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Summary 
Biofilms are assemblages of microbial cells that attach to 

surfaces, where they can be tough to remove and cause 

problems in many industries. This fact sheet explores how 

biofilms form and why they are a concern for the food and 

agriculture industry. Biofilms help microbes survive and 

have been linked to food poisoning outbreaks, leading to 

substantial financial losses. Biofilms can form due to 

environmental conditions, the types of surfaces they attach 

to, and farming or food processing methods. To prevent 

and control biofilms, food businesses use standard 

cleaning routines and newer technologies. Understanding 

and tackling biofilms is key to keeping food safe. 

What is a biofilm? 
Microbes are tiny living organisms that cannot be seen 

with the naked eye. They include bacteria, viruses, fungi, 

and algae. They live in soil, in water, and on plant surfaces. 

Microbes play key roles in nature by recycling nutrients, 

breaking down organic material, and supporting 

ecosystems. They are also useful in industries for making 

antibiotics and fermented products. 

Biofilms are clusters of microbes, mainly bacteria, that 

stick to surfaces and form a protective, slimy layer. This 

layer helps them survive harsh conditions and can be 

found in all kinds of natural environments. Biofilm 

formation happens in steps: bacteria (i) attach loosely to a 

surface, (ii) attach more firmly, (iii) grow into a mature 

biofilm, and then eventually (iv) break apart and spread 

(Sauer et al. 2022). During the initial stage of formation, 

the cells reversibly attach to surfaces in food and farming 

environments. Biofilms form on surfaces like plastic, 

stainless steel, and wood. Over time, the bacteria create a 

slimy protective layer (Flemming 2016) composed of 

sugars, proteins, DNA, and fats (Di Martino 2018). This 

layer helps bacteria survive and communicate through a 

process called “quorum sensing” (Cámara et al. 2022; 

Miller and Bassler 2001), which allows them to share DNA, 

become more resilient, and, in some cases, become more 

harmful (Preda and Săndulescu 2019). 

 
Figure 1. Steps involved in biofilm formation. 
Credit: Created in BioRender by T. Gu, 
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As biofilms grow, they form structured layers that protect 

bacteria from harsh conditions, including cleaning and 

sanitation agents. When mature, biofilms release bacteria 

into the environment, allowing them to spread and 

potentially contaminate the food being grown or processed 

(Sauer et al. 2022). Biofilms play a key role in bacterial 

survival but also pose serious food safety challenges that 

require multiple coordinated efforts and strategies to 

control. 

Why are biofilms important? 
According to the U.S. Food and Drug Administration (FDA) 

and Centers for Disease Control and Prevention, a 

foodborne illness outbreak is defined as two or more 

people becoming sick after consuming the same food or 

drink, except in cases of botulism or chemical poisoning, 

where a single case constitutes an outbreak (FDA 2022; 

CDC 2021). These illnesses pose serious risks to public 

health and have considerable social and economic impacts. 

Despite the United States having one of the world's safest 

food systems, about one in every six individuals 

nationwide falls ill from contaminated foods each year. 

This results in 128,000 hospitalizations and 3,000 deaths 

annually (Scallan et al. 2011). Foodborne illnesses can 

cause symptoms ranging from mild to severe, including 

diarrhea, vomiting, nausea, abdominal cramps, joint pain, 

and fatigue. In addition to these symptoms, foodborne 

illnesses can lead to severe complications such as kidney 

failure, liver disease, gastrointestinal disorders, brain and 

nervous system issues, reactive arthritis, paralysis, and 

even death. Furthermore, these bacterial communities aid 

in microbial survival, which increases the risk of foodborne 

illness. This raises concerns since, notably, the National 

Institutes of Health reports that over 80% of microbial 

infections, though not limited to foodborne cases, are 

generally associated with biofilms (NIH 2002, 2007). 

Various foodborne pathogens are found to have the ability 

to form biofilms both in the field and in food-processing 

environments (Cha and Ha 2022; Rossi et al. 2022; Roy et 

al. 2022). For instance, Listeria monocytogenes, a 

bacterium known to cause foodborne illnesses, has been 

identified as having biofilm-forming characteristics and 

has been reported to cause recurring contamination across 

different food products and supply chains (Kyere et al. 

2020; Lee et al. 2019; Redding et al. 2024; Wang et al. 

2022). In 2011, a multistate outbreak of Listeria 

monocytogenes linked with cantaloupe occurred in the 

United States, infecting 147 people and resulting in 143 

hospitalizations and 33 deaths (CDC 2018). This event was 

the deadliest listeriosis outbreak in U.S. history. The FDA's 

Establishment Inspection Report (EIR) stated that 

"environmental swabs that were collected from the firm's 

cantaloupe processing equipment and surrounding areas 

were also found to be positive for Listeria monocytogenes 

which matches the current outbreak's strains" (Miser 

2011). The report also mentioned that the surfaces of 

cantaloupe processing equipment had dirt and residue 

buildup which appeared to be "uncleanable" (Miser 2011). 

This buildup on equipment surfaces is often associated 

with biofilm formation, thus a Listeria biofilm in this 

facility was generally regarded as one of the potential 

causes of this deadly outbreak. Similarly, a 2024 listeriosis 

outbreak associated with deli meat was also attributed to 

Listeria biofilm buildup due to “inadequate sanitation 

practices” (USDA-FSIS 2025). 

Besides the public health burden, studies indicate that 

biofilms contribute to a staggering estimated global 

economic burden of over 5 trillion USD annually 

(Highmore et al. 2022). The food and agriculture sectors 

incur roughly 324 billion USD annually, and water-related 

issues contribute an additional 90 billion USD annually 

(Cámara et al. 2022). The economic impact on the food and 

agriculture sectors mainly stems from food processing 

activities, which make up about 94% of the total $324 

billion economic burden. 

Biofilms in Food and Agriculture 
Biofilm-forming bacteria associated with foodborne 

illnesses include Listeria monocytogenes (Gu et al. 2021, 

2024), Escherichia coli (Zhao et al. 2022), Salmonella spp. 

(Roy et al. 2022), Bacillus cereus (Kwon et al. 2017), 

Staphylococcus aureus (Guo et al. 2023), and others 

(Klančnik et al. 2021; Lucero-Mejía et al. 2020; Simões et 

al. 2023). In the food industry, biofilm formation can result 

in pathogen transfer, leading to cross-contamination 

during farming, packing, or processing. 

Farming and Agriculture 
Microbial contamination may occur on farms through 

various pathways, including irrigation water, animal 

intrusion, contaminated farm workers, and agricultural 

tools. Among these pathways, irrigation water quality has 

significant implications for pathogen introduction as it 

serves as a reservoir of diverse microorganisms (Simões et 

al. 2023). 

Agricultural water plays a pivotal role in biofilm formation 

within irrigation systems. Using water sources like 

reclaimed water and untreated surface water may transfer 

biofilm-forming bacteria onto produce (Wang et al. 2022; 

Song et al. 2021). Similarly, the irrigation technique could 

also influence microbial transfer and biofilm formation. 

For instance, overhead irrigation was shown to have a 

higher pathogen transfer rate than drip irrigation systems 

(Fonseca et al. 2011). The material used in piping, 

plumbing, or irrigation systems also affects biofilm 

formation (Jang et al. 2011). 

To mitigate the contamination risk of these harmful 

bacteria (i.e., pathogens), the FDA introduced the Food 

Safety Modernization Act (FSMA), including the Produce 

Safety Rule (PSR) (FDA 2024b). The FDA recently updated 
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the PSR preharvest water requirements, replacing the 

previous microbial load criteria with a risk assessment 

model. This model assesses the entire irrigation water 

distribution system, agricultural practices, and land use 

(FDA 2024a). However, while this framework allows for 

the mitigation of multiple contamination risks, it does not 

explicitly address the potential for biofilm formation in 

agricultural water distribution systems. Consequently, 

biofilms may persist within the water system even when 

surface water meets FSMA standards, leading to an 

additional pathway for contamination. Therefore, 

including biofilms in agricultural water system risk 

assessments is essential to ensure overall food safety. It is 

important to highlight that the PSR also addresses worker 

training and hygiene, agricultural water usage, the 

prevention of animal intrusions, the management of 

biological soil amendments, and the sanitation of 

equipment, tools, and facilities (FDA 2024b). 

Food Processing 
Biofilms are persistent communities of microorganisms 

that frequently grow at food processing facilities. They are 

commonly found in drains due to consistently high 

moisture levels (Dzieciol et al. 2016). Biofilms can also 

develop on food contact surfaces, although routine 

cleaning and sanitation make it less likely. When 

formations do occur on food contact surfaces, these 

biofilms present a higher risk of illness because they can 

transfer pathogens directly to the food product. Food 

residues on equipment surfaces containing proteins, fats, 

and carbohydrates can create an ideal environment for 

microbial attachment and biofilm formation (Sharan et al. 

2022). 

Biofilms are a major challenge in the food industry as 

microbes are exposed to different biotic surfaces (food 

matrices) and abiotic surfaces like stainless steel, wood, 

plastics, rubber, and so forth, requiring different sanitation 

and cleaning protocols. Moreover, other environmental 

factors, such as pH, temperature, or moisture availability, 

also contribute to the promotion and persistence of 

biofilms (Chamberland et al. 2019; Govaert et al. 2018; Saá 

Ibusquiza et al. 2015). Food processors who handle 

different commodities often face unique challenges 

associated with biofilms. 

During postharvest operations, it is important to mitigate 

cross-contamination risks while washing, cutting, 

trimming, and packaging (Cornell College of Agriculture 

Science, n.d.). In meat processing plants, drains and 

processing equipment can inadvertently create 

environments favorable to the growth of biofilm-forming 

bacteria (Chitlapilly Dass et al. 2020). It is important to 

note that implementing effective sanitation and cleaning 

measures can significantly reduce this risk. During carcass 

processing and cleaning operations, bacterial cell buildup 

on surfaces, in hoses, and in drains may occur. However, 

proactively addressing these concerns and maintaining 

proper sanitation protocols can ensure a hygienic 

processing environment (Agüeria et al. 2021). Moreover, 

drainage systems have become a primary focus for 

environmental pathogen swabbing programs in modern 

food safety management plans because they are common 

areas for biofilm development (FDA 2023). 

Similarly, microorganisms in the dairy industry can 

accumulate in milk transport pipelines. Implementing 

robust sanitation measures is essential to preventing 

contamination and microbial persistence. Cross-

contamination can occur during processing, pasteurization, 

and packaging, potentially leading to biofilm formation. 

Better sanitation practices, clean-in-place (CIP) routines, 

and enhanced facility design can effectively control this 

risk (Fusco et al. 2020). 

Moreover, it is important to recognize that, although 

conditions may be favorable for developing multi-

organism biofilms, including organisms such as Escherichia 

coli, Listeria monocytogenes, and Staphylococcus aureus 

(Chitlapilly Dass et al. 2020; Dutra et al. 2018), diligent 

sanitation efforts can effectively prevent their 

proliferation. These efforts focus on maintaining strict 

cleaning practices and implementing preventive measures. 

With these practices, we can ensure food safety standards 

and deliver safer products to consumers. 

Prevention and Control of Biofilms 
Food industries have been implementing various 

preventive control measures to mitigate the risk of 

biofilms. The most effective approach involves avoiding 

potential cell accumulation through routine sanitation and 

cleaning procedures. This step is crucial as it eliminates 

organic or inorganic residues in the industry. Sanitation 

preventive controls and good manufacturing practices 

(GMPs), including sanitation standard operating 

procedures (SSOPs), are designed to establish, develop, 

and implement measures for preventing contamination or 

adulteration of products, as outlined in the FDA’s FSMA 

Final Rule for Preventive Controls for Human Food (PCHF) 

(FDA 2025). For example, a GMP in 21 CFR 117 covers 

cleaning and sanitation practices before, during, and after 

food processing. 

According to Schmidt et al. (2012), the choice of cleaning 

and sanitation procedure largely depends on the surface 

materials/finishes, the nature of food products, the amount 

of food residue present, and the equipment design within 

processing facilities. Equipment or food contact surfaces 

are generally cleaned and sanitized following this order: 

rinse-clean-rinse-sanitize (Schmidt 2012). Standard 

cleaning and sanitation practices in the food industry 

include using hot water, wetting agents, detergents, and 

food-grade acids or alkaline cleaners (Goff and Hartel 

2013). Acid and alkaline cleaners prove most effective in 

industries such as meat, poultry, or dairy, where protein 
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and fat deposits are prevalent. In addition, industries 

employ various sanitizers for equipment sanitation, 

including chlorine, peroxide, quaternary ammonium 

compounds, and ozone. These cleaners and sanitizers may 

be used individually or in combination for better results. 

In the case of more persistent biofilms, effective reduction 

of microbial deposition and subsequent biofilm reduction 

relies on thorough cleaning (Fagerlund et al. 2020). Manual 

cleaning or scrubbing with brushes, detergent, and water 

is essential to prevent or remove any microbial 

accumulations, including biofilms (Fagerlund et al. 2020). 

The machines and equipment used in food processing 

facilities must be well-engineered and strategically 

positioned to ensure thorough cleaning in every niche. 

Proper equipment design is crucial to facilitate thorough 

cleaning, often necessitating the dismantling and cleaning 

of various internal components (Goff and Hartel 2013). For 

equipment that cannot be disassembled, it is critical to 

have a proper CIP protocol, ensuring thorough biofilm 

removal (Goff and Hartel 2013). However, the 

effectiveness of these cleaners and sanitizers is highly 

dependent on the food contact surface properties, 

exposure time, temperature, concentration, organic matter, 

pH, and water properties (Schmidt 2012). The PCHF rule, 

which deals with processed foods; the PSR, which deals 

with produce; and the Hazard Analysis Critical Control 

Point (HACCP), which deals with seafood, meat, and juices, 

are all regulatory programs aimed at reducing the 

potential risk associated with foodborne pathogens (FDA 

2024c). 

References 
Agüeria, D. A., C. Libonatti, and D. Civit. 2021. “Cleaning and 

Disinfection Programmes in Food Establishments: 

A Literature Review on Verification Procedures.” 

Journal of Applied Microbiology 131 (1): 23–35. 

https://doi.org/10.1111/jam.14962 

Cámara, M., W. Green, C. E. MacPhee, et al. 2022. “Economic 

Significance of Biofilms: A Multidisciplinary and 

Cross-Sectoral Challenge.” Biofilms and 

Microbiomes 8: 42. 

https://doi.org/10.1038/s41522-022-00306-y 

Cha, M.-Y., and J.-W. Ha. 2022. “Low-energy X-ray 

irradiation effectively inactivates major foodborne 

pathogen biofilms on various food contact 

surfaces.” Food Microbiology 106: 104054. 

https://doi.org/10.1016/j.fm.2022.104054 

Chamberland, J., T. Messier, E. Dugat-Bony, et al. 2019. 

“Influence of Feed Temperature to Biofouling of 

Ultrafiltration Membrane During Skim Milk 

Processing.” International Dairy Journal 93: 99–

105. 

https://doi.org/10.1016/j.idairyj.2019.02.005 

Chitlapilly Dass, S., J. M. Bosilevac, M. Weinroth, et al. 2020. 

“Impact of Mixed Biofilm Formation with 

Environmental Microorganisms on E. coli O157:H7 

Survival Against Sanitization.” npj Science of Food 

4: 16. https://doi.org/10.1038/s41538-020-

00076-x 

Cornell College of Agriculture Science. n.d. “Produce Safety 

Rule.” Produce Safety Alliance. Accessed March 12, 

2024. https://cals.cornell.edu/produce-safety-

alliance/food-safety-modernization-act/produce-

safety-rule 

Di Martino, P. 2018. “Extracellular Polymeric Substances, a 

Key Element in Understanding Biofilm 

Phenotype.” AIMS Microbiology 4 (2): 274–288. 

https://doi.org/10.3934/microbiol.2018.2.274 

Dutra, T. V., M. da Silva Fernandes, M. R. F. G. Perdoncini, M. 

N. dos Anjos, and B. A. de Abreu Filho. 2018. 

“Capacity of Escherichia coli and Staphylococcus 

aureus to Produce Biofilm on Stainless Steel 

Surfaces in the Presence of Food Residues.” 

Journal of Food Processing and Preservation 42 (4): 

e13574. https://doi.org/10.1111/jfpp.13574 

Dzieciol, M., E. Schornsteiner, M. Muhterem-Uyar, B. Stessl, 

M. Wagner, and S. Schmitz-Esser. 2016. “Bacterial 

Diversity of Floor Drain Biofilms and Drain Waters 

in a Listeria monocytogenes Contaminated Food 

Processing Environment.” International Journal of 

Food Microbiology 223: 33–40. 

https://doi.org/10.1016/j.ijfoodmicro.2016.02.00

4 

Fagerlund, A., E. Heir, T. Møretrø, and S. Langsrud. 2020. 

“Listeria monocytogenes Biofilm Removal Using 

Different Commercial Cleaning Agents.” Molecules 

25 (4): 792. 

https://doi.org/10.3390/molecules25040792 

Flemming, H.-C. 2016. “EPS—Then and Now.” 

Microorganisms 4 (4): 41. 

https://doi.org/10.3390/microorganisms404004

1 

Fonseca, J. M., S. D. Fallon, C. A. Sanchez, and K. D. Nolte. 

2011. “Escherichia coli Survival in Lettuce Fields 

Following Its Introduction Through Different 

Irrigation Systems.” Journal of Applied 

Microbiology 110 (4): 893–902. 

https://doi.org/10.1111/j.1365-

2672.2011.04942.x 

https://doi.org/10.1111/jam.14962
https://doi.org/10.1016/j.fm.2022.104054
https://doi.org/10.1016/j.idairyj.2019.02.005
https://doi.org/10.1038/s41538-020-00076-x
https://doi.org/10.1038/s41538-020-00076-x
https://cals.cornell.edu/produce-safety-alliance/food-safety-modernization-act/produce-safety-rule
https://cals.cornell.edu/produce-safety-alliance/food-safety-modernization-act/produce-safety-rule
https://cals.cornell.edu/produce-safety-alliance/food-safety-modernization-act/produce-safety-rule
https://doi.org/10.3934/microbiol.2018.2.274
https://doi.org/10.1111/jfpp.13574
https://doi.org/10.1016/j.ijfoodmicro.2016.02.004
https://doi.org/10.1016/j.ijfoodmicro.2016.02.004
https://doi.org/10.3390/molecules25040792
https://doi.org/10.3390/microorganisms4040041
https://doi.org/10.3390/microorganisms4040041
https://doi.org/10.1111/j.1365-2672.2011.04942.x
https://doi.org/10.1111/j.1365-2672.2011.04942.x


Biofilms and Their Impact on the Food Industry 5 

Fusco, V., D. Chieffi, F. Fanelli, et al. 2020. “Microbial 

Quality and Safety of Milk and Milk Products in the 

21st Century.” Comprehensive Reviews in Food 

Science and Food Safety 19 (4): 2013–2049. 

https://doi.org/10.1111/1541-4337.12568 

Goff, H. D., and R. W. Hartel. 2013. “Cleaning and Sanitizing 

for Microbiological Quality and Safety.” In Ice 

Cream. Springer. https://doi.org/10.1007/978-1-

4614-6096-1_13 

Govaert, M., C. Smet, M. Baka, T. Janssens, and J. V. Impe. 

2018. “Influence of Incubation Conditions on the 

Formation of Model Biofilms by Listeria 

monocytogenes and Salmonella Typhimurium on 

Abiotic Surfaces.” Journal of Applied Microbiology 

125 (6): 1890–1900. 

Gu, T., Y. Luo, Z. Jia, et al. 2024. “Surface topography and 

chemistry of food contact substances, and 

microbial nutrition affect pathogen persistence 

and symbiosis in cocktail Listeria monocytogenes 

biofilms.” Food Control 161: 110391. 

https://doi.org/10.1016/j.foodcont.2024.110391 

Gu, T., A. Meesrisom, Y. Luo, et al. 2021. “Listeria 

monocytogenes Biofilm Formation as Affected by 

Stainless Steel Surface Topography and Coating 

Composition.” Food Control 130: 108275. 

https://doi.org/10.1016/j.foodcont.2021.108275 

Guo, N., X. Bai, Y. Shen, and T. Zhang. 2023. “Target-Based 

Screening for Natural Products Against 

Staphylococcus aureus Biofilms.” Critical Reviews in 

Food Science and Nutrition 63 (14): 2216–2230. 

https://doi.org/10.1080/10408398.2021.197228

0 

Highmore, C. J., G. Melaugh, R. J. Morris, et al. 2022. 

“Translational Challenges and Opportunities in 

Biofilm Science: A BRIEF for the Future.” npj 

Biofilms and Microbiomes 8: 68. 

https://doi.org/10.1038/s41522-022-00327-7 

Jang, H.-J., Y.-J. Choi, and J.-O. Ka. 2011. “Effects of Diverse 

Water Pipe Materials on Bacterial Communities 

and Water Quality in the Annular Reactor.” Journal 

of Microbiology and Biotechnology 21 (2): 115–

123. https://doi.org/10.4014/jmb.1010.10012 

Klančnik, A., K. Šimunović, M. Sterniša, D. Ramić, S. Smole 

Možina, and F. Bucar. 2021. “Anti-Adhesion 

Activity of Phytochemicals to Prevent 

Campylobacter jejuni Biofilm Formation on Abiotic 

Surfaces.” Phytochemistry Review 20 (1): 55–84. 

https://doi.org/10.1007/s11101-020-09669-6 

Kwon, M., M. S. Hussain, and D. H. Oh. 2017. “Biofilm 

Formation of Bacillus cereus Under Food-

Processing-Related Conditions.” Food Science and 

Biotechnology 26: 1103–1111. 

https://doi.org/10.1007/s10068-017-0129-8 

Kyere, E. O., G. Foong, J. Palmer, J. J. Wargent, G. C. Fletcher, 

and S. Flint. 2020. “Biofilm Formation of Listeria 

monocytogenes in Hydroponic and Soil Grown 

Lettuce Leaf Extracts on Stainless Steel Coupons.” 

LWT 126: 109114. 

https://doi.org/10.1016/j.lwt.2020.109114 

Lee, B. H., S. Cole, S. Badel-Berchoux, et al. 2019. “Biofilm 

Formation of Listeria monocytogenes Strains 

Under Food Processing Environments and Pan-

Genome-Wide Association Study.” Frontiers in 

Microbiology 10: 2698. 

https://doi.org/10.3389/fmicb.2019.02698 

Lucero-Mejía, J. E., S. de Jesús Romero-Gómez, and M. 

Hernández-Iturriaga. 2020. “A New Classification 

Criterion for the Biofilm Formation Index: A Study 

of the Biofilm Dynamics of Pathogenic Vibrio 

Species Isolated from Seafood and Food Contact 

Surfaces.” Journal of Food Science 85 (8): 2491–

2497. https://doi.org/10.1111/1750-3841.15325 

Miller, M. B., and B. L. Bassler. 2001. “Quorum Sensing in 

Bacteria.” Annual Review of Microbiology 55: 165–

199. 

https://doi.org/10.1146/annurev.micro.55.1.165 

Miser, D. L. 2011. Establishment Inspection Report (EIR) for 

the Environmental Assessment (EA) Conducted at 

Jensen Farms (FEI: 300844204). Department of 

Health and Human Services. 

National Institutes of Health (NIH). 2002. “Research on 

Microbial Biofilms.” PA-03-047. 

https://grants.nih.gov/grants/guide/pa-files/PA-

03-047.html 

National Institutes of Health (NIH). 2007. “Immunology of 

Biofilms (R01).” PA-06-537. 

https://grants.nih.gov/grants/guide/pa-files/PA-

06-537.html 

Preda, V. G., and O. Săndulescu. 2019. “Communication is 

the key: Biofilms, Quorum Sensing, Formation and 

Prevention.” Discoveries Journals 7 (3): e10. 

https://doi.org/10.15190/d.2019.13 

https://doi.org/10.1111/1541-4337.12568
https://doi.org/10.1007/978-1-4614-6096-1_13
https://doi.org/10.1007/978-1-4614-6096-1_13
https://doi.org/10.1016/j.foodcont.2024.110391
https://doi.org/10.1016/j.foodcont.2021.108275
https://doi.org/10.1080/10408398.2021.1972280
https://doi.org/10.1080/10408398.2021.1972280
https://doi.org/10.4014/jmb.1010.10012
https://doi.org/10.1007/s11101-020-09669-6
https://doi.org/10.1007/s10068-017-0129-8
https://doi.org/10.1016/j.lwt.2020.109114
https://doi.org/10.3389/fmicb.2019.02698
https://doi.org/10.1111/1750-3841.15325
https://doi.org/10.1146/annurev.micro.55.1.165
https://grants.nih.gov/grants/guide/pa-files/PA-03-047.html
https://grants.nih.gov/grants/guide/pa-files/PA-03-047.html
https://grants.nih.gov/grants/guide/pa-files/PA-06-537.html
https://grants.nih.gov/grants/guide/pa-files/PA-06-537.html
https://doi.org/10.15190/d.2019.13


Biofilms and Their Impact on the Food Industry 6 

Redding, M., J. Zheng, J. Mowery, et al. 2024. “Microscopic 

and Transcriptomic Characterization of Listeria 

monocytogenes Aggregation and Biofilm 

Formation in Cantaloupe Juice.” Food Control 158: 

110243. 

https://doi.org/10.1016/j.foodcont.2023.110243 

Rossi, C., F. Maggio, C. Chaves‐López, et al. 2022. 

“Effectiveness of Selected Essential Oils and One 

Hydrolate to Prevent and Remove Listeria 

monocytogenes Biofilms on Polystyrene and 

Stainless Steel Food‐Contact Surfaces.” Journal of 

Applied Microbiology 132 (3): 1866–1876. 

https://doi.org/10.1111/jam.15376 

Roy, P. K., M. G. Song, and S. Y. Park. 2022. “Impact of 

Quercetin Against Salmonella Typhimurium 

Biofilm Formation on Food–Contact Surfaces and 

Molecular Mechanism Pattern.” Foods 11 (7): 977. 

https://doi.org/10.3390/foods11070977 

Saá Ibusquiza, P., M. Nierop Groot, A. Debán-Valles, T. Abee, 

and H. M. W. den Besten. 2015. “Impact of Growth 

Conditions and Role of sigB on Listeria 

monocytogenes Fitness in Single and Mixed 

Biofilms Cultured with Lactobacillus plantarum.” 

Food Research International 71: 140–145. 

https://doi.org/10.1016/j.foodres.2015.03.001 

Sauer, K., P. Stoodley, D. M. Goeres, et al. 2022. “The Biofilm 

Life Cycle: Expanding the Conceptual Model of 

Biofilm Formation.” Nature Reviews Microbiology 

20: 608–620. https://doi.org/10.1038/s41579-

022-00767-0 

Scallan, E., R. M. Hoekstra, F. J. Angulo, et al. 2011. 

“Foodborne Illness Acquired in the United 

States—Major Pathogens.” Emerging Infectious 

Diseases 17 (1): 7. 

https://doi.org/10.3201/eid1701.P11101 

Schmidt, R. H. 2012. “Basic Elements of Equipment 

Cleaning and Sanitizing in Food Processing and 

Handling Operations.” EDIS 2012 (1). 

https://doi.org/10.32473/edis-fs077-2012 

Sharan, M., D. Vijay, P. Dhaka, J. S. Bedi, and J. P. S. Gill. 

2022. “Biofilms as a Microbial Hazard in the Food 

Industry: A Scoping Review.” Journal of Applied 

Microbiology 133 (4): 2210–2234. 

https://doi.org/10.1111/jam.15766 

Simões, L. C., A. F. A. Chaves, M. Simões, and N. Lima. 2023. 

“Interactions Between Penicillium 

brevicompactum/Penicillium expansum and 

Acinetobacter calcoaceticus Isolated from Drinking 

Water in Biofilm Development and Control.” 

International Journal of Food Microbiology 384: 

109980. 

https://doi.org/10.1016/j.ijfoodmicro.2022.1099

80 

Song, P., Y. Xiao, Z. J. Ren, et al. 2021. “Electrochemical 

Biofilm Control by Reconstructing Microbial 

Community in Agricultural Water Distribution 

Systems.” Journal of Hazardous Materials 403: 

123616. 

https://doi.org/10.1016/j.jhazmat.2020.123616 

U.S. Centers for Disease Control and Prevention (CDC). 

2018. “2011 Outbreak of Listeria Infections Linked 

to Whole Cantaloupes from Jensen Farms, 

Colorado.” Archived May 16, 2024. 

https://archive.cdc.gov/www_cdc_gov/listeria/ou

tbreaks/cantaloupes-jensen-farms/index.html 

U.S. Centers for Disease Control and Prevention (CDC). 

2021. “Foodborne Disease Outbreak 2011 Case 

Definition.” National Notifiable Diseases 

Surveillance System (NNDSS). Last Reviewed April 

16, 2021. https://ndc.services.cdc.gov/case-

definitions/foodborne-disease-outbreak-2011/ 

U.S. Department of Agriculture, Food Safety and Inspection 

Service (USDA-FSIS). 2025. “Review of the Boar’s 

Head Listeria monocytogenes Outbreak—January 

2025.” Last updated January 10, 2025. 

https://www.fsis.usda.gov/news-

events/publications/review-boars-head-listeria-

monocytogenes-outbreak-january-2025 

U.S. Food and Drug Administration (FDA). 2022. 

“Outbreaks of Foodborne Illness.” Last updated 

September 26, 2022. 

https://www.fda.gov/food/recalls-outbreaks-

emergencies/outbreaks-foodborne-illness 

U.S. Food and Drug Administration (FDA). 2023. 

“Environmental Sampling.” Last updated June 13, 

2023. https://www.fda.gov/food/sampling-

protect-food-supply/environmental-sampling 

U.S. Food and Drug Administration (FDA). 2024a. “FSMA 

Final Rule on Pre-Harvest Agricultural Water.” 

Last updated September 30, 2025. 

https://www.fda.gov/food/food-safety-

modernization-act-fsma/fsma-final-rule-pre-

harvest-agricultural-water 

https://doi.org/10.1016/j.foodcont.2023.110243
https://doi.org/10.1111/jam.15376
https://doi.org/10.3390/foods11070977
https://doi.org/10.1016/j.foodres.2015.03.001
https://doi.org/10.1038/s41579-022-00767-0
https://doi.org/10.1038/s41579-022-00767-0
https://doi.org/10.3201/eid1701.P11101
https://doi.org/10.32473/edis-fs077-2012
https://doi.org/10.1111/jam.15766
https://doi.org/10.1016/j.ijfoodmicro.2022.109980
https://doi.org/10.1016/j.ijfoodmicro.2022.109980
https://doi.org/10.1016/j.jhazmat.2020.123616
https://archive.cdc.gov/www_cdc_gov/listeria/outbreaks/cantaloupes-jensen-farms/index.html
https://archive.cdc.gov/www_cdc_gov/listeria/outbreaks/cantaloupes-jensen-farms/index.html
https://ndc.services.cdc.gov/case-definitions/foodborne-disease-outbreak-2011/
https://ndc.services.cdc.gov/case-definitions/foodborne-disease-outbreak-2011/
https://www.fsis.usda.gov/news-events/publications/review-boars-head-listeria-monocytogenes-outbreak-january-2025
https://www.fsis.usda.gov/news-events/publications/review-boars-head-listeria-monocytogenes-outbreak-january-2025
https://www.fsis.usda.gov/news-events/publications/review-boars-head-listeria-monocytogenes-outbreak-january-2025
https://www.fda.gov/food/recalls-outbreaks-emergencies/outbreaks-foodborne-illness
https://www.fda.gov/food/recalls-outbreaks-emergencies/outbreaks-foodborne-illness
https://www.fda.gov/food/sampling-protect-food-supply/environmental-sampling
https://www.fda.gov/food/sampling-protect-food-supply/environmental-sampling
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-pre-harvest-agricultural-water
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-pre-harvest-agricultural-water
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-pre-harvest-agricultural-water


Biofilms and Their Impact on the Food Industry 7 

U.S. Food and Drug Administration (FDA). 2024b. “FSMA 

Final Rule on Produce Safety.” Last updated 

November 13, 2024. 

https://www.fda.gov/food/food-safety-

modernization-act-fsma/fsma-final-rule-produce-

safety 

U.S. Food and Drug Administration (FDA). 2024c. “FSMA 

Rules & Guidance for Industry.” Updated January 

30, 2024. Archived May 1, 2024. 

https://web.archive.org/web/20240501141516/

https://www.fda.gov/food/food-safety-

modernization-act-fsma/fsma-rules-guidance-

industry 

U.S. Food and Drug Administration (FDA). 2025. “FSMA 

Final Rule for Preventive Controls for Human 

Food.” Last updated January 6, 2025. 

https://www.fda.gov/food/food-safety-

modernization-act-fsma/fsma-final-rule-

preventive-controls-human-food 

Wang, T., X. Dai, T. Zhang, C. Xin, Z. Guo, and J. Wang. 2022. 

“Formation and Microbial Composition of Biofilms 

in Drip Irrigation System Under Three Reclaimed 

Water Conditions.” Water 14 (8): 1216. 

https://doi.org/10.3390/w14081216 

Wang, Y., L. Sun, L. Hu, Z. Wang, X. Wang, and Q. Dong. 

2022. “Adhesion and Kinetics of Biofilm Formation 

and Related Gene Expression of Listeria 

monocytogenes in Response to Nutritional Stress.” 

Food Research International 156: 111143. 

https://doi.org/10.1016/j.foodres.2022.111143 

Zhao, L., C. N. Poh, J. Wu, X. Zhao, Y. He, and H. Yang. 2022. 

“Effects of Electrolysed Water Combined with 

Ultrasound on Inactivation Kinetics and 

Metabolite Profiles of Escherichia coli Biofilms on 

Food Contact Surface.” Innovative Food Science & 

Emerging Technologies 76: 102917. 

https://doi.org/10.1016/j.ifset.2022.102917 

1 This document is FSHN26-2, one of a series of the Department of Food Science and Human Nutrition, UF/IFAS Extension. Original 

publication date March 2026. Visit the EDIS website at https://edis.ifas.ufl.edu for the currently supported version of this publication. 

© 2026 UF/IFAS. This publication is licensed under CC BY-NC-ND 4.0. 

2 Nikita Bhusal, UF alum (MS Spring '24), UF/IFAS Department of Food Science and Human Nutrition, and current graduate research 

assistant, Department of Food Science & Technology, University of Georgia, Athens, GA; Keith R. Schneider, professor, UF/IFAS Department 

of Food Science and Human Nutrition, Gainesville, FL; Tingting Gu, graduate student, UF/IFAS Department of Food Science and Human 

Nutrition, Gainesville, FL; Zhifeng Gao, professor, marketing, consumer behavior, and applied econometrics, UF/IFAS Department of Food 

and Resource Economics, Gainesville, FL; Renée Goodrich-Schneider, professor, food science, and chair, UF/IFAS Department of Food 

Science and Human Nutrition, Gainesville, FL; Boce Zhang, assistant professor, food microbiology, UF/IFAS Department of Food Science and 

Human Nutrition, Gainesville, FL; UF/IFAS Extension, Gainesville, FL 32611. 

The Institute of Food and Agricultural Sciences (IFAS) is an Equal Opportunity Institution authorized to provide research, educational 

information and other services only to individuals and institutions that function with non-discrimination with respect to race, creed, color, 

religion, age, disability, sex, sexual orientation, marital status, national origin, political opinions or affiliations. For more information on 

obtaining other UF/IFAS Extension publications, contact your county's UF/IFAS Extension office. U.S. Department of Agriculture, UF/IFAS 

Extension Service, University of Florida, IFAS, Florida A & M University Cooperative Extension Program, and Boards of County 

Commissioners Cooperating. Andra Johnson, dean for UF/IFAS Extension. 

https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-produce-safety
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-produce-safety
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-produce-safety
https://web.archive.org/web/20240501141516/https:/www.fda.gov/food/food-safety-modernization-act-fsma/fsma-rules-guidance-industry
https://web.archive.org/web/20240501141516/https:/www.fda.gov/food/food-safety-modernization-act-fsma/fsma-rules-guidance-industry
https://web.archive.org/web/20240501141516/https:/www.fda.gov/food/food-safety-modernization-act-fsma/fsma-rules-guidance-industry
https://web.archive.org/web/20240501141516/https:/www.fda.gov/food/food-safety-modernization-act-fsma/fsma-rules-guidance-industry
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-preventive-controls-human-food
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-preventive-controls-human-food
https://www.fda.gov/food/food-safety-modernization-act-fsma/fsma-final-rule-preventive-controls-human-food
https://doi.org/10.3390/w14081216
https://doi.org/10.1016/j.foodres.2022.111143
https://doi.org/10.1016/j.ifset.2022.102917
https://edis.ifas.ufl.edu/
https://creativecommons.org/licenses/by-nc-nd/4.0/

