in bananas, GoldenEco targets bacterial speck and spot in tomato
and pepper plants caused by Pseudomonas syringae pv. tomato and Xanthomonas vesicatoria,
and EcoFire controls fire blight caused by Erwinia amylovora in pears and apples (EPA Reg.
No. 102839-R) [48]. The U.S. Environmental Protection Agency (EPA) has approved the use
of a phage product called AgriPhage™, which can be commercially used to prevent infec-
tions of young tomato and pepper plants by Pseudomonas syringae. In 2018, the EPA also
approved Agriphage-Citrus canker™ as a biological control for use against Xanthomonas
citri subsp. citri, which causes necrotic lesions on the leaves, stems, and fruits of citrus
trees. Additionally, the EPA has approved other bacteriophage-containing products named
Agriphage CMM™ and Agriphage-Fireblight™, used against Clavibacter michiganensis
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(causing tomato canker) and Erwinia amylovora (causing fire blight in apples and pears) [12].
Summarized in Table 3.

Table 3. Methods of Bacteriophage Application—Commercial Products and Efficacy.

Application
Method

Commercial
Use

Research/
Trial Use Advantages Limitations Example Commercial

Products

Efficacy
(from

Literature)
References

Dipping/
immersion ✓ ✓

Uniform
coverage,

simple
process

Not
suitable for
all products

SalmoFresh, ShigaShield
(Intralytix, Inc.,

Baltimore, MD, USA)

1–2 log
reduction [37]

Edible
coatings/

films
✓ ✓

Targeted,
safe,

consumer-
friendly

Stability,
release
kinetics

Listex™, PhageGuard
(Listex Global,

Sunnyvale, CA, USA)

Up to 99%
reduction;

1–2 log
drop

[26,28]

Spray/
fogging ✓ ✓

Field-scale,
easy to
apply

Environmental
sensitivity

AgriPhage (OmniLytics,
Inc., Sandy, UT, USA)

10–12-fold
reduction [36,49]

4. Case Studies and Recent Advances
Bacteriophages, employed to control phytopathogenic bacteria in post-harvest set-

tings, have shown promising results [50]. Recent experimental and field studies have
demonstrated the high potential of bacteriophages as a tool for managing phytopathogenic
bacteria, particularly in post-harvest contexts [50]. Phytopathogenic bacteria are one of the
most significant causes of crop yield losses. Until now, the direct treatment of bacteriosis
was limited to the application of antibacterial compounds or resistance inducers. This is
about to change due to the revolutionary discovery of phages.

In recent years, research on the use of bacteriophages for plant protection has gained
significant momentum, as reflected by the steadily increasing number of scientific publi-
cations devoted to this topic. Bibliometric analyses from databases such as PubMed and
Scopus reveal a clear, systematic upward trend in interest among both researchers and
agricultural practitioners.

Between 2010 and 2014, the annual number of publications remained relatively low,
corresponding to the early stage of development in this field. However, after 2015, there
has been a dynamic increase in the number of scientific papers from just over a dozen per
year to more than 250 in 2024. This trend highlights the growing importance and popularity
of research on bacteriophage applications in plant protection, both from a scientific and
practical perspective. The change in interest in this topic is shown in Figure 3.

Indeed, bacteriophages look very promising as therapy agents: cheap, self-amplifying,
self-eliminating, and safe for the host organism. However, phage therapy of plant diseases
is still an emerging strategy with high potential, though only a few successful applications
have been reported so far. Still as the demand for organic produce increases and restrictions
on chemical treatments grow, phage therapy is emerging as an important alternative. With
ongoing research, and with continued isolation and testing of new phages, their potential
for use in both post-harvest and in-field applications is expanding, offering a promising
solution for sustainable agricultural practices [50].

The phage treatment primarily serves as a preventive purpose, with phages applied
using humidity maintenance system sprinklers. This method ensures that finely dispersed
droplets penetrate deep into the bulk-stored potatoes. The concentration of phage PP16
remained stable at 104–105 PFU/tuber (ang. Plaque-Forming Units) for one week before
gradually decreasing. The treatment resulted in a 10- to 12-fold reduction in the population
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of pectolytic bacteria on the tubers, with statistical analysis showing significant differences
between treatment and control groups (p < 0.05) [49].
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Figure 3. Trend in the number of scientific publications on bacteriophages in plant protection
(2010–2024), based on PubMed and Scopus data and literature review. (Estimated number of publica-
tions based on PubMed and Scopus search (keywords: ‘bacteriophage plant protection’), July 2025).

The study performed by [51] found that preliminary phage testing on inoculated
fresh produce, such as cut green pepper and baby spinach leaves, revealed significant
findings. The background microbiota on cut green pepper was eliminated using UV
treatment, allowing inoculation with E. coli O157:H7 EDL 933. However, it was not feasible
to eliminate background microbiota on spinach leaves without damaging them, so they
were used without prior decontamination and inoculated with E. coli O157:H7 B6-914,
which expresses green fluorescent protein (GFP) and antibiotic resistance. This allowed
enumeration of the inoculated strain using selective agar medium and UV light. Phage
treatments employed a crude lysate (108 PFU/mL) with a short application time of 2 min
to minimize damage to spinach leaves. The preparation of fresh produce for testing
took 4 h, covering the time from inoculation to storage placement. Initial differences
in E. coli populations between phage treatment and control groups were due to phage-
induced lysis and the rinsing action of the lysate solution. Results showed that the initial
reduction in E. coli populations was 0.9 log cfu/g for cut green pepper and 1.7 log cfu/g
for spinach leaves. After 72 h of storage at 4 ◦C, the average reduction attributed to phage
action was 0.9 log for cut green pepper and 2.0 log for spinach leaves. E. coli populations
remained relatively unchanged at 4 ◦C but increased at 25 ◦C, with a greater increase
on spinach leaves [51]. Increasing the rinsing time of cut green pepper from 2 to 5 min
enhanced the population reduction achieved by phage treatment. The optimized phage
treatment involved using purified phage suspended in phosphate-buffered saline, with
a 5 min rinse for green pepper and a 2 min rinse for spinach leaves. The optimized
study showed significant differences in E. coli populations between treated and untreated
produce, particularly after an initial 4 h storage at 25 ◦C followed by 68 h at 4 ◦C. This
approach aimed to increase phage titter through replication in the host without significantly
increasing the pathogen population [51].

Recent advancements in bacteriophage applications have showcased their potential as
precise tools for modulating microbial communities, particularly in post-harvest settings
and ecosystem restoration. Studies like those by [52] have demonstrated that phage
treatments can significantly alter microbial diversity and composition. For instance, in
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degraded soils, the combination of phages and bacterial suspensions reduced the effective
number of ASVs (ang. Amplicon Sequence Variants), revealing phage’s capacity to target
and suppress dominant bacterial taxa. These findings align with broader experimental
evidence supporting the efficacy of phages in reducing pathogen loads, controlling spoilage
microbes, and selectively promoting beneficial microbial populations.

Field trials have further highlighted phage’s potential to improve agricultural and
ecological outcomes. For example, phages have been successfully deployed to combat
bacterial wilt in crops, reduce post-harvest spoilage in stored produce, and aid in the
rehabilitation of degraded soils by selectively modulating microbial communities [52].

Emerging trends also indicate the potential of integrating phage therapy with es-
tablished methods, such as crop rotation and the use of biostimulants, to maximize its
impact. Together, these innovations highlight the promise of phages as a sustainable and
environmentally friendly alternative to chemical pesticides, supporting global efforts to
harmonize agricultural productivity with ecological conservation [53].

5. Phage Formulations and Enhancements
Advancements in molecular biology and genomic techniques are addressing the limi-

tations in phage application in natural environment by enabling the creation of customized
phage formulations. These innovations are pivotal for improving their therapeutic potential,
ensuring stability, and facilitating effective delivery in diverse environments. Encapsula-
tion strategies, such as those employing hydrogels, liposomes, and electroscopic fibres,
create a protective barrier against environmental stressors, including heat, low pH, and
enzymatic degradation. These methods are particularly valuable for maintaining phage
viability in hostile environments, such as the gastrointestinal tract, where unprotected
phages are prone to inactivation. Similarly, lyophilisation, a process that removes water
through sublimation, transforms phages into stable powders. This approach retains their
biological activity during long-term storage and offers versatility for delivery through
capsules, tablets, or even inhalable powders designed for respiratory applications [31,33].
Lyophilisation, or freeze-drying, remains a commonly used method to produce dry, stable
phage formulations that simplify storage and reduce refrigeration needs. However, the
process involves technical complexities and added costs, which may limit its applicability
on a larger scale. To address these challenges, stabilizers such as salts and sugars have been
explored for their ability to maintain phage structural integrity and biological activity. For
example, ions like sodium and magnesium enhance phage stability at room temperature
and under elevated temperatures, offering practical solutions for post-harvest and food
safety applications [34].

The use of excipients, such as sugars (e.g., trehalose, sucrose) and polymers (e.g.,
alginate, polyethylene glycol), further enhances phage stability during formulation and
rehydration processes. Integrating phages with other antimicrobial agents, including
antibiotics or natural antimicrobials, has demonstrated synergistic effects, offering a dual
mechanism to combat multidrug-resistant pathogens. This combination is particularly
effective in addressing biofilm-associated infections, where individual phages may face
challenges in penetration and activity [31,33].

Encapsulation within nanoparticles, such as chitosan nanoparticles (CS-NPs), is an-
other promising strategy for improving phage delivery and stability. For instance, en-
capsulation of phage HK6 in CS-NPs achieves a 97% entrapment efficiency, ensuring a
high concentration of active phages while shielding them from environmental degrada-
tion. Encapsulated phages show enhanced thermal stability, maintaining efficacy across a
temperature range of 25 ◦C to 80 ◦C. Additionally, encapsulated phage HK6 demonstrates
rapid antibacterial activity within two hours, significantly outperforming free phages and
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CS-NPs alone. This synergistic combination of phages and nanoparticles improves bacterial
targeting and infection control, highlighting the potential of nanoparticle-based encapsula-
tion in advancing phage applications [23,32]. What is more, an integration of phages with
antimicrobial agents, including bacteriocins and antibiotics, has shown notable synergistic
effects, particularly in overcoming biofilm-associated infections and combating multidrug-
resistant bacteria. Encapsulation strategies, lyophilisation, and synergistic combinations
of phages with antimicrobial agents are essential for enhancing phage stability, delivery,
and efficacy. These advancements hold particular promise for applications in food safety,
healthcare, and environmental sanitation, ensuring bacteriophage success under diverse
conditions [32]. Stability during post-harvest conditions such as fluctuating temperature,
humidity, and sunlight remains a critical consideration for effective phage application.
Innovative formulation methods, including encapsulation with biodegradable polymers
(e.g., alginate, chitosan), lyophilisation with protective excipients (e.g., trehalose, gelatin),
and the use of ion additives, have shown strong potential to preserve phage viability in
such challenging environments [34,35].

Nowadays, encapsulation remains the dominant technique in the formulation of bac-
teriophages for plant disease control, as evidenced by numerous studies [23,31–33]. By
encapsulation, the active agents are captured within a carrier material, creating monodis-
perse particles that maintain consistent size and physicochemical properties, preventing
aggregation during production and application. Encapsulation is particularly effective
in delivering bioactive molecules and living cells, with microcapsules, often spherical
or irregular in shape, serving as protective carriers for the phages. This technique has
proven beneficial in various fields, including agriculture, where it can protect phages
from environmental factors and enhance their stability during application. Among the
emerging advancements in bacteriophage formulation, hydrogels loaded with phages
are gaining popularity. Hydrogels have shown promise in reducing biofilm formation
caused by pathogenic bacteria, significantly lowering bacterial populations in vitro. As
a result, research continues to focus on optimizing these formulations to improve phage
stability, efficacy, and application methods, with promising implications for biocontrol in
agriculture [31]. The latest research trends emphasize the need for development of more
efficient, cost-effective, and environmentally friendly approaches, such as the use of hydro-
gels and other novel delivery systems, to further advance bacteriophage-based solutions
for plant disease management [31]. Similar biocontrol concepts are used for mycorrhizal
fungi such as Glomus spp., which may limit the development of verticillium wilt in cotton
by competing with the pathogen for resources and space in the rhizosphere [54].

Formulation strategies such as encapsulation, lyophilisation, and the use of stabi-
lizing excipients significantly improve bacteriophage stability by protecting them from
environmental stressors including temperature fluctuations, UV radiation, desiccation, and
enzymatic degradation [31–33]. Encapsulation in biopolymer matrices or nanoparticles
creates a physical barrier that shields phages during storage and application, preserving
their infectivity and enhancing delivery efficiency [23,32]. Lyophilisation transforms phages
into stable powders, facilitating long-term storage without refrigeration [31]. Moreover,
additives like salts and sugars maintain phage structural integrity and biological activity
under challenging post-harvest conditions [55]. These advances in formulation enable prac-
tical and effective use of bacteriophages in diverse agricultural environments, addressing
key limitations to their large-scale deployment [32].

This is particularly the case in agricultural settings, where the environment is not
readily controlled and cold storage or controlled environment facilities do not exist. In
typical post-harvest scenarios such as open storage, refrigerated shipping, or field-side
packing phage preparations must be capable of withstanding temperature fluctuation,
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humidity, and sunlight. Encapsulation techniques using biodegradable polymers like
alginate or chitosan, and lyophilized powders using excipients like trehalose or gelatin,
have proven to promote phage viability under these conditions [35]. These formulation
strategies bridge the gap between laboratory conditions and real-world agricultural ap-
plications, enabling phage use in uncontrolled environments such as field-side packing
or open storage.

6. Regulatory and Safety Considerations
At the EU level, the Regulation (EC) No 1829/2003 on genetically modified food

and feed, as well as the Commission Regulation (EC) No 2073/2005 (https://eur-lex.
europa.eu/legal-content/PL/ALL/?uri=CELEX:32003R1829, accessed on 14 April 2025)
on microbiological criteria for foodstuffs, provide additional regulatory guidelines that
may apply to phage use in food systems. As a member of the European Union, Poland
is bound by these regulations, ensuring harmonization of plant protection product usage
across all EU member states.

The main legal act regulating the use of plant protection products in Poland is the Plant
Protection Act of 8 March 2013 (Dz.U. z 2020 r. poz. 221) h (https://isap.sejm.gov.pl/isap.
nsf/DocDetails.xsp?id=WDU20200002021, accessed on 14 April 2025). This Act defines
plant protection products and mandates that they be registered before being placed on the
market or used. However, bacteriophages are not recognized as plant protection agents
under this law, which means they are not required to be registered to be legally sold as
ready plant protection products. Instead, bacteriophages can be used within the framework
of good agricultural practice (GAP), a set of principles designed to ensure proper farm
management, environmental protection, and food safety. The use of bacteriophages in GAP
does not require formal registration or authorization.

Recent literature supports this approach, highlighting that phage-based biocontrol
agents can be integrated into sustainable crop protection strategies, particularly when used
as part of phage cocktails or encapsulated formulations that enhance stability and efficacy
under field conditions [56].

These strategies are increasingly recognized as viable alternatives to chemical pesti-
cides, especially in the context of EU Green Deal objectives and the Farm to Fork Strategy,
which aim to reduce pesticide use and promote biological control methods. Current regula-
tory status of bacteriophages for plant protection are summarized in Table 4.

Table 4. Current Regulatory Status of Bacteriophages for Plant Protection: EU and Poland.

Regulatory Level Legal Act/Guidelines Key Provisions/Application
to Phages Status of Bacteriophages

European Union

Regulation (EC) No
1829/2003 on genetically
modified food and feed

Establishes rules for
genetically modified

organisms (GMOs), which
may apply to phages if they
are genetically modified or

their use falls under this
regulation’s scope.

No direct classification.

Commission Regulation (EC)
No 2073/2005 on

microbiological criteria
for foodstuffs

Provides additional regulatory
guidelines that may apply to
phage use in food systems.

May influence how phages are used
to control pathogens in food systems.

https://eur-lex.europa.eu/legal-content/PL/ALL/?uri=CELEX:32003R1829
https://eur-lex.europa.eu/legal-content/PL/ALL/?uri=CELEX:32003R1829
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200002021
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20200002021
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Table 4. Cont.

Regulatory Level Legal Act/Guidelines Key Provisions/Application
to Phages Status of Bacteriophages

European Union EU Green Deal and Farm to
Fork Strategy

Promote the reduction in
pesticides and the

development of biological
control methods; phages align

with these goals as a
sustainable alternative.

Promoted as consistent with
sustainability goals and chemical

reduction targets.

Poland

Plant Protection Act of 8
March 2013 (Dz.U. z 2020 r.

poz. 221) [2]

Defines plant protection
products and mandates their

registration before being
placed on the market or used.
Poland, as an EU member, is

bound by EU regulations.

Not recognized as plant protection
products under this law, meaning

they are not required to be registered
as ready plant protection products.

Good Agricultural
Practice (GAP)

A set of principles designed to
ensure proper farm

management, environmental
protection, and food safety.

Can be used within the framework of
GAP and does not require formal

registration or authorization. This is
their primary pathway for

use in Poland.

7. Future Directions and Research Needs
Advancing bacteriophage therapy in agriculture involves addressing several key chal-

lenges. One primary concern is the development of scalable and cost-effective production
methods. Research is needed to optimize large-scale phage propagation, formulation, and
delivery systems for practical industrial application [57,58]. Additionally, it is crucial to
evaluate and standardize application techniques, such as spraying, immersion, and packag-
ing treatments, to identify the most effective methods for diverse agricultural environments.
This standardization will ensure consistency and reliability in the use of phages across
different crops and conditions [56,59].

As bacteriophage applications in agriculture expand, establishing regulatory frame-
works to ensure their safe use become critical. These frameworks must address food safety,
environmental impact, and the broader sustainability of phage therapy. This will help to
pave the way for wider acceptance and adoption of bacteriophage-based products in the
industry [60]. The ecological impact is the potential development of resistance in target
bacterial pathogens. That is why, research focus on understanding molecular mechanisms
behind phage resistance in phytopathogenic bacteria. Investigating strategies to combat
resistance, such as developing phage cocktails, alternating phages, or combining phage
therapy with other biocontrol agents, will be essential for enhancing the long-term effective-
ness of phage-based treatments [8]. Additionally, the ecological impact of phage therapy on
the plant microbiome is an important aspect for future research. Phage applications could
alter microbial community dynamics on plant surfaces and in soil, potentially affecting
beneficial microorganisms that contribute to plant health. It is vital to study the effects of
phage treatments on non-target microorganisms and soil ecosystems to ensure that phage
therapies do not disrupt these beneficial interactions [52].

By exploring those new research avenues, future studies will help unlock the full
potential of bacteriophages as a sustainable and effective solution for post-harvest disease
management and other agricultural applications.

8. Conclusions
Bacteriophage-based strategies hold great promise for improving post-harvest disease

management, particularly through their integration into innovative delivery methods such
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as edible films and coatings [42]. These approaches provide natural, biodegradable, and
highly effective solutions for reducing spoilage and enhancing food safety. However,
several practical challenges must be addressed before widespread implementation.

One of the primary concerns is bacterial resistance to phages, which necessitates the
development of phage cocktails to ensure broad-spectrum efficacy. Additionally, environ-
mental factors including pH fluctuations, temperature variations, and UV exposure can
significantly affect phage stability and performance, requiring optimized formulation strate-
gies [46,61,62]. Furthermore, regulatory hurdles and commercial production complexities
remain key barriers to large-scale adoption [19].

To fully realize the potential of bacteriophage applications, future efforts should focus
on enhancing phage stability, optimizing their integration into post-harvest treatment
systems, and addressing safety and regulatory concerns. By advancing interdisciplinary
research and increasing public awareness, phage-based technologies can be effectively in-
corporated into sustainable agricultural practices, contributing to global food security. The
integration of various microbial biocontrol agents, including PGPR and exopolysaccharide-
producing bacteria, supports the development of resilient agroecosystems and complements
the use of bacteriophages in sustainable plant protection [63].
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