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materials, employees, water, soil and air. Improper hygienic design results in niches, or “dead 

areas” that are difficult to access during routine maintenance and inspections and are thus difficult 
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products’ shelf life and quality.









Heatmap of bacterial isolates collected from meat samples and environmental surface 

samples during the second time sampling, March 2023. Taxonomy classification was determined 

based on whole-genome pairwise alignment to Genome Taxonomy database. The following taxa 

were detected only once and are not shown: Hafnia alvei and Moellerella sp in loin 3mon, 

Methylobacterium sp in C-Work table, Neobacillus sp002559145 in C-CB3, Aerococcus viridans 

and Staphylococcus saprophyticus in C-Wizard knife, Macrococcus  sp019357535 in C-Retail saw,  



Frigoribacterium  sp001421165 and  Psychrobacter maritimus in D-Wall in cooler, 

Pseudochrobactrum sp in D-Apron, Janthinobacterium sp002878455 in D-Wizard knife, 

Pseudomonas extremaustralis in D-Shrink tunnel, Pseudomonas sp002874965 in D-pipes 1, 

Bacillus altitudinis, Priestia megaterium, Enterococcus viikkiensis, Pigmentiphaga  litoralis in D-

Wall in shipping truck, Yersinia intermedia in D-Bloody drain, Pseudoclavibacter sp and 

Variovorax sp in D-Plastic curtain, Specibacter sp. and Shewanella  glacialipiscicola in D-drain in 

cooler 2, Serratia sp in D-Side cutting board,  Aeromonas salmonicida and Pseudomonas mohnii 

in  D-ES1,  Stenotrophomonas sp in D-Knife sharpener (plastic), Sphingobacterium sp000938735, 

Microbacterium sp002979655 and Pseudomonas sp010095445 in D-Drain in cooler 1, 

Polaromonas sp in Water sample,  Janthinobacterium sp009923995 in D-Break table, 

Pseudomonas taetrolens in D-Door,  Pseudomonas cremoris in D-T5,  Janthinobacterium  sp in 

D-Drain in cutting room,  Paeniglutamicibacter  antarcticus, Flavobacterium frigidimaris, 

Acinetobacter  albensis and Pseudomonas tritici in D-Drain in bagging station, Pseudomonas 

koreenis in D-BT3 (AP), Listeria  welshimeri, Morganella  sp, and Buttiauxella massiliensis  in 

D-BT3 CI, Serratia fonticola in D-BT1 CI. Isolates are designated with sp# if a matching sequence 

is available in the GTDB but the species has not been formally described; taxa are designated with 

sp. if no sequence with ANI > 95% was available on the GTDB.





Isolates at genus level # of 
species

Sampling sites

Acinetobacter 1 D-knife sharpener steel.
Aerococcus 1 C-Wizard knife
Bacillus 2 C-retail, D-QC1
Brevundimonas 1 C-work table
Brochothrix 1 D-apron, D-Trolley, D-BT2(AP), Loin D0

Carnobacterium 2
C-Retail, D-cutting board W (AP), D-QC1, D-retail saw, D-shrink tunnel C-
CB2, D-wizard knife, D-break table, D-BT1, D-BT2(AP), D-cutting board W 
(AP), D-drain in cooler 1, D-Little hole (Floor trap), Loin D0, Picnic D0

Chryseobacterium 2 BT1-CI, D-Trim 1, D-knife sharpener steel, D-Pipes 2
Enterococcus 1 D-wall in shipping truck
Epilithonimonas 1 D-drain in bagging station, D-knife sharpener steel
Erwinia 1 D-pipes 1
Flavobacterium 3 BT3-CI, D-break saw, D-break table, D-ES1, D-bloody drain
Frigoribacterium 1 D-Wall in cooler
Janthinobacterium 2 D-ss on top of CB BT1, D-wizard knife
Kocuria 1 C-Wizard knife, D-cutting board East
Latilactobacillus 1 D-BT3, Loin D0, Picnic.3.mon
Listeria 1 BT3-CI
Macrococcus 1 C-retail

Microbacterium 3 D-wall in shipping truck, D-BT3, D-Pipes 2, plastic-curtain, D-drain in cooler 
1

Moellerella 1 Loin 3mon
Morganella 1 BT3-CI
Neobacillus 1 C-CB3
Ochrobactrum 1 C-drain
Paeniglutamicibacter 1 D-drain in bagging station
Pantoea 2 D-shrink tunnel, D-side cutting board, C-work table
Pedobacter 2 D-Wall in cooler, D-ss on top of CB BT1
Pigmentiphaga 1 D-wall in shipping truck
Plantibacter 1 C-break table, D-air blower, D-drain in bagging station
Polaromonas 1 water sample
Priestia 1 D-wall in shipping truck
Providencia 1 D-BT1
Pseudoclavibacter 1 plastic curtain
Pseudomonas 1 C-retail
Psychrobacter 2 D-apron, D-QC1
Rahnella 1 D-break table
Renibacterium 1 C-worktable

Serratia 4
BT1-CI, D-gloves, D-drain in cutting room AP, D-knife slicing plastic, D-
Little hole (Floor trap), D-ss on top of CB BT1, BT3-CI, D-BT3, D-BT3(AP), 
D-QC2, D-ss holder under cutting board

Specibacter 1 Drain in cooler 2
Sphingobacterium 3 BT3-CI, D-BT1(AP), D-BT2(AP), C-work table, D-drain in cooler 1
Staphylococcus 3 C-retail, C-Wizard knife, D-side cutting board, D-ss on top of CB BT1
Stenotrophomonas 3 D-gloves, BT3-CI, D-BT3, Picnic D0, D-knife sharpener steel
Yersinia 1 D-bloody drain



. Relative abundance of uncultured genera identified in samples collected in March 

2023 by sequencing of full length 16S rRNA genes. Genera with a relative abundance less than 1% 

are not shown. Sampling sites without a stacked bar indicates all genera was recovered by surface 

plating. 





Principal coordinate analysis, using Bray-Curtis distance with isolates classified at 

species level for 70 sampling sites, collected in March 2023. The dissimilarity among collected 

samples were measured from four categories: A: type of surfaces, B: location, C: sanitation activity 

and D: zone classification. Permutational multivariate analysis of variance was used to statistically 

differentiate among the bacterial communities. The associations of community variance with 

different categories are displayed in Supplementary Table S2. 



Principal coordinate analysis (PCoA) plots of the Bray-Curtis distance matrix for 

bacteria community as determined by 16S rRNA amplicon sequencing of samples from March 

2023. The samples were grouped based on surface type (A), location (B), sanitation activity (C) 

and zone classification (D). Permutational multivariate analysis of variance was used to 

statistically differentiate among the bacterial communities. The associations of community 

variance with different surface groups are displayed in Supplementary Table S2.





Bacterial coexistence network based on the microbial communities across 66 surface 

samples and 4 meat samples, comprising 1281 isolates classified by genome sequencing. Bacterial 

species with one-time occurrence among all sampling surfaces were not included. Nodes are 

colored at species level. The network connections are determined using Spearman correlation test. 

Only correlations with a significance level of P < 0.0001 and a coefficient of >= 0.5 are included.

–



Quantification of the biomass (A) and composition of the microbial community (B) of 

biofilms that were reconstituted with isolates from 10 sampling sites. Multi-species biofilms were 

grown at 4  and 25  in LBNS broth for 6d before staining with crystal violet and accessing 

growth. Bacterial composition of biofilms from four non-food-contact surfaces (B: D-ES2, C: 



Drain in cutting room, D: Little hole (Floor trap), E: Clean drain), three meat samples (F: Collar 

3mon, G: Picnic 3mon, H: Collar Day0) and three food-contact surfaces (I: D-wizard knife, J: D-

ES3, K: D-CryoVac) were evaluated. The experiment was repeated with three biological replicates 

and mean value of cell counts was used to determine the relative abundance of each taxon. T test 

was used to determine the biomass difference within each sampling site. Significance levels are 

indicated as follows: ns (p > 0.05), * (p < 0.05), *** (p < 0.001), **** (p < 0.0001).



–



SX455 MC12 L6 TC1285 TC1253 P4 P18 P15
SX455* -
MC12 38 -

L6 34 25 -
TC1285 35 33 34 -
TC1253 35 1 1 28 -

P4 35 28 28 33 1 -
P18 35 <1 <1 <1 1 <1 -
P15 33 1 1 1 2 1 <1 -

L3 P16 P1 MC11 TC650 TC966
L3* - MC11* -
P16 <1 - TC650 10 -
P1 <1 <1 - TC966 8 2 -

TC922 TC807 TC1275 TC219
TC922 - TC1275 -
TC807 2 - TC219 <1 -

*  Indicates the reference genome for pairwise SNP comparison among isolates in the same cluster



Phylogenetic tree of strains of C. maltaromaticum based on core genome alignment, 

utilizing the GTR+I+G4 model with 1000 bootstrap replicates. The tree was rooted with the 

outgroup, C. divergens DSM20263. Strains are color-coded based on sampling time or type strain 

(clades) and 16 sampling sites (color legend). The type strain C. maltaromaticum DSM 20342 was 

utilized for tree visualization.



Distribution of meat-spoilage associated isolates across various sampling sites from 

the meat processing facility. The symbols represent different bacterial species: C. maltaromaticum 

(￮), C. divergens (❑), S. proteamaculans (❖), R. rivi (➢) and R. inusitata (■). Underlined symbols 

denote isolates collected after cleaning and sanitation. Only isolates with fewer than 10 SNPs are 

shown. Isolates of the same strain dispersed across the facility are labeled with the same color 

symbols.
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(O’Toole, 2024; Shayanthan et al., 2022)
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Sampling strategy and experimental workflow.

•
•
•

• –
• –
•
•



27F (5′ 3′) and 1492R (5′

3′) with the following thermocycler condition: initial denaturation at 95°C for 5 minutes, 



manufacturer’s instructions for extracting DNA from Gram



–

–







similarity of bacterial communities with an error probability of 5% (p ≤ 0.05) to 

coordinate analysis (PCoA). Pairwise comparisons between groups were tested by the ‘pairwise. 

adonis’ function (pairwiseAdonis package, v0.4.1) with Bonferroni adjustment for multiple 

Spearman’s rank correlation was performed to infer the co



1 Introduction

Food waste represents a considerable global challenge. The United Nations estimates that 17% of 

global food production is wasted, with meat accounting for over 20% of this loss (FAO, 2015; 

United Nations, 2023). Microbial meat spoilage can occur during transportation, processing, or 

storage, often resulting in the product reaching its expiry date before sale or consumption. 

Extending the shelf life of meat products is therefore a critical objective. 

To control food pathogens and spoilers on meat surfaces after slaughtering, antimicrobial spraying 

is approved by Canada and US (Hauge et al., 2023) and widely used in meat processing plants. 

Commonly used antimicrobial solutions include organic acids such as lactic, acetic, citric, 

peracetic acid, as well as chlorine-based compounds such as sodium hypochlorite (Goverment of 

Alberta, 2013). Peracetic acid and chlorine products are especially common due to their high 

efficacy and low cost (Freitas et al., 2021). However, peracetic acid poses significant risks due to 

its corrosive nature, potential to cause chemical burns, and fire-promoting properties (National 

Center for Biotechnology Information, 2024). Moreover, the effectiveness of these traditional 

methods is often limited by high organic load in meat matrices and therefore rapid development 

of microbial resistance (Martínez-Suárez et al., 2016; Mercer et al., 2015). 

In recent decades, there has been growing interest in using ozone in the food industry, driven by 

consumer demand for more environmentally friendly food additives. Ozone is acknowledged as 

Generally Recognized As Safe (GRAS) in 1995 in the United States for the purpose of disinfecting 

bottled water. By June 2001, the US Food and Drug Administration (FDA) had approved ozone, 

in both its gaseous and aqueous forms, as an antimicrobial agent for direct application on foods, 



including meat products (Rice et al., 2002; Xue et al., 2023). Its antimicrobial effectiveness is due 

to its strong oxidizing capacity, which inactivates microorganisms by progressively oxidizing cell 

components (Korany et al., 2018). Ozone's high instability and reactivity, which cause it to rapidly 

degrade back to molecular oxygen without leaving toxic by-products, also limit its residual action 

against bacteria due to its instability and short lifespan in water. This limitation can be mitigated 

by combining ozone with nanobubble technology.

Nanobubbles are nanometer-sized gaseous cavities in a liquid solution (Seridou and Kalogerakis, 

2021). Unlike ordinary macro and micro-sized bubbles, which have larger diameters and rise 

quickly to the surface of an aqueous solution, nanobubbles remain in liquids for an extended period 

(Thi Phan et al., 2020). Fine and ultrafine bubbles can be generated through various methods, with 

hydrodynamic cavitation being the most frequently used (Javed et al., 2023). Factors such as 

temperature, applied pressure, and the type of dissolved gas influence both the stability and 

generation of nanobubbles (Soyluoglu et al., 2023). Traditional aqueous ozone consists of macro 

and micro-sized bubbles that are irregularly shaped and uniform in size, leading to quick 

breakdown and ineffective cleaning (Sarron et al., 2021). In contrast, ozone nanobubble 

technology provides a stable solution with a high concentration of dissolved ozone in the form of 

nanobubbles, ensuring uniform surface coverage and improved antimicrobial efficacy.

Several studies have explored the effects of ozone nanobubble solutions on food products. For 

example, ozone nanobubble treatment resulted in a 1-log reduction of Listeria monocytogenes on 

the surfaces of apples, celery, and lettuce, without affecting the color of the fresh produce 

(Upadhyay, 2021). Additionally, parsley washed with ozone nanobubble solutions exhibited 

increased firmness and reduced weight loss (Shi et al., 2023). In freshwater applications, ozone 

nanobubbles significantly lowered the bacterial load of the fish pathogen Aeromonas veronii while 



maintaining the safety of Nile tilapia (Dien et al., 2021). The current study aims to fill gaps in the 

literature by further exploring the application of ozone nanobubble technology in controlling 

microbial spoilage in meat products. By addressing the limitations of traditional disinfection 

methods and leveraging the benefits of nanobubbles, this research seeks to enhance meat safety 

and extend shelf life, ultimately contributing to a reduction in food waste and improved food safety.

6.2 Materials and methods

6.2.1 Strain and culture conditions

Strains, their origin and growth conditions are shown in Table 6.1. Seven meat-spoilage-associated 

strains were used in this study. Frozen (− 80 ◦C) stock cultures of each microorganism were 

streaked on All Purpose Tween (APT) agar plates and incubated at corresponding conditions for 

their optimal growth (Table 6.1). APT agar supplemented with streptomycin was used to 

selectively culture Brochothrix thermosphacta A401. Carnobacterium maltaromaticum A404 was 

cultured on mCTAS agar. Both Latilactobacillus sakei and Leuconostoc gelidum were grown on 

MRS agar (Sigma-Aldrich, St. Louis, MO, USA) supplemented with vancomycin, with different 

incubation temperatures to differentiate their growth. Yersinia selective agar was employed to 

distinguish Gram-negative bacteria based on cell morphology.



Strains used in this study.  

FUA number Strain name Resources Growth condition Selective media 

3558 Brochothrix thermosphacta A401 Retail meat 
isolate

APT broth, 25 oC, aerobic APT agar supplemented 
with streptomycin 

3559 Carnobacterium maltaromaticum 
A404

Retail meat 
isolate

APT broth, 30 oC, aerobic mCTAS agar

3560 Leuconostoc gelidum C202 Retail meat 
isolate

APT broth, 25 oC, anaerobic MRS agar supplemented 
with vancomycin 

3561 Leuconostoc gelidum ssp. 
gasicomitatum A209

Retail meat 
isolate

APT broth, 25 oC, anaerobic MRS agar supplemented 
with vancomycin

3562 Latilactobacillus sakei B310 Retail meat 
isolate

APT broth, 30 oC, anaerobic MRS agar supplemented 
with vancomycin

1497 Yersinia rohdei 47 Ground beef APT broth, 37 oC, aerobic Yersinia selective agar

1451 Hafnia paralvei 1 Ground beef APT broth, 37 oC, aerobic Yersinia selective agar



6.2.2 Sample preparation and inoculation

Fresh vacuum-packaged pork meat was purchased from a local grocery store. Upon unpacking, 

the meat was dried, and superficial excess fat and tendons were removed. The meat was then stored 

in a freezer until it was semi-frozen to facilitate the cutting process. Once frozen, samples with a 

diameter of 2 cm were cut using a circular cutter and trimmed to a height of 1.5 cm, resulting in a 

surface area of 15.7 cm². Given the natural variability in meat consistency, efforts were made to 

ensure uniformity in sample texture and structure. For adipose tissue samples, the skin was 

removed, and square samples with a side length of 2 cm and a thickness of 0.5 cm were prepared, 

yielding a surface area of 12 cm². All samples were stored at -20°C until further use. 

Overnight cultures of each of the seven validated bacterial strains were prepared. From these 

cultures, a mixture cocktail was created to achieve final concentrations of 10² CFU/mL and 10⁴ 

CFU/mL. To verify the concentration of each strain in the overnight cultures, an OD600 

measurement was performed using a Vis/UV-Vis Spectrophotometer (GENESYS™). Prior to 

inoculation, the pre-prepared meat samples were defrosted, sterilized by spraying with 100% 

ethanol, and flamed multiple times to ensure sterility. It was experimentally determined that each 

sample absorbs approximately 0.5 mL of liquid. The culture mix was prepared and appropriately 

diluted to achieve the desired bacterial concentrations. Samples were then submerged in the culture 

mix for 1 minute to achieve inoculations of 10² and 10⁴ CFU/cm². To determine the desired sample 

concentration, the following formula was used:

Surface area × 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛= 𝑉𝑜𝑙𝑢𝑚𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 ×  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑚𝑖𝑥
Example calculation for 102 CFU/cm2:



15.7 × 102 𝐶𝐹𝑈 𝑐𝑚2 = 0.5 𝑚𝐿 × 10?⁄ 𝐶𝐹𝑈/𝑚𝐿
→ ? = 3.49 

Therefore, the inoculation was carried out with a diluted culture mix at a concentration of 103.49 

CFU/ml to achieve a final concentration of 10² CFU/cm² on the sample. After inoculation, the 

samples were air-dried for 30 minutes in a sterile environment and subsequently handled for further 

testing.

6.2.3 Sanitizer preparation 

Ozone nanobubble solutions were generated using commercial equipment (En solución, Austin, 

Texas). An ozone concentration of 7 ppm was used for meat treatment and monitored through the 

dashboard. An ozone colorimeter (MQuant, Billerica, MA) was used to determine the absolute 

ozone concentration before treatment. To compare the efficacy of the ozone nanobubble solution, 

two commercial sanitizers were used in this study. These sanitizers were diluted from the following 

stock: 32% (v/v) peracetic acid in acetic acid (Sigma-Aldrich, St. Louis, MO) and lactic acid 

(Sigma-Aldrich, St. Louis, MO). The final concentration of the sanitizers was chosen according to 

their application in the local meat industry. Peracetic acid was diluted to a final concentration of 

400 ppm in sterile distilled water, while a final concentration of 4% lactic acid was achieved for 

treatment.

6.2.4 Efficacy of peracetic acid and ozone nanobubble solutions on inoculated meat samples 

and adipose tissues at various storage intervals

To evaluate the efficacy of ozone nanobubble solution in comparison to the current application of 

peracetic acid solution in pork carcass washing, inoculated meat samples (muscle and adipose 

tissues) were prepared and tested in the following approaches: i) Meat samples were directly 



vacuum packaged after inoculation and will be treated after seven days of storage at 12°C; ii) Meat 

muscle and adipose tissues were treated without packaging and storage to check the efficacy of the 

treatment; iii) Meat muscle and adipose tissues were treated right after inoculation, vacuum-

packaged, and stored at 8°C for 7 weeks. Meat samples were subsequently transferred into sterile 

50 mL tubes containing 30 mL of sterile water as control, 30 mL of 400 ppm peracetic acid, or 30 

mL of 7 ppm ozone nanobubble solution. The meat sample was then vortexed at the maximum 

speed for 10s and sit for 50s to achieve 1 minute treatment. Subsequently, meat samples were 

transferred to a 50ml tube with 2g sterile glass beads and 10 mL of . The 

whole content was then vortexed for 1 minute to detach bacteria from meat surfaces. Bacterial 

suspension was serially diluted, plated on different selective media and incubated accordingly (see 

Table 6.1). Overall, Brochothrix, Latilactobacillus, Hafnia, and Yersinia were incubated for 24h 

before counting, while Carnobacterium and Leuconostoc were cultivated for 48 hours. 

6.2.5 Impact of flow rate and solution volume on the efficacy of ozone nanobubble solutions

To evaluate the impact of flow rate and volume on the efficacy of ozone nanobubble solutions, 

meat samples were additionally treated with 500 ml desired solutions at 20 rpm or in a flow 

pumping system. Briefly, three sterile beakers were filled with 500 mL of sterile water, 400 ppm 

peracetic acid and 7 ppm ozone nanobubble, respectively. The liquid in beakers were continuously 

stirred at 20 rpm. Then, samples were held in the beakers with tweezers and kept in for 1 minute, 

followed by cell count determination, as described above. 

In meat processing plants, meat is typically sprayed or rinsed with disinfectants rather than being 

immersed in them. To simulate a gentle rinsing process, a 'flow system' approach was adopted. A 

hose pump, calibrated to deliver a constant flow rate of 30 mL/min, was employed to minimize 

mechanical stress. Prior to treating the meat samples, the hose was flushed with 100% ethanol 



followed by sterile water. Each meat sample underwent a 1-minute rinse with sterile water, or 

solutions containing either 400 ppm peracetic acid, 7 ppm ozone nanobubble solution, or 4% lactic 

acid. After each treatment, hose was rinsed with sterile water to remove residues from the 

previously used disinfectant. Care was taken to ensure complete drainage of water from the hose 

between treatments to not falsify the results. Cell count was determined by following the steps 

described above. 

6.2.6 Determination of microbiota in treated meat under refrigerated vacuum-packaging 

storage

To evaluate the impact of storage temperature on the efficacy of the different disinfectants, the Day 

0 treatment with 30 mL solution was repeated, with additional lactic acid treatment with untreated 

samples. The samples are then vacuum packaged by Multivac c200 (MULTIVAC, Brampton, 

Canada) and stored at -1°C for 8 weeks. At 1, 2, 4, and 8 weeks, the samples were collected for 

cell count determination (described above). Used bags for meat sample are at oxygen transmission 

rate (OTR) of 52 𝑐𝑚3𝑚2×24 ℎ at 0 % relative humidity. 

6.2.7 Microbial composition of meat samples collected in situ

To evaluate the effect of ozone nanobubble solution on meat sample in situ, 4 vacuum packaged 

primal cuts, 2 pork legs and 2 tenderloins, that were stored at 0 ± 1 °C for shelf-life testing were 

rinsed with water or ozone nanobubble solution for 2 minutes. After treatment, meat samples were 

vacuum packaged again and stored at 0 ± 1 °C for 30 d before determination of cell counts and 

DNA extraction and sequencing.

Upon the end of storage, the entire surface of each meat sample was using Pre-moistened 

Whirl-Pak® Speci-Sponge® Environmental Surface Sampling Bag (Sigma Aldrich, St. Louis, 



USA). To each sponge sample, 10 ml of 0.1% peptone water was added and massaged from outside 

the bag for 2 min to homogenize. Microbial composition and diversity of each meat sample was 

analysed by Nanopore full length 16S gene sequencing. One ml of sponge swab fluid was used to 

extract community DNA by DNeasy Blood & Tissue kit, following the manufacturer’s instructions 

for extracting DNA from Gram-positive bacteria. One negative extraction control without any 

bacterial pellets were also included. The quality and quantity of the extracted DNA was determined 

using a Nanodrop spectrophotometer. DNA libraries were prepared using the 16S Barcoding Kit 

1-24 (SQK-16S024) protocol and sequenced on R 9.10.1 Flongle flow cells. Raw data were 

basecalled by Guppy basecaller, with the use of model " dna_r9.4.1_450bps_hac". Subsequently, 

the epi2me-labs/wf-16Ss workflow was employed for taxonomic classification, using the 

"ncbi_16s_18s" database. Only reads with lengths between 800 and 2000 bp were retained, 

classified to the genus level with at least 95% identity.

6.2.8 Statistical analysis

Mean values for cell count reduction were collected by three biological replicates. T test or one 

way analysis of variance (ANOVA) was performed to determine the significant difference of 

various treatment on bacterial cell reduction, with an error probability of 5% (P < 0.05) as the 

threshold for significance. 

6.3 Results

6.3.1 Ozone nanobubble solutions displayed comparable efficacy to peracetic acid on 

inoculated meat samples and adipose tissues at various storage intervals

To compare the efficacy of ozone nanobubble solution in stored meat, fresh meat, and fresh meat 

after storage with peracetic acid, meat samples including both muscle and adipose tissues were 



inoculated with common meat-spoilage microorganisms at 102 and 104 CFU/cm2 to simulate the 

cell population in real processing environments. Subsequently, cell reduction after ozone or 

peracetic acid treatment (30ml, 1min) was determined. In one-week stored meat samples, L. 

gelidum and H. paralvei dominated the growth irrespective before and after treatment (Table 6.2). 

Neither peracetic acid nor ozone nanobubble achieved more than 2 logs cell reduction, while 

peracetic acid are slightly more bactericidal than ozone nanobubble in stored meat samples. 

Among meat samples at Day 0, lethal activity was only significantly higher in peracetic acid than 

that of ozone-treated samples, despite of muscle or adipose tissues (Fig 6.1). However, the 

difference tended to decrease by increasing the inoculum to 104 CFU/cm2. Overall, ozone 

nanobubble tended to be more effective on B. thermosphacta, Leuconostoc and Y. rohdei, while 

difference at significant level was not observed. Further, we investigated whether the treatment 

impact the cell population after long term storage at low temperature. Results implied no difference 

between the two disinfectants and the control group after seven weeks, neither for the 102 

inoculation nor the 104 inoculations (Fig 6.2). Brochothrix was more affected by the treatment with 

peracetic acid and ozone than the other species. The 104 inoculations also implies that peracetic 

acid has a stronger impact on Carnobacterium, but this was not confirmed in the 102 inoculations. 

Cell population of Yersinia among muscle samples was less than 100 CFU/cm2. In contrast, 

adipose samples presented challenges for interpretation due to suboptimal growth conditions for 

Carnobacterium, Leuconostoc and Yersinia (Fig 6.2C and 6.2D). No difference in cell counts of 

Brochothrix between control, peracetic acid, and ozone-treated samples was observed, all reaching 

around 5.8 log CFU/cm² despite the initial inoculation density. Cell counts for Latilactobacillus 

and Hafnia reach up to 7-8 log CFU/cm2. There is no difference between the different treatment 

groups.





Bacterial cell counts of meat sample inoculated with 104 CFU/cm2 and stored vacuum-

packaged for 7 d at 12 °C before and after treatment. 

*Mix strains of L. gelidum C202 and Leuconostoc gelidum ssp. gasicomitatum A209



6.3.2 Volume than flow rate impacted on the efficacy of ozone nanobubble solutions

Given the minimal effect of ozone nanobubble on meat bacterial load removal, we evaluated the 

influence of solution volume and flow on ozone efficacy. Although significant difference was not 



observed among peracetic acid and ozone nanobubble treatment, increasing the treatment volume 

from 30ml to 500ml increased the bactericidal effect of ozone nanobubble in muscle samples (Fig 

6.3). For instance, there was 1 log cell reduction on Brochothrix, Latilactobacillus and Yersinia for 

meat inoculated with 102 CFU/cm2. The high variation of cell reduction was attributed to the level 

of Brochothrix in a few samples were below detection limit (6.36 CFU/cm2). The cleaning efficacy 

of both treatments was not correlated with the concentration of initial inoculate. The flow system 

results indicate no significant difference in cell reduction between treatments with ozone, peracetic 

acid, and lactic acid among Gram-positives (Fig 6.4). Ozone nanobubble solution displayed 

minimal effect on eliminating Gram negative bacteria in flow system, indicating that volume rather 

than flow rate impacts the efficacy of ozone nanobubble treatment on meat samples. In contrast, 

ozone nanobubble exhibited 1-2.5 log cell reduction with the following order Latilactobacillus, 

Brochothrix and Carnobacterium. The reduction efficacy is comparable to peracetic acid and lactic 

acid (P >0.05). 





6.3.3 Impact of storage temperature on disinfectant efficacy on meat microbiota

To assess the influence of storage temperature on efficacy of the different disinfectants, the Day 0 

treatment with 30 mL was repeated. After storage for 8 weeks at -1°C, cell population of each 

species increased, ranging from 2 log to 6 log CFU/cm2 (Fig 6.5). Specifically, Leuconostoc and 

Latilactobacillus dominated the growth with 5-6 log increases, while Carnobacterium, 



Brochothrix, Hafnia and Yersinia grew by 2-3 logs. Bacterial populations surged upon week 6 and 

stabilized or decreased by week 8.

Compared to untreated samples, sterile water treatment showed no difference in cell counts. Ozone 

nanobubble treatment slightly decreased cell populations by 0.5 log. Peracetic acid (PAA) 

demonstrated enhanced bactericidal effects, especially against Brochothrix, Carnobacterium, 

Hafnia, and Yersinia. Lactic acid solution was the most effective, reducing counts of all species to 

below detectable levels except for Leuconostoc and Latilactobacillus, which remained under 0.5 

log CFU/cm² throughout storage. Yersinia showed the most striking difference; after an initial 



increase in cell counts across all groups by week 6, counts decreased, with peracetic acid and ozone 

nanobubble achieving complete inhibition. These results align with those after seven weeks of 

storage at 8°C, which also showed low Yersinia counts (Fig 6.2). 

6.3.4 Microbial composition of meat samples collected in situ

To examine the application of ozone nanobubbles on the microbial composition of meat samples 

in situ, two pork leg and two tenderloin samples from the production lines were rinsed with ozone 

nanobubble solution or water as control for 1 min. The meat samples then were stored for 3 months 

before sampling and sequencing. Microbial diversity varied among the samples. For example, 

Morganella, Janthinobacterium, Rahnella, Leuconostoc, and Clostridium only presented in leg 

samples, while Providencia and Buttiauxella were only found in tenderloin samples (Table 6.3). 

Serratia, Yersinia, Carnobacterium, and Dellaglioa were present in all samples, and their 

populations were not associated with ozone treatment. Serratia displayed highest abundance 

irrespective treatment and type of pork samples. The application of ozone nanobubbles decreased 

microbial diversity compared to control samples (Table 6.3), including absence of sequencing 

reads of Clostridium species in leg samples and a significant decrease (25%) or below detection 

limit of Vagococcus in leg and tenderloin samples, respectively. 





6.4 Discussion 

To combat the food spoilage crisis and achieve a "greener" production process for improved food 

sustainability, this study evaluated the suitability and effectiveness of ozone nanobubble on meat 

spoilage control. Ozone has been widely used in various industries and there has been renewed 

interest in ozone treatment (aqueous and gaseous) in the food processing industry for eliminating 

food pathogens in fresh produce, raw meat and fish products, and fermented sausages for mold 

control (Dubey et al., 2022; Giménez et al., 2024; Xue et al., 2023; Ziyaina and Rasco, 2021). For 

example, lose dose gaseous zone is effective against Listeria monocytogenes on beef surfaces to a 

level below the detection limit (Giménez et al., 2021). The application of aqueous ozone on 

different offal (head, heart and liver) achieved a reduction 0.6-1.25 Log CFU/sample (Vargas et 

al., 2021). Aqueous ozone demonstrated significant inactivation of Clostridium perfringens, when 

in combined with heat treatment (Novak and Yuan, 2004). Despite ozone's potent antimicrobial 

properties, its effectiveness in the liquid phase is limited by its instability. Encapsulating ozone in 

nano-sized bubbles within water improves its stability. However, in alignment to the previous study 

on ozone nanobubble spray for the reduction of  Escherichia coli O157:H7 on fresh beef surfaces 

(Kalchayanand et al., 2019), our study found that ozone nanobubble treatment demonstrated 

comparable microbial reduction loads to aqueous ozone on pork samples. The limited efficacy of 

ozone nanobubbles on meat samples may be attributed to the high level of organic matter in the 

meat matrix, which can rapidly neutralize the strong oxidative properties of ozone (Korany et al., 

2018). For example, organic matter present in diluted milk or apple juice dramatically impacted 

the antimicrobial efficacy of ozonated water (Korany et al., 2018). Our observation that increasing 

the solution volume enhanced microbial inactivation further supports this hypothesis. Additionally, 

recent research demonstrated that increasing the volume of ozone nanobubbles during treatment 



significantly improved its efficacy against L. monocytogenes biofilms on stainless steel surfaces 

(IAFP abstract). 

Meat muscle after slaughtering is generally considered as sterile. A one-log cell count reduction 

during carcass washing with ozone nanobubble, therefore, is substantial in reducing the microbial 

loads prior to the fabrication and delaying spoilage process. Moreover, the application of different 

disinfectants together with packaging methods, and storage conditions such as humidity and 

temperature further alter the composition of meat microbiota (Hultman et al., 2015) and 

subsequently determine the organoleptic  properties of meat products. Common meat-spoiling 

microbes include psychrotrophic Pseudomonas, Acinetobacter, Staphylococcus, Psychrobacter, 

lactic acid bacteria, Enterobacteriaceae, and clostridia (Xu et al., 2023a). Depending on the storage 

conditions, these microorganisms produce enzymes that break down carbohydrates, proteins, and 

lipids, resulting in off-odors, slime production, and discoloration (Iulietto et al., 2015). In vacuum-

packaged meat products, strict aerobes are completely inhibited, while lactic acid bacteria 

(Carnobacterium, Lactilactobacillus, Leuconostoc) and Enterobacterales (Serratia, Rahnella, 

Hafnia, and Yersinia) dominate the microbial growth. Additionally, the microbial interactions 

within the meat microbiome also impact meat quality. For example, Carnobacterium can spoil 

meat through acid production or eliminate other microorganisms via bacteriocin production (P. 

Zhang et al., 2019), which might explain the inconsistent population of Yersinia observed during 

the experiment. Our study found that the application of 4% lactic acid solution effectively 

eliminated throughout spoilage microorganisms under chilling storage (-1oC). However, its use 

remains challenging due to restrictions by the European Food Safety Authority (EFSA) (Hugas 

and Tsigarida, 2008). Although the latest tests by EFSA concluded that lactic acid solutions (2%-

5%) pose no safety or environmental concerns, their efficacy on wild pigs remains inconclusive 



(Lambré et al., 2022). The use of peracetic acid, on the other hand, displayed strong inhibitory 

effects on Brochothrix, Hafnia, and Yersinia, which are generally more problematic than lactic acid 

bacteria due to their proteolytic and lipolytic activities at low dosage. Populations as low as 104 

CFU/cm² of these bacteria can lead to meat spoilage, whereas spoilage signs are not visible until 

the population of lactic acid bacteria reaches 107 - 108 CFU/cm² (Yang, 2016). Our metagenomic 

data illustrated that the application of ozone nanobubble significancy decreased Vagococcus 

population below the detection limit. The identification of Vagococcus in spoiled meat is less 

common compared to other lactic acid bacteria such as Leuconostoc, Carnobacterium, and 

Lactilactobacillus. However, a few new species of Vagococcus have been isolated from modified 

atmosphere packaging (MAP) meat products (Johansson et al., 2023, 2020). In fact, Vagococcus 

outgrew the later shelf-life microbiota in fresh whole broiler meat packaged in 80%O2/20%CO2 

modified atmosphere (Lauritsen et al., 2019). Although the bactericidal effect of ozone nanobubble 

on Clostridium microbial load was not directly examined in this study, Clostridium was detected 

in water-washed samples but absent in those treated with ozone nanobubbles. This observed shift 

in microbial composition can be attributed to the breakdown of ozone into oxygen during treatment, 

which might inhibit the growth of clostridia and thereby reduce the risks of blown pack spoilage 

in meat products.

The major sources of post-contamination on meat products include dirt, water, the animal itself, 

tools and equipment used during the operation processes (Clottey, 1985; Taylor and Aiyegoro, 

2024). A recent review demonstrated that microbiota originating from food processing 

environments, rather than those associated with animals, are the primary source of microbial 

contamination (Xu et al., 2023a). For example, conveyor belt was identified as the primary vector 

for the transmission of E. coli after sanitation, while cutting tables and mesh gloves served as the 



were critical sources of contamination for meat spoilers including Pseudomonas, Carnobacterium, 

and Yersinia between shifts (Wang et al., 2018; Yang et al., 2017a). Moreover, microbes survived 

even after deep sanitation program that includes dirt and soil removal, cleaning and degreasing, 

and sanitisation on conveyor belts (Wang et al., 2018). One plausible explanation is the ability of 

microbes to form biofilms on equipment surfaces, contributing to their persistence and further 

contamination of meat products. Shiga toxin-producing Escherichia coli O157:H7 and non-O157 

strains, for instance, demonstrated biofilm formation on food-grade equipment surfaces and 

impedes the efficacy of chlorine and quaternary ammonium chloride–based sanitizers (Wang et al., 

2012). Owing to the beneficial properties of nanobubbles e.g. larger specific surface area, higher 

mass transfer efficiency, higher interface absolute zeta potential, slower rising velocity, longer 

stability, and stronger oxidation ability (Akshit et al., 2024), nanobubble technology together with 

ozone treatment could be a promising disinfectant for surface cleaning and sanitizing. The use of 

100 ppm chlorine solutions with air and CO2 nanobubbles substantially reduced the cells of L. 

monocytogenes biofilms formed on stainless steel (Sekhon et al., 2022). Moreover, the 

incorporation of air, N2, and CO2 nanobubbles in chlorine (200 ppm) and peracetic acid (80 ppm) 

solutions resulted in higher log reductions of both fresh (3 days) and aged (30 days) L. 

monocytogenes biofilms on various surfaces, including stainless steel, polypropylene, and silicone, 

compared to antimicrobial solutions without nanobubbles (Unger et al., 2023). The incorporation 

of nanobubble and cold plasma activated water, on the other hand, reduced the dual-species biofilm 

to below detection limit. More specifically, increasing the flow regime from laminar circulation 

(0.88 ± 0.16 log CFU/cm2) to turbulent circulation (1.22 ± 0.43 log CFU/cm2) substantially 

increased the reduction of cells in dual-species biofilms (Dhaliwal et al., 2024). Taken together, 

the modest effect of ozone nanobubble solution on meat products, combined with its effective 



performance on equipment surfaces and biofilm-embedded cells, suggests that ozone nanobubble 

solution is alternative disinfectant for microbial control during meat production, thereby improving 

the safety and quality of meat products.
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Method Comparison P. adjusted value
Culture-independent FCS vs NFCS 0.516

FCS vs Meat  0.096
FCS vs Water  0.396
NFCS vs Meat  0.072
NFCS vs Water  0.252
Meat vs Water  1.000
zone1 vs zone3  0.405
zone1 vs zone2  0.750
zone1 vs zone4  0.525
zone1 vs Meat  0.465
zone1 vs water  0.915
zone3 vs zone2 0.015
zone3 vs zone4  1.000
zone3 vs Meat 0.855
zone3 vs water  1.000
zone2 vs zone4 0.105
zone2 vs Meat  0.165
zone2 vs water  0.840
zone4 vs Meat  1.000
zone4 vs water  1.000
Cutting vs Packaging  1.000
Cutting vs Cooling  0.450
Cutting vs Killing  1.000
Cutting vs Shipping  1.000
Cutting vs Meat  0.090
Cutting vs Water  0.468
Packaging vs Cooling  1.000
Packaging vs Killing  1.000
Packaging vs Shipping  1.000
Packaging vs Meat  1.000
Packaging vs Water  1.000
Cooling vs Killing  1.000
Cooling vs Shipping  1.000
Cooling vs Meat  1.000
Cooling vs Water  1.000
Killing vs Shipping  NA
Killing vs Meat  1.000
Killing vs Water  NA
Shipping vs Meat  1.000
Shipping vs Water  NA
Prior vs Post  0.066
Prior vs Meat  0.336
Prior vs Water  1.000
Post vs Meat  0.060
Post vs Water  0.102

Culture-dependent FCS vs NFCS 0.660
FCS vs Meat  0.042



FCS vs Water  0.150
NFCS vs Meat  0.048
NFCS vs Water  0.156
Meat vs Water  1.000
zone1 vs zone3  0.105
zone1 vs zone2  1.000
zone1 vs zone4  1.000
zone1 vs Meat  0.135
zone1 vs water  0.480
zone3 vs zone2 0.555
zone3 vs zone4  0.435
zone3 vs Meat 0.060
zone3 vs water  1.000
zone2 vs zone4 0.615
zone2 vs Meat  0.180
zone2 vs water  0.900
zone4 vs Meat  0.855
zone4 vs water  1.000
Cutting vs Packaging  0.198
Cutting vs Cooling  0.720
Cutting vs Killing  1.000
Cutting vs Shipping  1.000
Cutting vs Meat  0.108
Cutting vs Water  0.324
Packaging vs Cooling  1.000
Packaging vs Killing  1.000
Packaging vs Shipping  1.000
Packaging vs Meat  0.900
Packaging vs Water  1.000
Cooling vs Killing  1.000
Cooling vs Shipping  1.000
Cooling vs Meat  0.540
Cooling vs Water  1.000
Killing vs Shipping  NA
Killing vs Meat  1.000
Killing vs Water  NA
Shipping vs Meat  1.000
Shipping vs Water  NA
Prior vs Post  0.006
Prior vs Meat  0.036
Prior vs Water  1.000
Post vs Meat  0.012
Post vs Water  0.102
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