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isolates were identified through colony morphology, Gram
staining, and biochemical profiling. Antibiotic susceptibility testing was performed using the disc
diffusion method following CLSI 2022 guidelines. Biofilm formation was assessed using the
microtiter plate method, while extended-spectrum beta-lactamase (ESBL) production was detected
through the double disc synergy test. Results: Five bacterial genera were isolated,
including  Clostridium  spp., Vibrio spp., Yersinia  pseudotuberculosis,  Streptococcus  spp.,
and Staphylococcus aureus. Antibiotic susceptibility testing revealed concerning resistance patterns,

with most isolates showing resistance to multiple antibiotics including Augmentin and
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ceftazidime. Staphylococcus aureus isolated from apple gourd exhibited methicillin resistance
(MRSA). All tested isolates demonstrated biofilm-forming capabilities, with relative biofilm
formation values ranging from 0.07 to 0.13. ESBL production was detected
in Streptococcus spp., Vibrio spp., Clostridium spp., and Yersinia pseudotuberculosis, while S. aureus was
ESBL-negative. Conclusion: The presence of MDR and ESBL-producing bacteria in fresh
vegetables represents a significant public health concern. These findings underscore the urgent
need for improved agricultural practices, enhanced surveillance systems, and public awareness
campaigns regarding vegetable safety in Peshawar.

Keywords: Multidrug-resistant bacteria, fresh vegetables, ESBL, biofilm, food safety, Peshawar

1. Introduction

Fresh vegetables occupy a fundamental position in balanced human nutrition, supplying essential
minerals, dietary fibers, and vitamins that collectively support human health. Public health
organizations worldwide advocate for daily vegetable consumption, recommending at least five
portions daily to protect against various malignancies and cardiovascular conditions (Callejon et al.,
2015). The World Health Organization and Food and Agriculture Organization jointly launched a
global initiative in 2003 promoting vegetable intake, establishing a daily recommendation of 400
grams (Holzel et al., 2018; WHO, 2003).

The growing awareness of these health benefits has driven increasing demand for fresh vegetables.
However, contemporary lifestyle changes have paradoxically reduced time spent on meal
preparation (Zekar et al., 2017), leading to greater consumption of raw or minimally processed
vegetables. This trend raises significant safety concerns, as raw vegetables may harbor pathogenic
microorganisms (Amaechi et al., 2016). Poor hygiene practices during production and post-harvest
handling contribute substantially to contamination, with international trade facilitating the global
dissemination of pathogenic bacteria (Akoachere et al., 2018; Punsawad et al., 2019; Han et al.,
2021).

Vegetables such as tomatoes, capsicum, and potatoes are particularly susceptible to microbial
contamination. Tomatoes, the world's second most cultivated vegetable, provide valuable nutrients
including vitamins A, C, E, folate, and lycopene (Shah et al., 2021; Ramya and Patel, 2019). Yet
they remain vulnerable to over 200 diseases caused by various pathogens. While chemical
pesticides offer some protection, their frequent application adversely affects nutritional content,
soil quality, and productivity (Singh and Sahareen, 2017).

The emergence of antibiotic-resistant bacteria in vegetables represents an escalating global health
challenge. Contamination can occur throughout production cycles through direct antibiotic
application, contaminated irrigation water, or fertilizer use (Latif et al., 2018). Insects may serve as

vectors for resistant bacteria (Bengtsson et al., 2018), while enterococci from warm-blooded

Page 191 of 18


https://pakjmcr.com/index.php/1/about

Vol. 5 No. 2 (2026)

Pakistan Journal of Medical & Cardiological Review
https://pakjmcr.com/index.php/1/about

Online ISSN Print ISSN

Rehman et al., 2026 3007-2387 3007-2379

animals enter environments through fecal contamination, eventually colonizing plants (Mogren et
al., 2018). Multiple studies have documented vegetable contamination by Pseudomonas
aeruginosa, Salmonella typhi, Escherichia coli, Klebsiella species, and other pathogens (Ilyas et al., 2016;
Mir et al., 2018; Elenwo and Imade, 2020).

Biofilm formation further complicates this picture, as bacterial communities embedded in
extracellular matrices resist sanitizers and disinfectants (Ng et al., 2018). These structured
communities survive unfavorable conditions, including nutrient deprivation and temperature
extremes, making their elimination from food processing environments exceptionally challenging
(Giaouris et al., 2015). The 2017 vegetable recalls in Canada underscore the practical implications
of these concerns (Herod et al., 2019).

Extended-spectrum beta-lactamase (ESBL) producing bacteria have attracted particular attention as
one of the world's six major antibiotic resistance-related health threats (Richter et al., 2019). Their
ability to inactivate broad-spectrum cephalosporins severely limits therapeutic options when
infections occur (Freitag et al., 2018). Fresh vegetables commonly harbor these organisms (Ye et al.,
2017), raising questions about their role in transmitting resistant determinants to humans.

This study aimed to enhance existing knowledge regarding vegetable contamination levels and
characterize antibiotic-resistant microbes in fruits and vegetables from Peshawar markets. Specific
objectives included isolating and identifying MDR bacteria, performing antibiotic susceptibility
testing, investigating biofilm formation capacity, and detecting beta-lactamase production among
selected isolates.

2. Materials and Methods

2.1 Study Duration and Location

This research was conducted from August 2020 to August 2021 in the Microbiology Laboratory of
the Institute of Biological Sciences, Sarhad University of Science and Technology, Peshawar,
Pakistan.

2.2 Sample Collection and Processing

Ten vegetable types were purchased from various markets in Peshawar: radish (Raphanus sativus),
carrot (Daucus carota), potato (Solanum tuberosum), tomato (Solanum lycopersicum), bitter gourd
(Momordica charantia), capsicum (Capsicum annuum), cabbage (Brassica oleracea), turnip (Brassica
rapa), salad leaves (Lactuca sativa), and apple gourd (Praecitrullus fistulosus).

Samples were placed in sterile zip-locked polythene bags and transported to the laboratory under
cold chain conditions (4°C) for bacteriological analysis (Sarker et al., 2018). Each sample was
rinsed with 20 mL phosphate-buffered saline, transferred to sterile plastic bags, and aseptically cut

and ground using sterile blades. Samples underwent ten-fold serial dilution in nutrient broth

(Sarker et al., 2018).
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2.3 Bacterial Isolation

Nutrient broth served as the initial isolation medium. Inoculated broths were incubated overnight
at 37°C, then streaked onto MacConkey agar prepared according to manufacturer specifications.
Single isolated colonies were subcultured on MacConkey agar to obtain pure cultures (Sarker et al.,
2018).

2.4 Identification of Bacterial Isolates

Isolate identification relied on colony morphology, Gram staining, and biochemical profiling
(Siddique et al., 2018). Colony characteristics were observed on nutrient agar, MacConkey agar,
mannitol salt agar, and blood agar. Gram staining was performed using standard procedures with
crystal violet, iodine, alcohol decolorizer, and safranin counterstain (Seth et al., 2017).

Biochemical tests included catalase, triple sugar iron (TSI), indole, oxidase, urease, carbohydrate
utilization, hemolysis, and spore formation tests, performed according to established protocols
(Islam et al., 2020; Holt et al., 2013; Opara, 2020).

2.5 Antibiotic Susceptibility Testing

The Kirby-Bauer disc diffusion assay evaluated antibiotic susceptibility following CLSI 2022
guidelines. Bacterial suspensions were adjusted to 0.5 McFarland standard turbidity (1.5x10®
CFU/mL) prepared by mixing 0.05 mL barium chloride with 9.95 mL sulfuric acid (Ghasemi et al.,
2020).

Test bacteria were inoculated in nutrient broth, incubated overnight, and subcultured under
identical conditions. Suspensions were swabbed onto cation-adjusted Mueller-Hinton agar plates.
Antibiotic discs (Musa Ji Adams and Sons, Peshawar) included: imipenem (10 pg), ceftazidime (30
ng), amikacin (30 pg), ciprofloxacin (5 pg), piperacillin-tazobactam (110 pg), moxifloxacin (30 pg),
cefoxitin (30 pg), tigecycline (15 pg), linezolid (30 pg), chloramphenicol (30 pg), sulfamethoxazole-
trimethoprim (25 pg), and augmentin (3 pg). Plates were incubated overnight at 37°C, and
inhibition zone diameters were measured in millimeters. Isolates were classified as susceptible,
intermediate, or resistant according to CLSI interpretive criteria (CLSI, 2022).

2.6 Biofilm Formation Assay

Biofilm-forming capacity was assessed using the microtiter plate method (Kim et al., 2018). Test
isolates were inoculated in trypticase soy broth and incubated overnight. Cultures were diluted
100-fold in fresh TSB, and aliquots were added to 96-well polystyrene microtiter plates. After 48-
hour incubation at 37°C, plates were rinsed with phosphate-buffered saline to remove non-
adherent cells, then stained with 0.1% crystal violet. Following drying and gentle washing with
distilled water, ethanol was added to each well, and absorbance was measured at 600 nm using an

ELISA reader. Each test was performed in triplicate with uninoculated culture medium as control.
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Biofilm-forming ability was categorized as strong, moderate, or weak based on relative biofilm
formation calculated as:

Relative biofilm formation = (Ax- Ao )/ Ao

where Ax represents isolate absorbance and Ao represents blank absorbance.

2.7 ESBL Phenotype Detection

The double disc synergy test detected ESBL production (Shallouf, 2018). Mueller-Hinton agar
plates were inoculated with test bacteria. Discs containing amoxicillin-clavulanic acid, ceftazidime,
cefotaxime, and ceftriaxone were placed 30 mm apart using sterile forceps. Plates were incubated
for 24 hours at 37°C, and inhibition zone diameters were measured. Distortion or increased zone
diameter toward the amoxicillin-clavulanic acid disc indicated ESBL positivity.

3. Results

3.1 Bacterial Isolates from Vegetables

Five bacterial genera were isolated from the ten vegetable types examined. Table 1 presents the
distribution of isolates across vegetable samples.

Table 1: Bacterial Isolates from Different Vegetables

Vegetable Bacterial Isolate

Radish (Raphanus sativus) Clostridium spp.

Carrot (Daucus carota) Clostridium spp.

Potato (Solanum tuberosum) Vibrio spp.

Tomato (Solanum lycopersicum) Yersinia pseudotuberculosis
Bitter gourd (Momordica charantia) Streptococcus spp.
Capsicum (Capsicum annuum) Vibrio spp.

Cabbage (Brassica oleracea) Streptococcus spp.
Turnip (Brassica rapa) Clostridium spp.

Salad leaves (Lactuca sativa) Streptococcus spp.
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Vegetable Bacterial Isolate

Apple gourd (Praecitrullus fistulosus) Staphylococcus aureus

3.2 Colony Morphology and Gram Staining Characteristics

Colonial morphology varied among isolates on different media (Table 2). Gram staining
revealed Clostridium spp. as purplestaining rods, Vibrio spp. as pink rods, Yersinia
pseudotuberculosis as pink rods, Streptococcus spp. as purple cocci, and Staphylococcus aureus as purple

round colonies.

Table 2: Colony Morphology of Bacterial Isolates
MacConk
Isolate Nutrient Agar ac-onkey MSA Blood Agar
Agar
. Whitish opaque Pinkish
Clostridium spp. ’ ’ , ,
colonies colonies
Pinkish
Vibrio spp. Opaque colonies n 15: , ,
colonies
Y. . . 1.
Whitish colonies Pinkish spots , ,
pseudotuberculosis
Dome-shaped Grayish/black

Streptococcus spp.

S. aureus

colorless colonies

Golden-yellowish

colonies

Yellow

colonies

smooth colonies

Golden colonies

3.3 Biochemical Characterization

Biochemical test results confirmed isolate identities (Table 3). Notable findings included catalase

positivity for S. aureus, oxidase positivity for Vibrio spp., urease positivity for Y. pseudotuberculosis,

and spore formation and strict anaerobe characteristics for Clostridium spp.
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Table 3: Biochemical Test Results

Test Clostridium Vibrio Y. pseudotuberculosis ~ Streptococcus S. aureus

Catalase - . - . +
Mannitol - . - . +
fermentation

Indole - . - . -
Oxidase - + - . -
Urease - - + - -
Carbohydrate - + - . +
utilization

Hemolysis - . - + -
Spore + - - - -
forming

Motility - . - . -
Strict + - - - -

anaerobes

+ = positive, - = negative

3.4 Antibiotic Susceptibility Patterns

Antibiotic  susceptibility  testing  revealed  concerning  resistance  profiles  across
isolates. Clostridium species from various vegetables demonstrated consistent resistance to
augmentin (3 pg) with zone diameters of 0 mm (Tables 4-6). Ceftazidime resistance was also

common, with some isolates showing complete resistance (0 mm zones).

Table 4: Antibiotic Susceptibility of Clostridium spp. from Turnip
Antibiotic Concentration Zone Diameter (mm)
Gentamicin 30 pg 15

Augmentin 3 ng 0

Ciprofloxacin 5 ng 20

[mipenem 10 pg 15
Piperacillin/tazobactam 110 pg 16

Ceftazidime 30 pg 12

Table 5: Antibiotic Susceptibility of Clostridium spp. from Carrot

Antibiotic Concentration Zone Diameter (mm)
Gentamicin 30 pg 20

Augmentin 3 ng 0
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Ciprofloxacin 5 ug 22

Imipenem 10 pg 19

Amikacin 110 pg 16

Piperacillin/tazobactam 30 pg 12

Ceftazidime 30 pg 11

Table 6: Antibiotic Susceptibility of Clostridium spp. from Radish

Antibiotic Concentration Zone Diameter (mm)

Augmentin 3 ng 0

Ceftazidime 30 pg 0

Imipenem 10 pg 15

Gentamicin 30 pg 16

Amikacin 30 pg 17

Ciprofloxacin 5 ng 22

Piperacillin/tazobactam 30 pg 14

Vibrio species from capsicum and potato exhibited similar resistance patterns (Tables 7-8), with
augmentin and ceftazidime resistance (0 mm zones) and reduced susceptibility to piperacillin-

tazobactam (2 mm zones).

Table 7: Antibiotic Susceptibility of Vibrio spp. from Capsicum

Antibiotic Concentration Zone Diameter (mm)
Augmentin 3 ng 0

Ceftazidime 30 pg 0

Imipenem 10 pg 12

Gentamicin 30 pg 10

Amikacin 30 pg 16

Ciprofloxacin 5 ug 22
Piperacillin/tazobactam 30 pg 2

Table 8: Antibiotic Susceptibility of Vibrio spp. from Potato

Antibiotic Concentration Zone Diameter (mm)
Augmentin 3 ng 0

Ceftazidime 30 pg 0

Imipenem 10 pg 10

Gentamicin 30 pg 10

Amikacin 30 pg 22

Ciprofloxacin 5 pg 16
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Piperacillin/tazobactam 30 pg 2

Yersinia pseudotuberculosis from tomato demonstrated the most concerning resistance profile, with

small zone diameters across all tested antibiotics (Table 9).

Table 9: Antibiotic Susceptibility of Y. pseudotuberculosis from Tomato
Antibiotic Concentration Zone Diameter (mm)
Augmentin 3 ng 0

Ceftazidime 30 pg 0

[mipenem 10 pg 10

Gentamicin 30 ug 8

Amikacin 30 pg 6

Ciprofloxacin 5 ng 7
Piperacillin/tazobactam 30 pg 5

Streptococcus species from bitter gourd, cabbage, and lettuce showed variable but generally reduced
susceptibility (Tables 10-12). Complete resistance to augmentin was consistent across isolates.

Table 10: Antibiotic Susceptibility of Streptococcus spp. from Bitter Gourd

Antibiotic Concentration Zone Diameter (mm)
Augmentin 3 ng 0

Ceftazidime 30 pg 0

Imipenem 10 pg 10

Gentamicin 30 pg 10

Amikacin 30 pg 10

Ciprofloxacin 5 pg 15
Piperacillin/tazobactam 30 pg 4

Table 11: Antibiotic Susceptibility of Streptococcus spp. from Cabbage
Antibiotic Concentration Zone Diameter (mm)
Augmentin 3 ng 0

Ceftazidime 30 pg 6

Imipenem 10 pg 12

Gentamicin 30 pg 12

Amikacin 30 pg 16

Ciprofloxacin 5 ng 0
Piperacillin/tazobactam 30 pg 4
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Table 12: Antibiotic Susceptibility of Streptococcus spp. from Lettuce

Antibiotic Concentration Zone Diameter (mm)

Ceftazidime 30 pg 5

Imipenem 10 pg 0

Gentamicin 30 pg 10

Amikacin 30 pg 8

Ciprofloxacin 5 g 6

Piperacillin/tazobactam 30 pg 2

Staphylococcus aureus from apple gourd demonstrated a distinct susceptibility pattern (Table 13),
with large zones for chloramphenicol (31 mm), gentamicin (34 mm), amikacin (33 mm), and
linezolid (32 mm). However, cefoxitin resistance (12 mm) indicated methicillin-resistant S.
aureus (MRSA).

Table 13: Antibiotic Susceptibility of S. aureus from Apple Gourd

Antibiotic Concentration Zone Diameter (mm)
Sulfamethoxazole-trimethoprim 25 ng 29
Moxifloxacin 5 g 19
Chloramphenicol 30 pg 31
Cefoxitin 30 pg 12
Gentamicin 30 pg 34
Amikacin 30 pg 33
Linezolid 30 pg 32
Tigecycline 15 pg 22

3.5 Biofilm Formation

All isolates demonstrated biofilm-forming capacity (Figure 1). Relative biofilm formation values
ranged from 0.07 to 0.13, with all isolates showing significantly greater biofilm formation than the
laboratory control strain E. coli (P < 0.05).

Figure 1: Biofilm Formation of Isolated Bacteria

[Bar graph showing relative absorbance values:

Clostridium spp.: 0.13

Vibrio spp.: 0.11

Y. pseudotuberculosis: 0.09

Streptococcus spp.: 0.10

S. aureus: 0.07]
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3.6 ESBL Production
ESBL production was detected in four of the five bacterial genera examined (Table
14). Streptococcus spp., Vibrio spp., Clostridium spp., and Yersinia pseudotuberculosis were ESBL

producers, while Staphylococcus aureus was negative for ESBL production.

Table 14: ESBL Production Among Isolates

ESBL Producers ESBL Non-Producers
Streptococcus spp. Staphylococcus aureus
Vibrio spp. -

Clostridium spp. -

Yersinia pseudotuberculosis -

4. Discussion

Fresh vegetables represent a double-edged sword in human nutrition, while providing essential
nutrients and protection against chronic diseases, they simultaneously serve as potential vehicles
for pathogenic microorganisms. This study's findings reveal alarming levels of multidrugresistant
bacteria contaminating commonly consumed vegetables in Peshawar, aligning with global concerns
about foodborne transmission of antibiotic resistance.

The bacterial genera isolated, Clostridium, Streptococcus, Yersinia, Staphylococcus, and Vibrio, reflect
those reported in similar investigations worldwide. The predominance
of Clostridium and Streptococcus species parallels findings by Tango et al. (2018), who
isolated Clostridium from turnip and carrot, and Nithya and Babu (2017), who reported both
genera in salad leaves and tomato. The recovery of Staphylococcus aureus from apple gourd, cabbage,
and lettuce corresponds with Akoachere et al. (2018) and Kwaku et al. (2016), who documented
similar contamination patterns. Notably, Khan et al. (2019) previously reported comparable
isolates including Clostridium, Bacillus, S. aureus, and Listeria species from Peshawar and Mardan,
confirming regional contamination patterns.

The presence of Yersinia pseudotuberculosis in tomato samples corroborates findings by Verbikova et
al. (2018), Chen et al. (2019), and Bintsis (2018). Savin et al. (2022) similarly isolated this
pathogen from tomatoes, while Mengal et al. (2019) reported Yersinia from salad leaves in Pakistan.
These consistent findings suggest that Yersinia contamination of fresh produce may be more
widespread than previously recognized.

Antibiotic susceptibility testing revealed concerning resistance patterns. The complete resistance to
augmentin observed across multiple isolates, particularly Clostridium species, mirrors Cole et al.'s
(2018)  report of ceftazidimeresistant  Clostridium. The isolation of methicillin-

resistant Staphylococcus aureus from apple gourd represents a particularly significant finding, given
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MRSA's clinical importance. Similar MRSA isolates have been reported from turnip by
Weldezgina et al. (2016) and from cabbage by Obajuluwa et al. (2021). However, Wu et al. (2018)
described cefoxitin-sensitive S. aureus, highlighting geographical variation in resistance patterns.
The classification of all isolates except S. aureus as multidrug-resistant aligns with Golly et al. (2016),
who documented MDR Enterobacteriaceae from cabbage, carrot, and lettuce. This widespread MDR
occurrence suggests that vegetable contamination with resistant bacteria represents a systematic
problem requiring comprehensive intervention.

Biofilm formation capacity among all tested isolates raises additional concerns for food safety.
Relative biofilm formation values ranging from 0.07 to 0.13, while modest, indicate that these
organisms can establish surface-associated communities resistant to removal. Kim et al. (2018)
similarly reported biofilm-forming E. coli from lettuce, while Lin et al. (2019) documented biofilm-
forming S. aureus from ready-to-eat salads. Verbikova et al. (2018) described biofilm-
forming Yersinia from fresh lettuce, cabbage, and tomato, and Igbinosa et al. (2019) isolated
biofilm-forming Vibrio from salads. Chen et al. (2020) reported biofilm-forming Streptococci from
cabbage, consistent with our findings. Park et al. (2020) isolated biofilm-forming Bacillus from
lettuce in Korea, demonstrating that this phenomenon extends across bacterial genera and
geographical regions.

The detection of ESBL-producing bacteria, Streptococcus spp., Vibrio spp., Clostridium spp.,
and Yersinia pseudotuberculosis, represents perhaps the most clinically significant finding. ESBL
production compromises beta-lactam antibiotics, including penicillins and cephalosporins, severely
limiting treatment options. Liu et al. (2018) similarly reported ESBL-producing Clostridium from
potato and cabbage in China. Lopes et al. (2021) and Richter et al. (2019) documented ESBL-
producing Klebsiella pneumoniae, E. coli, and Enterobacteriaceae from cabbage, lettuce, and tomato.
Daniels et al. (2019) reported ESBL-producing Streptococci from ready-to-eat salads, aligning with
our observations.

The absence of ESBL production in S. aureus isolates, while reassuring, does not diminish concern
given the MRSA finding. This pattern suggests that resistance mechanisms vary among bacterial
genera, with implications for surveillance and intervention strategies.

Several limitations warrant consideration. The sample size, while adequate for initial
characterization, may not fully capture seasonal or geographical variation in contamination
patterns. The study did not investigate potential contamination sources, such as irrigation water
quality or post-harvest handling practices. Molecular characterization of resistance genes would
complement phenotypic resistance profiling and provide insights into resistance mechanisms and

potential transmission pathways.
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5. Conclusion and Recommendations

5.1 Conclusion

This study demonstrates an alarming prevalence of multidrugresistant pathogenic bacteria in fresh
vegetables from  Peshawar markets. The isolation of ESBLproducing organisms,
including Streptococcus spp., Vibrio spp., Clostridium spp., and Yersinia pseudotuberculosis, alongside
methicillin-resistant Staphylococcus aureus, highlights the potential role of vegetables as vectors for
transmitting clinically significant resistant pathogens. The universal biofilm-forming capacity
among isolates further complicates contamination management and elimination. These findings
collectively indicate that fresh vegetables represent a significant public health concern requiring
immediate attention from regulatory authorities, healthcare providers, and consumers.

5.2 Recommendations

Based on these findings, the following measures are recommended:

Regulatory and Policy Interventions: Strict quality control measures should be implemented
throughout the vegetable supply chain, from production through retail. National antibiotic
treatment guidelines must be established to preserve antimicrobial effectiveness, and empirical
antibiotic therapy should be avoided given the unusual resistance profiles documented in this
study.

Agricultural Practices: Farmers require education regarding contamination sources and
prevention strategies. Training programs should address safe irrigation practices, proper fertilizer
use, and appropriate post-harvest handling. The use of untreated wastewater for irrigation must be
prohibited, and composting practices should ensure pathogen elimination.

Surveillance and Monitoring: Comprehensive surveillance systems tracking antibiotic-resistant
bacteria in food products should be established. Healthcare facilities must implement complete
infection control policies and antimicrobial stewardship programs. Regular monitoring of high-risk
vegetables should inform timely interventions.

Public Awareness: Consumer education campaigns should communicate risks associated with
contaminated vegetables and promote safe handling practices, including thorough washing and
proper storage. The public must understand that appearance alone does not indicate safety.

Future Research: Investigations should identify specific contamination sources along production
chains and characterize resistance genes at the molecular level. Studies examining seasonal
variation in contamination patterns and evaluating intervention effectiveness would guide
evidence-based policies. Research exploring alternatives to antibiotics in agriculture, including

biocontrol agents and plant-based antimicrobials, may offer sustainable solutions.
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