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Abstract

Food processing environments serve as complex niches for bacterial colonization, adaption,
persistence and dispersal, which subsequently shapes the microbial composition and diversity.
This Ph.D. dissertation investigated the impact of biofilm formation, bacterial communication and
cooperation on microbial community assembly, providing insights into the novel and specific

intervention strategy.

The presence of microbes in food products depends on contamination from the raw materials or
microbial communities in food processing facilities. By re-analysing data from 39 published
studies, we found that while each food commodity possesses its own accessory microbiome, a core
surface-associated microbiome exists across all commodities. Nutrient levels on food environment
surfaces significantly impact biofilm community composition more than environmental processing
surfaces. The longitudinal study in a pork processing facility revealed a high diversity of microbes,
with addition of 74 novel species. Repeated isolation of the same meat-spoilage-associated strain
across different sites and times displayed their transmission patterns and persistence over six
months, pinpointing processing environments as the primary sources of microbes and identified

specific sites for further interventions.

The presence of transmissible locus of stress tolerance (tLST) among gamma-proteobacteria
enhances their microbial resistance to sanitation chemicals in planktonic state cells. Biofilms, the
natural state of cells in food processing facilities, further reduce sanitation efficacy and facilitate
microbial dispersal and persistence. Our investigations on the link of tLST to biofilm formation
and disinfectant resistance showed that the presence of tLST in E. coli yielded higher biofilm

biomass and enhanced their resistance to chlorine, hydrogen peroxide, and peroxyacetic acid in



biofilm-embedded cells. The phenotypic switch from floating biofilms (pellicle) to surface-
associated biofilms is regulated more by bacterial communication and cooperation (quorum

sensing) than unique gene presence/absence.

The application of ozone nanobubble on meat products in sifu and in vitro showed that it displayed
comparable bactericidal effect to peracetic acid and altered microbial composition, particularly
eliminating the more undesirable microbes. Taking together, these findings contribute to a better
understanding of the microbial ecology of food processing environments, facilitate the
implementation of novel and site-specific interventions and potentially reduce food waste and

outbreaks, promoting the development of a more sustainable food systems.
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Chapter 1. General Introduction, Hypothesis and Objectives

1.1 Introduction

Foods are complex microbial ecosystems, and the presence of microbes play pivotal role in food
safety and security as well as human health and nutrition. Food ecosystems are subject to large
fluctuations in environmental conditions and are dynamic due to microbial composition, activities
and interaction (Roy and Lapointe, 2016). With the development of Next Generation Sequencing
(NGS) technologies and available bioinformatic tools (Kergourlay et al., 2015), growing efforts
are documented to study the ecology, evolution and assembly of food microbial communities. The
community assembly framework developed by Mark Vellend (Vellend, 2010), consisting of four
main processes: dispersal, selection, diversification, and drift, has been interpreted in the
production of a few fermented foods, including sourdough, cheese and fermented cabbages

(Génzle and Ripari, 2016; Louw et al., 2023), but not in other food commodities.

Dispersal. The movement of microorganisms across space influence the distribution and diversity
of communities over time, and further shapes the microbial biogeographical patterns (Martiny et
al., 2006). In food processing facilities, microbial dispersal involves the transmission of microbes
from raw materials, human handling, surrounding environments (soil, water, and air), production
and sanitation processes to food products (Fig 1.1). Examples of microbial transportation from raw
materials include plant endophytes that colonize entire plant tissues (Kandel et al., 2017) and
animal-associated microbiota carried during slaughtering processes (Quan et al., 2020). Microbes
associated with improper human handling include Salmonella, Shiga toxin-producing Escherichia
coli and Staphylococcus aureus (Augustin et al., 2020), which has been reported as the recurring
culprit for foodborne outbreaks. Additionally, food processing facilities are open systems, which

facilitate the dispersal of microbes from above sources to food products through plant design and



production processes (Yang et al., 2023a). Further, sanitation protocol, such as the use of high
pressure hose spraying or cleaning by dry ice blasting generates splashes and aerosols, and further

facilitate the translocation of microbes (Saini et al., 2012).

Selection. Selection is defined as "changes in community structure caused by differences in
fitness" (Vellend, 2010). In food processing facilities, both abiotic and biotic factors shape the
microbial assembly structure. Common abiotic factors include processing environments
(temperature, humidity), habitat types (different nutrient levels in food products and processing
commodities), hygienic design and the use of antimicrobials in sanitation plans. For instance, meat
fabrication facilities typically operate at refrigerated temperatures, favoring the growth of
psychrotrophic bacteria such as Pseudomonas and Listeria monocytogenes (Wei et al., 2019).
Additionally, nutrient-rich environments such as direct food contact surfaces favor the growth of
microbes with high r7n copy numbers, while microbes with low rrn copy numbers being preferred
in nutrient-depleted environments (Dai et al., 2022). Bacterial cooperation is promoted in nutrient-
scarce environments, while competition weighs more in nutrient-rich environments (Dai et al.,
2022). Hygienic design determines the microbial assembly through 1) creating inaccessible niches
for disinfectants to reach, ii) types of cleaning and sanitation protocols, iii) dilution and
biodegradation of applied sanitizers. For example, Pseudomonas are more tolerant to chemical
sanitizers, while gram positive bacteria show improved survival in dry processing environments
(Moretro and Langsrud, 2017). The presence of genes mediating quaternary ammonium
compounds (QAC) resistance among microorganisms including L. monocytogenes, Pseudomonas
and Staphylococcus promote the development of persistent microbiota when biocides with
suboptimal concentrations are applied in the food processing facility (Alvarez-Molina et al., 2023)

or through the dilution in environments such as inaccessible niches with accumulated dirt and



grease (Martinez-Sudrez et al., 2016). The use of antimicrobial compounds during sanitation
protocols serves as another selection force for species richness and further impacted on the
evolvement of adaptive genetic and genomic traits (Wang et al., 2024). For example, General
Stress Response regulon, stress survival Islet 1 and 2 (SSI-1, SSI-2) promotes the survival of L.

monocytogenes under harsh environments (Harter et al., 2017).

Biotic factors include biofilm formation and interactions, development of persister cells,
bacteriocin production, and horizontal gene transfer. Bacterial biofilms are a natural state of cells
in environments. Formation of biofilms protects bacteria against harsh conditions e.g. shearing
force, routine clean and sanitation (Bridier et al., 2011; Flemming and Wingender, 2010), while
the synergistic or antagonistic interactions between microbes could outcompete the growth of
specific organisms during biofilm formation. For example, the presence of L. monocytogenes on
food processing surfaces is negatively correlated with the presence of Janthinobacterium (Fox et
al., 2014). Persister cells, particular abundant in biofilms, display a substantial selective advantage
in adapting to adverse conditions (Wood et al., 2013). The production of bacteriocins, on the other
hand, can either promote the formation of biofilms (Bleich et al., 2015) or inhibit the growth of
surrounding microorganisms (P. Zhang et al., 2019). The selection process for microbial
community assembly may also depend on horizontal gene transfer, through the movement of
mobile genetic elements and plasmids (Nemergut et al., 2013). A distinct example includes the
presence of the mobile genomic island, transmissible locus of stress tolerance (tLST) (Kamal et
al., 2021), which is commonly horizontally transferred among diverse members of beta- and
gamma-Proteobacteria. The genotypic presence of this mobile element impedes the efficacy of
heat treatment in planktonic cells of Cronobacter sakazakii, Klebsiella pneumoniae, Pseudomonas

aeruginosa, and E. coli (Bojer et al., 2010; Gajdosova et al., 2011; Lee et al., 2015; Mercer et al.,



2015; Wang et al., 2020), as well as increase tolerance to oxidizing chemicals (chlorine, peracetic
acid and hydrogen peroxide), and high hydrostatic pressure among food isolates of E. coli and

Salmonella (Gayan et al., 2023; Li et al., 2020; Wang et al., 2021a, 2021b).

Diversification. The diversification process involves the generation of genetic variation or the
creation of new species. Common evolutionary drivers such as horizontal gene transfer, and
biofilm formation, positive selection, sanitation protocol with sublethal concentration accelerate
diversification processes (Nemergut et al., 2013). The persistence of L. monocytogenes strains in
seafood processing facilities over 17 years served as a compelling example of evolution through

the acquisition of diverse prophages associated with sanitizer tolerance genes/operons (Harrand et

al., 2020).

Drift. Drift is a stochastic process that alters the relative abundance of community members, which
is the most complex process to understand and predict. In processing facilities, an accident plant
fire - such as the fire tragedy at the Trochu meat plant in Alberta - can significantly impact the drift
process by disrupting microbial communities and altering environmental conditions, leading to
shifts in species composition and abundance (McLauchlan et al., 2020). Additionally, the impact
of drift is magnified when populations are small, e.g. the establishment of a new food processing
facility. It has been reported that strains of Listeria can colonize meat and seafood processing
facilities within three months of the start of production and persist for years (Alvarez-Molina et
al., 2021; Harrand et al., 2020). Thus, the cleaning of incoming raw materials, proper design of
processing plants and sanitation protocols for equipment surface as well as incoming materials are
crucial to diminish pathogenic populations at the beginning and prevent the establishment and

colonization of foodborne pathogens in food processing environments in long term.



Efforts to comprehend microbial dynamics in food processing environments and devise
economical sanitation protocols are expanding. However, our understanding of microbial
dynamics, assembly processes, and their ecological and evolutionary drivers remains limited.
Factors contributing to this limitation include the high diversity and rapid evolutionary rates of
microorganisms, intricate microbial interactions, complex eco-evolutionary feedback loops, bias
from culture-independent sequencing tools and a skewed emphasis in genomic data towards
foodborne pathogens from outbreaks rather than encompassing environmental microbiota
(including both spoilage and pathogenic organisms) in food processing plants and. Additionally,
there is a deficiency in subtyping the environmental background microbiota and reassembling the
bacterial communities to study their ecological and evolutionary processes, particularly in their
dispersal and persistence patterns. By clarifying these research gaps may enhance biological
control within food processing environments, advance sanitation strategies, ensure food safety and

quality, and foster a more sustainable food system.
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Figure 1.1. Determination of community assembly by selection, dispersal, drift, and
diversification on the composition of environmental and product microbiota, and their effects on

the quality and safety of food products.

1.2 Hypothesis

Microbial community assembly and biofilm formation in food processing environments are
influenced by nutrient availability, specific genetic factors (such as tLST in E. coli), and
intercellular communication. These factors, combined with environmental conditions and
sanitation practices, shape the core microbiome and impact microbial diversity, persistence, and
resistance. The application of ozone nanobubble solutions reduce meat spoilage and alter the

microbial profiles in meat processing facilities.



1.3 Objectives

1) Discuss the impact of nutrient level on microbial community assembly in food processing
environments and biofilm communities and identify the core microbiome among different food

commodities (Chapter 2).

2) Evaluate the impact of tLST impact in strains of E. coli on biofilm formation and sanitizer

resistance (Chapter 3).

3) Investigate the biofilm-associated genes on pellicle formation in strains of E. coli and role of
intercell communication on the switch of surface-associated biofilms to floating pellicles

(Chapter 4).

4) Characterize the microbial diversity, bacterial dispersal and persistence in a meat processing

facility (Chapter 5).

5) Examine the application of 0zone nanobubble solution on meat spoilage control and impact on

meat microbiota profiles (Chapter 6).

6) Characterize 74 novel species isolated from the pork processing facility (Chapter 7)



Chapter 2. A Meta-Analysis of Bacterial Communities in Food Processing Facilities:
Driving Forces for Assembly of Core and Accessory Microbiomes across Different

Food Commodities

2.1 Introduction

According to the Food and Agricultural Organization, the demand for food is expected to increase
by 56% to meet the needs of the growing global population (FAO, 2009). To address this challenge,
several solutions have been proposed, with reducing food loss and waste being the most crucial
one. Unfortunately, approximately 25% of food that is produced for human consumption is wasted,
and this loss occurs at various stages of the food supply chain, from production to consumption
(Janet et al., 2018). One of the significant contributors to food waste is microbial spoilage. This
issue is of concern for food security, as food spoilage can lead to decreased food availability and
increased prices, making it even more challenging for food-insecure populations to access
sufficient nutritious food. Spoilage also is of concern for the sustainability of food production and
emission of greenhouse gases, particularly for meat and meat products that have a high ecological

footprint.

The microbial spoilage of food has been widely probed within food processing facilities across
various food commodities. Processing facilities serve both as establishment niche, where it allows
autochthonous microbes to colonize and persist over long periods of time, and as a persistent niche
for microbes that are transmitted from raw materials or the environment (Holt, 2009). Researchers
have approached microbial-mediated food spoilage from different angles, by examining the
microbiome of raw materials and final products, the transmission from poor handling practices
and the role of environmental surfaces during production. The assembly of bacterial communities

in food processing facilities is influenced by four processes: selection, drift, speciation, and



dispersal (Vellend, 2010). More precisely, microbes coming into food processing facilities are
limited by dispersal while persisting organisms are limited by selection due to routine sanitization.
Species drift can be observed as bacteria population changes in conformity with changing
processing environments. For example, psychrotrophic or psychrophilic organisms such as
Pseudomonas, Enterobacteriaceae, and lactic acid bacteria can grow on fresh meat (Gill, 2014;
Zhu et al., 2022), seafood (Zhu et al., 2022), fresh produce (Alegbeleye et al., 2022) during cold-
temperature storage with different taxonomic abundance at the end of shelf life. The speciation
process can occur more rapidly during biofilm formation in the processing environments, as
biofilm provides an optimal environment for exchanges of genetic materials horizontally and for

the evolution of vertically transmitted generic material (Bridier et al., 2011).

The ability of bacteria to form biofilms contributes to recurring contamination from environmental
surfaces, both in food-contact and non-food-contact areas (Mertz et al., 2014; Wagner et al., 2020;
Wang et al., 2018). In fact, the biofilm matrix serves as a physical shelter to bacterial cells, thus
protecting them against antimicrobial interventions and serving as a reservoir for both spoilage
and pathogenic microorganisms. Many food isolates from equipment surfaces have been shown to
attach to different food materials and form biofilms in vitro (Abdallah et al., 2014; Liu et al., 2016).
Recent studies have also identified residential bacterial communities embedded in biofilm matrix,
as evidenced by quantifying biofilm biomass [8-10]. This poses a major challenge to conventional
cleaning and sanitizing procedures in food processing facilities, raising concerns about cross-
contamination from processing environments to products, and leading to food poisoning and

deterioration issues.

The food industry, therefore, employs multiple measures to control the microorganism coming in

with raw materials and those persisting in processing facilities. In general, Hazard Analysis Critical



Control Point (HACCP) has been well adopted worldwide, primarily focusing on enhancing food
safety. Decontamination of the raw materials prior to production such as washing and sanitizing
fresh produce with chlorine water (Mcglynn, 2004), washing of animal carcasses with hot water
(Dickson and Anderson, 1992; Wheeler et al., 2014), and monitoring animal health and farm
hygiene (United States of Food and Drug Administration, 2011) have been reported to reduce the
population of bacteria on raw materials. The efficacy of cleaning and sanitation protocols, however,
depends on the hygienic design of facilities and equipment, and on the training of personnel. In
addition, plants are colonized by bacterial endophytes including Bacillus, Burkholderia, Rahnella,
Pseudomonas, and Klebsiella (Kandel et al., 2017; Lodewyckx et al., 2002; Ryan et al., 2008) that

cannot be removed without heating the entire plant tissue.

Although numerous studies have identified the composition of bacterial communities in facilities
processing different food commodities and investigated the impact of processing environments on
bacterial communities, little is known about how nutrient availability shapes their composition, or
whether food processing facilities processing different food commodities harbor comparable
bacterial communities. The composition of bacterial communities between environmental surfaces
and food products has been compared for one minimally processed vegetable facility, one artisan
cheese facility and two meat processing facilities by analyzing the relative abundance of taxa (De
Filippis et al., 2013; Falardeau et al., 2019; Hultman et al., 2015; Valentino et al., 2022). These
studies identified both the raw materials and the food processing environment as relevant sources
of spoilage microbes. This review aimed to expand these analyses by providing a comprehensive
summary of residential bacteria on environmental surfaces of processing facilities of multiple food
commodities and by analysing whether the nutrient availability on specific surfaces impacts the

composition of bacterial communities.
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2.2 Data collection

Data collection was started by accessing references from four review papers (Alvarez-Ordonez et
al., 2019; De Filippis et al., 2021; Fagerlund et al., 2021; Yuan et al., 2019) on the bacterial ecology
and communities involved in food spoilage as well as later publications that cited these reviews.
Taken together, these four review papers provide a comprehensive summary of microbial
communities found in different food processing facilities as a “beacon” for subsequent searches in
citation databases. Additional studies were identified by using the keywords "food industry,"
"bacterial ecology," "bacterial communities", and "food spoilage" on Google Scholar. Priority was
given to studies that sampled environmental surfaces and used 16S rRNA gene amplicon
sequencing for analysis. Three studies using a culture-based approach to characterize bacterial
communities in facilities producing meat and seafood were additionally included. The presence or
absence of bacterial taxa in 96 samples collected from 39 processing facilities were compiled in
Table S1. The 39 processing facilities included 16 facilities processing fresh meat (Brightwell et
al., 2006; Cobo-Diaz et al., 2021; De Filippis et al., 2013; Ellerbroek, 1997; Fox et al., 2014;
Hultman et al., 2015; Marouani-Gadri et al., 2009; Mettler and Carpentier, 1998; Mearetro et al.,
2013; Rader et al., 2015; Stellato et al., 2016; Wagner et al., 2020; Wang et al., 2018; Yang et al.,
2023b; Zwirzitz et al., 2021, 2020), 7 facilities processing seafood (Bjerge Thomassen et al., 2023;
Guobjornsdottir et al., 2005; Langsrud et al., 2016; Maillet et al., 2021; Meoretro et al., 2016;
Rodriguez-Lopez et al., 2015), 3 facilities processing RTE foods (Fagerlund et al., 2017; Mertz et
al., 2014; Pothakos et al., 2015), 5 facilities processing fresh produce (Gu et al., 2019; Liu et al.,
2013; Tan et al., 2019; J. G. Xu et al., 2021; Xu et al., 2022), and 8 facilities processing cheese
(Bokulich and Mills, 2013; Calasso et al., 2016; Dzieciol et al., 2016; Falardeau et al., 2019;

Guzzon et al., 2017; Quijada et al., 2018; Schon et al., 2016; Stellato et al., 2015). In total, this
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review summarised the microbial communities from 96 environmental surfaces. Three of the 39
facilities were characterized with respect to biofilm communities, these included two meat

processing facilities and one cheese facility for a total of 13 surfaces that harbored biofilms.

Of the food processing facilities included in this study (Table S2.1), RTE and cheese processing
facilities were located in North America and Europe; the meat processing facilities were located
in North America, Oceania, and Europe. All of the seafood processing facilities sampled were
located in Europe. The fresh produce processing facilities were located in North America and Asia.
These geographical differences may reflect variations in processing methods, regional microbiota,
cultural and environmental factors. For example, traditional and minimally processed food (raw
milk cheese and fermented meats) are favored in the European Union, whereas Americans tend to
be more open to the use of technologies during the production such as the use of the
hormones/antibiotics for cattle, and irradiation treatment for food (Johnson, 2017; Marsha A.
Echols, 1998). Additionally, grass-fed cattle with different breeds, shapes, and sizes, processed in
smaller and artisan operations are used for consumptions in the EU. In contrast, in North America,
feedlot-fed cattle are raised to a uniform size for large-scale industrial production (Beardsley,
2009), contributing to distinctive gut microbiota composition (Z. Zhang et al., 2021), which in turn
potentially affects meat quality and the environmental microbiome in the processing facility.
Processing facilities and meat animals in Oceania are more similar to those in the EU than to North

America (Bell et al., 2011).

The condition and environment vary in different processing commodities. Seafood processing
facilities typically maintain relatively high humidity and a temperature of 12°C (Langsrud et al.,
2016), which can promote the proliferation of psychrotrophic microbes. Meat processing facilities

generally maintain a temperature of less than 10°C to preserve meat products during the most of
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processing stages (Canadian Food Inspection Agency, 2018), but temperatures differ between
plants and even within different rooms of the same plant. In a meat abattoir, the temperature of the
production room ranged from 14°C to 25°C with relative humidity between 35% to 90% (Meretro
et al., 2013). In a beef processing facility, the temperature in slaughter hall, cutting room and
boning room was 10-15°C, 4-5°C, and 11-15°C, respectively (Marouani-Gadri et al., 2009). Fresh
produce processing rooms are maintained at a temperature below 8°C (Xu et al., 2022). The
processing room temperature for the cheese industry can vary depending on the specific type of
cheese being produced and the stage of the cheese-making process. In general, cheese processing
facilities maintain a higher processing temperature of over 20°C to promote the growth of
mesophilic and/or thermophilic starter cultures. A lower temperature (9°C) with high relative
humidity (75%) is maintained during ripening stage (Calasso et al., 2016). Salt concentration may
additionally shape the bacterial ecology in cheese processing facilities. For example, halotolerant
Halomonas was only identified in cheese processing facilities, potentially resulted from the brining
process. Cleaning and sanitization control bacterial contamination in food processing facilities but
also contribute to high temperature and humidity (Meretre et al., 2013), serving as a potential

source for cross contamination and selective pressure for microbial communities.

The datasets were analysed using permutational multivariate analysis of variance (PERMANOVA,
999 permutations, adonis2 function, vegan package, R v4.1.0) based on Jaccard similarity of
bacterial communities with an error probability of 5% (P < 0.05) to determine whether areas with
different nutrient densities harbor different communities of microbes. The data were visualized by
Principal Coordinate Analysis (PCoA). Pairwise comparisons between groups were tested by the
‘pairwise.adonis’ function (pairwise.Adonis package, v0.4.1) with Bonferroni adjustment for

multiple comparisons. Data were additionally analysed with Multiple Correspondence Analysis
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(MCA), which uses the presence of individual genus as input variables to visualize the dataset.
Results of PCoA are shown in the manuscript and results obtained with MCA are provided as

supplementary figures.

2.3 Impact of nutrient source and commodity on the composition of bacterial communities.

We classified direct food contact surfaces and floor drains as "high nutrient" areas as these areas
are characterized by the presence of product residue during processing. Non-food contact surfaces,
walls and water hoses were characterized as "low nutrient" areas because they are unlikely to
provide organic matter to support bacterial growth. The nutrient level of floors was categorized as
"unknown". This differentiation does not account for the type of substrate (lipids, carbohydrate /
sugars or proteins / amino acids) and the type of nutrients can only partially be inferred from the
type of product that is processed in the specific facilities. Overall, the composition of bacterial
communities in sites with different nutrient availabilities differs (P <0.05) (Fig. 2.1). The bacterial
community in high-nutrient surfaces differs from unknown surfaces (P = 0.036). Plotting the data
separately by commodity revealed a partial overlap in the composition of bacterial communities
in sites with high, low, and unknown nutrient availability (Fig. S2.1), with the exception of cheese
processing facilities, where high and low-nutrient surfaces differed significantly (P < 0.05). The
similarity of bacterial composition between different nutrient levels within one food commodity
may be attributed to the smaller sample size of sites with low or unknown nutrient availability. In
contrast, MCA visualized a largely distinct composition of bacterial communities in sites with

different nutrient availability with individual taxon as input (Fig. S2.2).
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Figure 2.1. Principal coordinates analysis (PCoA) based on the Jaccard distance matrix for 96
surface-associated samples with different nutrient availabilities. Samples are coloured by nutrient
availibity: red, high nutrient; blue, low nutrient; grey, unknown surfaces. Permutational
multivariate analysis of variance was used to statically differeniate the bacterial communities.
Bacterial communities are significantly different (P = 0.047) among surfaces with different
nutrient availability. Bacterial community on surfaces with unknown nutrient availability tend to

differ from high nutrient surfaces (pairwise adjusted P = 0.084).

The PCoA plot of samples categorized by commodity also showed partial overlap of the bacterial
communities in facilities producing different commodities (Fig. 2.2). Bacteria residing in RTE
processing facilities shared a substantial number of bacterial taxa with other food processing
facilities, while all other categories were significantly different from each other (P < 0.05) (Fig.
2). The size of the dataset allows further categorization by commodity and nutrient level (Fig. 2.3).
With the exception of RTE processing facilities, high-nutrient level surfaces of processing
facilities exhibited distinct bacterial communities (Fig. 2.3A). The overlap of bacteria was greater

in low nutrient sites where only cheese plants had significantly distinct ecology compared to meat
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and fresh produce processing facilities (Fig. 2.3B). Sites with unknown nutrient density, i.e., floors
which were only sampled in fresh produce, cheese, and fresh meat facilities. The limited sample
size perhaps largely resulted in the overlap, while MCA plot further reveals that different
commodities clustered completely separately (Fig. S2.3C). The PCoA plot for those samples for
which in situ biofilm formation was confirmed by quantification of the extracellular matrix was
shown in Figure 2.4. The composition of bacterial biofilm communities in low-nutrient and high-

nutrient samples was significantly different (P < 0.05) (Fig. 2.4).
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Figure 2.2. Principal coordinates analysis (PCoA) based on the Jaccard distance matrix for 96
surface-associated samples from different food commodities. Samples are coloured by food
commodity: yellow, RTE processing facilities; red, meat processing facilities; blue, seafood
processing facilities; green, fresh produce processing facilities; light grey, cheese processing
facilities. Permutational multivariate analysis of variance was used to statically differeniate
bacterial communities. The association of community variance with different food commodities

are displayed in supplementary Table S2.2.
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Figure 2.3. Principal coordinates analysis (PCoA) with Jaccard index for bacterial diversity based
on 5 food processing facilities associated with different nutrients level. Points represent microbial
communities collected from different processing facilities and are clusters based on same nutrient
level: A, high; B, low; C, unknown. Light grey, cheese processing facilities; green, fresh produce
processing facilities; red, meat processing facilities; yellow, RTE processing facilities; blue,
seafood processing facilities. Permutational multivariate analysis of variance was used to statically
differentiate bacterial communities. The association of community variance with different food
commodities for high- and low-nutrient surfaces are displayed in supplementary Tables S2.3 and

S2.4, respectively.
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Figure 2.4. Principal Coordinate Analysis (PCoA) plot with Jaccard similarity for bacterial
diversity among environmental biofilms formed under different nutrients level: red, high nutrient;
blue, low nutrient. Data collected from two meat processing facilities and one cheese processing
facility, contributing to 13 sampling surfaces in total. Permutational multivariate analysis of

variance was used to statically differentiate bacterial communities.

2.4 Which bacteria are where?

Heatmaps depicting the percentage of samples in which specific taxa were present are shown in
Figures 2.5, 2.6 and 2.8. The heatmaps were scaled to show the number of samples that tested
positive for a specific taxon divided by the total number of samples. The majority of taxa depicted
in the heatmaps were identified at the genus level, but some provided only family-level
identification. The heatmaps shown in Figures 2.5, 2.6 and 2.8 differentiate samples by nutrient
level, commodity and biofilm, respectively. Overall, Pseudomonas, Stenotrophomonas,
Acinetobacter, Serratia, Microbacterium, Psychrobacter, and Staphylococcus were frequently

present regardless of the food commodity with Pseudomonas species as the most prevalent taxa
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(Fig. 2.5). Meanwhile, the composition of bacteria communities also differed among facilities

processing different food commodities.
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Figure 2.5. Heatmap depicting the relative abundance of the occurrence of bacterial genera present

in different food processing facilities.

In cheese processing facilities, Pseudomonas was present in 17 out of 22 environmental surfaces,

followed by Brevibacterium, and other Bacillota such as Staphylococcus, Lactobacillus,
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Streptococcus, and Lactococcus (Fig. 2.5). Because most studies used in this meta-analysis
identified bacteria at the genus level, and were completed before taxonomic re-organization of the
genus Lactobacillus in 2020 (Zheng et al., 2020), Lactobacillaceae are often identified at the
family level only (Fig. 2.5 and 2.6); this communication uses current taxonomy where this is
supported by the data, or the terms “Lactobacillaceae” or “lactobacilli” where not. The processing
steps in cheese production impact the composition of bacterial communities. For instance, brining
and the use of surface-ripening provide favorable conditions for growth of acid-sensitive, salt-
tolerant, and psychrotrophic bacteria which are abundant on smear-ripened cheeses but were also
identified on environmental surfaces (Guzzon et al., 2017; Quijada et al., 2018). Coryneforms,
such as Brevibacterium, Corynebacterium, as well as Halomonas and Staphylococcus are among
the main microbial genera that were identified on the surface of smear-ripened cheeses (Wolfe et
al., 2014). These organisms may cause defects in other types of cheeses (Hassan and Frank, 2011).
The high prevalence of Lactobacillus, Streptococcus, and Lactococcus on surfaces is unsurprising
given their role as starter cultures for cheese production (Falardeau et al., 2019; Guzzon et al.,
2017). The Lactobacillus species detected were L. delbrueckii and L. helveticus, originating from
thermophilic starter cultures used in cheese making. Equipment surfaces primarily harbored
Gamma-proteobacteria such as Psychrobacter, Acinetobacter, and Pseudoalteromonas, which can
cross-contaminate food samples (Falardeau et al., 2019; Guzzon et al., 2017; Quijada et al., 2018).
The origin of the microbiome in on surfaces in cheese processing facilities varies among different
plants and remains unclear. For example, Corynebacterium, Staphylococcus, and
Sphingobacterium can be part of the raw milk or human skin microbiota (Kable et al., 2016) and
subsequently spread to equipment surfaces. Lactose carry-over from vat milk or whey to non-food

contact surfaces may contribute to the higher abundance of Staphylococcus spp. in cheeses
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compared to other commodities, since lactose can stimulate the biofilm formation by

Staphylococcus (Xue et al., 2014).

In meat processing facilities, common food spoilage bacteria including Pseudomonas,
Acinetobacter, and Psychrobacter have been identified on over one third of the environmental
surface samples (Fig. 2.5). The phylum of Bacillota also has a relatively high abundance with
presence of Staphylococcus, Brochothrix, Bacillus, and Streptococcus. In addition to transmission
from human and animal skin microbiota, high abundance of Staphylococcus and Corynebacterium
has also been detected in air samples throughout a poultry slaughtering house (Ellerbroek, 1997).
Bacteroidota, including Chryseobacterium and Flavobacterium, have the potential to cause
spoilage of meat and have been isolated from both meat carcasses and environmental surfaces
(Reder et al., 2015; Zwirzitz et al., 2021, 2020). Brochothrix is recognized as a spoiler of raw and
packaged meat and has been identified on food processing surfaces (Ellerbroek, 1997; Wagner et
al.,2020; Wang et al., 2018), which readily grows on meat and at low storage temperature (Illikoud
et al., 2019), even if the contamination from equipment surfaces begins with a low cell population.
Enterobacteriaceae and lactic acid bacteria including lactobacilli, Leuconostoc, and
Carnobacterium also play important roles in meat spoilage either as spoilage organisms or as
protective microbes that inhibit spoilage by others. Vacuum packaged fresh meat has a refrigerated
shelf life of over 2 months, which of the microbes on meat grow during storage depends on the
meat composition, the presence of competing microbes, storage conditions, packaging methods,
and oxygen availability (Gill, 2014). In these products, Enterobacteriaceae are present in high
abundance on the processing facilities surfaces but to a lesser extent in raw materials and products
at the end of the shelf life, whereas lactic acid bacteria dominate meat microbiota at the end of the

shelf life with low abundance in both processing surfaces and raw materials (Hultman et al., 2015).
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Psychrotrophic clostridia, mainly Clostridium estertheticum, cause blown pack spoilage. While
studies reviewed in this article did not identify the presence of psychrotrophic clostridia, these
bacteria are known to be prevalent in the pelts and feces of slaughtered animals and have been
detected in meat slaughtering facilities through PCR amplification of specific 16S rRNA regions
(Brightwell et al., 2009). Enterobacteriaceae such as Serratia, Enterobacter, and Hafnia have also
been linked to blown pack spoilage. In the 39 studies analysed in the current study, Serratia and

Enterobacter were being more frequently identified than Hafnia (Fig. 2.5).

The bacterial communities in RTE processing facilities did not exhibit significant variations
compared to other food commodities (Fig. 2.2), given the processing of diverse raw materials for
the respective products. Despite variations in the bacterial community across three RTE processing
facilities, members of the genus Pseudomonas have been consistently found on different
environmental surfaces including slicers, walls, and other food contact surfaces (Fagerlund et al.,
2017; Mertz et al., 2014; Pothakos et al., 2015). Their persistence even after regular sanitization
protocols results from biofilm formation on abiotic surfaces, which may serve as an indicator of
the efficacy of clean and sanitization practices to eradicate biofilms in the food processing
facilities. Other spoilage-related taxa such as Enterobacteriaceae, Streptococcaceae, lactobacilli,
Brochothrix, and Leuconostoc have been found to colonize on the equipment surfaces and to occur
on RTE food products (Pothakos et al., 2015). Moreover, lactic acid bacteria especially
Leuconostoc spp. grow at refrigeration temperature and typically dominate RTE meat microbiota

at the end of the shelf life (Gill, 2014).

The food contact surfaces of seafood processing facilities were characterized by the unique
presence of Glutamicibacter, Aliivibrio, Escherichia, Morganella. Glutamicibacter, and

Morganella, which are associated with ocean fish (Bjerge Thomassen et al., 2023; Meoretro et al.,
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2016). Morganella is a copious producer of histamine during storage of seafood, which can lead
to intoxication after consumption of seafood, particularly scombroid fish (Canadian Food
Inspection Agency, 2012). In addition, common seafood spoilers identified among diverse seafood
products such as Pseudomonas, Acinetobacter, Serratia, Psychrobacter, and Brochothrix have
also been isolated from environmental surfaces, suggesting the possibility of contamination from
environmental surfaces. Marine spoilage bacteria including Aeromonas, Pseudoalteromonas,
Photobacterium, and Shewanella are mostly found in the marine systems and seafood samples,
contributing to seafood off-flavor and limited shelf-life. Analysis of a salmon processing facility
revealed the presence of Aeromonas and Shewanella on environmental surfaces and in seawater,
serving as a source of contamination of salmon fillet (Moretrg et al., 2016). On the other hand,
Pseudoalteromonas and Photobacterium were absent on environmental surfaces but were found
in raw fish and seawater (Mcglynn, 2004). Lactic acid bacteria, particularly Carnobacterium spp.,
have been isolated from fish gut and aquatic environments (Leisner et al., 2007). In both meat and
seafood products, growth and metabolism of Carnobacterium spp. during refrigerated storage can
have beneficial or detrimental effect on product quality; this depends on the strain- or species
specific metabolic traits (Martin-Visscher et al., 2008; Visvalingam et al., 2019). Moreover, the
nutrient availability also shapes the microbial composition in the seafood processing facilities. For
example, the genera Aeromonas, Acinetobacter, Pseudomonas, Shewanella, Chryseobacterium,
and Flavobacterium were present on both high and low nutrient surfaces, while Comamonas was
exclusively found on low nutrient surfaces. Common ecological niches for Comamonas include

freshwater, wastewater, fish gut, and plants (Chaillou et al., 2015; Wiernasz et al., 2021).

In fresh produce facilities, the most commonly identified genera were Pseudomonas and

Acinetobacter from food contact surfaces, and Comamonas, Chryseobacterium, and
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Janthinobacterium from non-food contact surfaces such as trolley and floor drains (Xu et al.,
2022). Janthinobacterium was abundant in fresh water and fresh vegetables such as lettuce surface
(Leff and Fierer, 2013), which could increase the risk of spoilage in fresh produce. In addition, it
was also found that Comamonas and Janthinobacterium synergistically interact with other
microorganisms like Serratia (Xu et al., 2022), contributing to the negative role in the shelf life of
fresh-produce. Furthermore, fresh produce facilities uniquely harbored the plant-associated
microbes Rahnella and Ralstonia (Liu et al., 2013). A strain of Ralstonia spp. was confirmed as a
strong biofilm producer under low temperature condition (<10 °C), enhancing the mixed-species
biofilm formation together with E. coli O157:H7, Listeria monocytogenes, and Salmonella (Liu et
al., 2016). Taking into account the influence of nutrient levels on the composition of bacterial
communities in the fresh produce production environment, a distinct presence of
Cellulosimicrobium, Corynebacterium, Sphingobacterium, Klebsiella, Microbacterium, and
Rahnella has been observed on nutrient-abundant surfaces across the five studies, while
Arthrobacter, Rhizobium, Rhodoferax, Paenibacillus, and Staphylococcus only presented on
nutrient-deficient surfaces. Other common soil bacterial genera such as Cupriavidus,
Burkholderia, and Devosia have been isolated from plant tissues (Lodewyckx et al., 2002; Verma
et al., 2021; Xu et al., 2017) and uniquely presented in fresh produce processing facilities with

relatively high occurrence (Fig. 2.5).

2.5 Can a core microbiome of food processing facilities be identified?

A core surface-associated microbiome of food processing facilities was identified from the 39
studies with the following order of taxa: Pseudomonas, Acinetobacter, Staphylococcus,
Psychrobacter, Stenotrophomonas, Serratia, and Microbacterium. These 7 genera can be further

characterized into two sub-groups: i) organisms that are commonly identified as food spoilage
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organisms, including Pseudomonas, Acinetobacter, Psychrobacter, and Serratia, and i1) proximate
microorganisms with spoilage potential. The spoilage potential of Staphylococcus,
Stenotrophomonas, and Microbacterium has been confirmed in various studies through their
ability to degrade lipid and protein in vitro (Maes et al., 2019a; Y. Zhang et al., 2019). In addition,
Staphylococcus aureus causes food poisoning through the production of enterotoxins. Outbreaks
associated with S. aureus have occurred in various types of food and are often linked to improper
handling and poor personal hygiene. Food isolates of S. aureus may also pose a risk of transmitting

multi-drug resistant Staphylococcus to humans through food consumption (Gutiérrez et al., 2012).

The core microbiome identified among different food commodities is not coincidental. Firstly,
Pseudomonas, Acinetobacter, Psychrobacter, and Serratia are commonly found in natural
environments such as soil and water and have a versatile lifestyle which allows them to utilize
diverse energy sources and grow at chiller temperature (Dodd, 2014; Garcia-Lopez et al., 2014;
Kéampfer, 2014; Rafii, 2014). Therefore, the commonly used method to extend shelf life,
refrigeration, does not prevent their growth. Modified atmosphere packaging is currently in use to
control the growth of Pseudomonas, Acinetobacter, and Psychrobacter based on their strictly
aerobic features, while the facultative anaerobic Serratia spp. have been detected in the end
products (Dodd, 2014; Garcia-Lopez et al., 2014; Kampfer, 2014; Rafii, 2014). Secondly, growth
of spoilage bacteria on food is often associated with production of volatile compounds, which is
as a common cue for food deterioration. Given the involvement of bacterial volatile compounds in
interkingdom interactions (Audrain et al., 2015; Schulz-Bohm et al., 2017), the volatiles may
additionally act as signaling molecules that modulate the growth of other bacteria in food products
and processing environments, and further impact the deterioration of food products, bacterial

colonization, and biofilm formation on food equipment surfaces. This hypothesis, if confirmed,
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can significantly broaden our understanding of dynamic interactions between bacterial volatile
compounds, spoilage issues, and biofilm formation. Third, the core microbiome apparently resists
cleaning and disinfection strategies in facilities processing different food commodities including
seafood, fresh meat, RTE, and cheese (Langsrud et al., 2016; Maes et al., 2019a; Yang et al.,
2023b). Even though cleaning and sanitization are not intended for achieving sterility in food
processing facilities, the identification of core microbiome which has implications on shelf life of
products would suggest that it may be necessary to implement more effective strategies to eradicate

these microorganisms from food processing environments.

Differentiation of bacterial communities in processing facilities by nutrient availability (Fig. 2.6
and Fig. 2.7) revealed that 8 core taxa, Arthrobacter, Brevibacterium, Flavobacterium,
Staphylococcus, Pseudomonas, Psychrobacter, Stenotrophomonas, and Enterobacter, were shared
in all three different nutrient-variable niches. Nutrient-rich areas specifically harbored 16 bacterial
genera, especially with relatively high presence of Serratia, while Xanthomonas was only present
in nutrient-scarce environments (Fig. 2.7). The adaption of the oligotroph Xanthomonas to
nutrient-deficient conditions has been linked to its low copy number of ribosomal RNA operons
(Roller et al., 2016; Stoddard et al., 2015). Arthrobacter is a genus of mainly soil bacteria with
nutritional versatility. For example, it can utilize diverse sources as carbon and energy sources
such as carbohydrates, organic acids, amino acids, aromatic compounds, and nucleic acids
(Gobbetti and Rizzello, 2014), leading to its presence on floors, surfaces as well as high and low
nutrient surfaces. Brevibacterium spp., mainly present in meat and cheese processing facilities,
can metabolize divergent carbon sources such as glucose and galactose, which are relatively
abundant in the meat and cheese processing facilities. Brevibacterium also exhibits resistance to

carbohydrate starvation (Forquin and Weimer, 2014), which perhaps explains its survival under
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the conditions of nutrient deficient surfaces. The knowledge of nutrient adaptability among
Flavobacterium species is limited. However, it displays physiological diversity and further results
in its wide distribution in different food manufactures. Habitats include but not limited to cold
freshwater and aquatic environments, soil, and food products such as fish, raw and processed meat,
dairy products, and agricultural crops (Waskiewicz and Irzykowska, 2014). The ability of
Staphylococcus, Pseudomonas, Psychrobacter, and Stenotrophomonas to form biofilms (Garcia et
al., 2022; Wagner et al., 2021) allows them to reside and disperse on diverse surfaces with different
nutrient levels, thus become frequent contaminants in food production areas. Microbial
communities from high-nutrient surfaces tends to be different from that on floor surfaces. This
difference can also be visualized by the Venn diagram as microorganisms do not overlap between
high nutrient and unknown surfaces (Fig. 2.7), while floor samples did harbor some unique

microorganisms with relatively low frequency of presence (data not shown).
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Figure 2.6. Heatmap depicting the relative abundance of the occurrence of bacterial genera present

Group
High
Low
Unknown

Class

Alphaproteobacteria
Bacteroidota

Botgpocobacoa

in samples with different nutrient levels.

28



Unknown

Actinomycetota Alphapr bacteria Betaproteobacteria Bacillota Gammaproteobacteria

Figure 2.7. Venn Diagram presenting the genera shared among environmental surfaces with

different nutrient level. Blue, high nutrient; Red, low nutrient; Green, unknown.

The persistence of diverse microbial communities among different processing facilities is likely
related to the presence of these microbes in biofilm. Information on strain level (fewer than 20
SNPs) persistence of microbes in food processing facilities is available for Listeria
monocytogenes, which is of particular concern for the food industry because it causes foodborne
disease associated with consumption of cheeses, produce, and RTE meats (Daeschel et al., 2022).
Sampling of a few meat processing facilities for about one year after the start of operation revealed
that the facility was colonized by strains of Listeria within three months, and that some of these
strains persisted as plant of the microbiome in the facility (Alvarez-Molina et al., 2021). A seafood
processing facility in the U.S. harbored the same strains of Lm. monocytogenes over a period of
17 years and the calibration of the mutation rate of these strains indicated that the strains likely
colonized the facility after operations started in 1974, and remained in the facility since then
(Harrand et al., 2020). Typing of E. coli O157:H7 by pulsed-field gel electrophoresis in 21 "high

event periods" incidents across nine beef processing facilities throughout the United States

29



identified strains of E. coli O157:H7 with the same pulsed field gel electrophoresis patterns over
extended periods of time in the same facility (two or more outbreaks in the same facility) and
across facilities in the same geographical region (Arthur et al., 2014). Similar findings were noted
for generic E. coli which had clonal strains persisting in the same facilities contaminating cuts and
trimmings, as determined by multiple-locus variable-number tandem repeat analysis (Yang et al.,
2017a, 2015). Some of those strains were obtained after post cleaning of the non-contact surfaces
of conveyor belts (Yang et al., 2017b). The clonal relationship of post sanitation strains was further
confirmed by whole genome analysis, with a cut-off for SNP at <20 (Yang et al., 2022). Persisting
strains of E. coli were also observed for E. coli O157:H7 on pig farms, resulting in outbreaks (P.
Zhang et al., 2021). In addition to biofilm formation, strains of E. coli strains may achieve
persistence by their ability to utilize novel substrates (P. Zhang et al., 2021). Pathogenic bacteria,
however, are not the primary biofilm forming organisms in food processing facilities but inhabit
biofilms that are formed by other microbes (Fagerlund et al., 2021). Strain level identification of
persistence of spoilage microbes is currently not available but the presence of a core microbiota
that remained unchanged over 6 years in a meat processing facility implies strain-level persistence

of spoilage microbes as well (Yang et al., 2023b).

Most common food spoilage microorganisms including Pseudomonas species exhibits strong
biofilm formation ability across various food processing environments, regardless of the nutrient
availability (Wagner et al., 2021, 2020). Despite the extensive data available on the microbial
ecology of food processing facilities and the ability of isolates to form biofilms, only few studies
analysed the microbial communities in biofilms samples in food processing facilities. Our study
summarised 13 biofilm communities from one cheese processing industry and two meat processing

facilities (Dzieciol et al., 2016; Maes et al., 2019b; Wagner et al., 2020). Three out of thirteen are
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"low nutrient" spots collected from water hoses in meat processing facilities. Overall, nutrient
availability significantly (P < 0.01) impacted biofilm bacterial communities (Fig. 2.4).
Rhodococcus, Stenotrophomonas, Microbacterium, and Flavobacterium were frequently in
samples from water hoses, a site with low-nutrient levels. The former two genera were absent in
high nutrient level surfaces (Fig. 2.8B). Rhodococcus has been previously isolated from pink
biofilms in bathrooms (Yano et al., 2013) and catabolizes a variety of substrates (Yam et al., 2011),
which could explain its ability to thrive in an environment with low nutrient levels. Other genera
such as  Brevundimonas,  Janthinobacterium,  Micrococcus,  Paeniglutamicibacter,
Pseudoclavibacter, and Sphingomonas were only detected on low nutrient level surfaces. In
contrast, high abundance (>50%) of Pseudomonas, Psychrobacter, Brochothrix, Acinetobacter,
Lactococcus, and Carnobacterium was detected on nutrient-rich surfaces, and the latter two were
absent on poor-nutrient surfaces (Fig. 2.8B). Of particular, Pseudomonas has been detected in all
nine nutrient-rich biofilm samples. The nutrient availability is critical for Pseudomonas
fluorescens to switch between free living cells and biofilm-embedded cells through regulating the
production of a signaling molecule, cyclic-di-GMP. Briefly, bacterial cells tend to attach to
surfaces and form biofilms under high nutrient conditions while nutrient-scarcity encourages cell
dispersal with a lower level of cyclic-di-GMP (Chatterjee et al., 2014). In the food manufacturing
settings, the nutrient availability on equipment surfaces fluctuates. On the one hand, this regulatory
pattern can increase resistance to cleaning and sanitation by biofilm formation when nutrient levels
are high but, on the other hand, favor cross contamination to other surfaces through dispersal when
nutrients are scarce. Other common food spoilers such as Shewanella, Staphylococcus,
Streptococcus, Pseualteromonas, Leuconostoc, and Kocuria are also part of the biofilm

constitution isolated from nutrient-rich surfaces such as cutters and screw conveyor (Fig. 2.8B).
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The diverse microbial communities in high-nutrient surfaces were largely attributed to floor drain
biofilms as drainage provides a relatively stable niche. For instance, 15 different genera were
present in floor drain biofilms from meat processing facilities while 20 different genera were
isolated from floor drain biofilms in the cheese processing facilities. Only Lactococcus and
Pseudomonas overlapped in meat processing and cheese production manufactories (Fig. 2.8A)

(Dzieciol et al., 2016; Maes et al., 2019b; Wagner et al., 2020).
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Figure 2.8. The relative abundance of bacterial genera residing in biofilm consortia based on
different food categories (A) and nutrient level (B). Data collected from two meat processing

facilities and one cheese processing facility, contributing to 13 sampling surfaces in total.

2.6 The use of sanitizer and selective ecology:

Appropriate hygienic design of equipment and facilities together with cleaning and sanitization
procedures and training of personnel are the primary strategies to control resident microbes and to
mitigate the risk of introducing microorganisms to food processing environments through raw
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

to clean (Lelieveld et al., 2014). In addition, cleaning and sanitization procedures may only be
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partially effective and further shape the bacterial ecology in food processing facilities via the
following perspectives: first, some bacteria are eliminated while other bacteria are capable of
surviving such efforts and persist within the facility. For example, the genera Janthinobacterium
and Aeromonas were eliminated after cleaning and sanitization practices in a beef slaughtering
plant, while Pseudomonas, Comamonas, Acinetobacter, and Flavobacterium were not (Wang et
al., 2018). Cleaning and sanitation may thus inadvertently encourage the growth and spread of
some undesirable, resistant microorganisms that persistently in the processing environment after
more harmless competitors were eliminated. Second, bacteria may also acquire resistance to
sanitizers due to repeated exposure to sublethal concentrations of biocides. For example, strains of
E. coliisolated from chlorine-treated wastewater samples harbored the transmissible locus of stress
tolerance genomic island, increasing its tolerance to common sanitizers in both planktonic and
biofilm-embedded cells (Wang et al., 2020; Z. S. Xu et al., 2021). Achieving the desired
concentration of sanitizers on equipment surfaces to effectively kill bacteria is also challenging, as
the presence of water or debris on the surface can dilute the concentration of sanitizers while
scratches and damages to equipment can serve as hidden habitats. For instance, the use of
quaternary ammonium compounds, commonly used in food processing facilities to control Listeria
spp., can promote the acquisition genes coding for resistance (Dutta et al., 2013; Moretro et al.,
2017). Third, the formation of biofilm on surfaces serves a physical barrier which limits the
diffusion and results in low levels of exposure to sanitizers of bacteria in the interior of the biofilm
(Bridier et al., 2011). A higher portion of biofilm-embedded cells survived after continuous
exposure of benzalkonium chloride when compared to planktonic cells of Salmonella Enteritidis
(Mangalappalli-Illathu et al., 2008). The formation of biofilm on surfaces in food processing

facilities represents thus a survival strategy (Vestby et al., 2020) to adapt to the harsh conditions
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including hot steam, wide temperature change and oxidative stress. Lastly, cleaning and
sanitization contribute to high temperature and humidity, thus favoring bacterial growth, and may
promote for cross contamination. For instance, the most abundant bacterial genera recovered from
a seafood processing facility after cleaning and sanitization belong to Aerococcus, Serratia,
Enterobacter, Kocuria, Citrobacter, Pseudomonas, and Acinetobacter, and the latter three were
identified as strong biofilm producers at low temperatures (Langsrud et al., 2016). These findings
thus further underscore the need for effective cleaning and sanitization in food processing

facilities.

2.7 Limitations

This study highlights how nutrient availability and processing of different food commodities shape
the composition of surface-associated microbial communities in common food processing
facilities. Many bacterial activities and characteristics are strain-dependent and that compiling
information mainly at the genus level may not fully capture the variations of each individual strain.
A focus on strain-level characterization could provide a more comprehensive understanding of
microbial communities in food processing environments. Additionally, the relative abundance of
associated microorganisms was not considered, as most studies inform only on the presence of

specific taxa while information on abundance is often missing.

More studies are focused on microbial communities in meat processing and cheese processing
facilities, potentially leading to biases and confounding that may have impacted the conclusions
on food commodities with fewer data points, such as seafood processing facilities. Microbial
communities that are associated with low nutrient and unknown sites, such as non-food contact

surfaces and floors, are also often sampled less frequently. However, the accumulation of physical,
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chemical, and biological hazards on non-food contact surfaces and floors can cause cross
contamination to food-contact surfaces. In addition, sanitation efforts typically focus less on non-
food contact surfaces and floors compared to food contact surfaces. Therefore, future studies
should consider sampling more areas, such as non-food contact surfaces and floors, to better
understand microbial dispersal within facilities and ultimately help food processing facilities
develop more comprehensive sanitation protocols. In addition, facilities processing other

perishable products, such as eggs and milk, were not included.

2.8 Conclusions and perspectives

Our meta-analysis of microbial communities in food processing facilities indicates that the
composition of bacterial community differs when exposed to different nutrient levels in the food
manufacturing environments. The influence of nutrient availability on bacterial community is even
more pronounced in biofilm-embedded cells. In addition, we identified a core community across
food processing facilities irrespective of the commodity that is processed as well as accessory

microbiomes associated with specific food commodities.

In ecological terms, processing facilities represent an establishment niche (Holt, 2009) for
autochthonous microbes that colonize food processing facilities over evolutionary relevant
timelines. The composition of these microbial communities is mainly shaped by selection and
speciation. Processing facilities also represent a persistence niche (Holt, 2009) for allochthonous
microbes which establish a temporary but not permanent presence. The composition of these

microbial communities is shaped by selection and dispersal limitation (Vellend, 2010).

The control of allochthonous microbes relies on the control of dispersal by personnel, air and

water, and by control of microbes that are associated with the raw materials. Animals and plants,
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however, are invariably associated with commensal microbiota that will enter those facilities that
process fresh meat or plants. Autochthonous microbes reside in non-food contact surfaces where
they are not eliminated by routine sanitization measures. Dispersal from these non-foods contact
surfaces to food is mediated by factors like condensation, airflow, and drain back-ups. Cleaning
and sanitization can contribute to dispersal, e.g. by high pressure washing that generates aerosols
(Saini et al., 2012; Wang et al., 2018). Both allochthones and autochthones are impacted by
improvements in the hygienic design of processing facilities and equipment, improved cleaning
and sanitization protocols, and improved training of personnel in food safety management. Our
meta-analysis also underlines that more studies are required to explore the secret life of bacteria
on non-food contact surfaces (hidden areas) and study biofilms as polymicrobial communities in
food processing plants. The reconstitution of these polymicrobial biofilms in vitro allows to probe

the distribution of each bacterium in this complex microbial system.

Indisputably, food waste due to microbial spoilage is closely connected to environment, animal
feed, and human consumption. We thereby propose the concept of "one sustainability" to
complement "one biofilm, one health" concept (Jacques and Malouin, 2022) to emphasize the
importance of reducing food waste and promoting sustainability in the food industry, which could
help to ensure that food resources are used more efficiently and that more people have access to

safe and nutritious food.
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Chapter 3. Resistance of biofilm-and pellicle-embedded strains of Escherichia coli encoding

the transmissible locus of stress tolerance (tLST) to oxidative sanitation chemicals
3.1 Introduction

Biofilms are surface associated microbial communities where an extracellular matrix of
polysaccharides, proteins, lipids, and water provides a three-dimensional structure. The formation
of biofilms on surfaces is initiated by attachment, followed by formation of micro-colonies, biofilm
maturation, and biofilm dispersion (O’Toole et al., 2000; Watnick and Kolter, 2000). Free-living
cells bind to abiotic surfaces as the first stage of biofilm formation (Gali¢ et al., 2018).
Subsequently, surface structures including type 1 fimbriae, type 3 fimbriae, conjugative pili and
curli mediate adhesion (Beloin et al., 2008). Maturation of biofilms is initiated by quorum sensing,
which upregulates biosynthesis of the extracellular matrix and the formation of the three-
dimensional architecture. Finally, biofilm-embedded cells detach and may colonize other areas
(O’Toole et al., 2000). Biofilm formed at air-liquid interfaces are termed floating biofilms or
pellicles. In Gram-negative bacteria, pellicle formation has been described for acetic acid bacteria,
Salmonella spp., Acinetobacter baumannii, Escherichia coli (Golub and Overton, 2021; Marti et
al., 2011; Moretro et al., 2009; Scher et al., 2005). In E. coli, pellicle formation was attributed to
the secretion and accumulation of diverse polysaccharides including polymeric B-(1—6)-N-acetyl-

D-glucosamine, colanic acid, and cellulose (Beloin et al., 2008).

The biofilm matrix maintains the microbial communities in place even at conditions of strong fluid
flow, and thus impedes cleaning. In addition, the biofilm matrix protects biofilm-embedded cells
against antimicrobial compounds, and thus impedes sanitation. Biofilms thus contribute to the
persistence of bacteria in the food industry and in clinical settings despite regular cleaning and

sanitation (Abdallah et al., 2014; Galié et al., 2018; Otter et al., 2015). Biofilm-forming bacteria
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include pathogens that contribute to foodborne bacterial disease. Strains of E. coli O157:H7
isolated from a beef industry during “high event period” (HEP) share the same genotype (Arthur
et al., 2014) and their persistence was linked to biofilm formation (Wang et al., 2014). Similarly,
the survival in a meat processing plant of E. coli O157:H7 after sanitation increased when the
organism was part a biofilm communities (Chitlapilly Dass et al., 2020). Strains of Sa/monella
enterica from beef trim also formed biofilms, which was related to enhanced sanitizer tolerance

(Wang et al., 2017).

Research related to biofilm formation by foodborne bacterial pathogens was predominantly
conducted with single-strain biofilms, however, biofilm communities generally involve multiple
species in food processing facilities. Multi-species biofilms in a meat processing plant were
composed of strains of the genera Brochothrix, Pseudomonas and Psychrobacter, which also
commonly occur as meat spoilage organisms (Wagner et al., 2020). Staphylococcus, Bacillus,
Pseudomonas, among others, also coexisted with E. coli O157:H7 in biofilms on the surface of
stainless steel and polyvinyl chloride in a meat processing facility (Marouani-Gadri et al., 2009).
L. monocytogenes also becomes established in multi-species biofilms, e.g. together with E. coli in

the fish industry and with Carnobacterium spp. in meat plants (Rodriguez-Lopez et al., 2015).

The food industry employs multiple measures, particularly hygienic design of equipment and
facilities and appropriate cleaning and sanitation protocols with sodium hypochlorite, hydrogen
peroxide, or peracetic acid to prevent biofilm formation or to eradicate existing biofilms. Novel or
experimental tools include enzymatic disruption of biofilms, physical methods such as hot steam,
ultrasound, or surface modification with nanocomposites (Gali¢ et al., 2018; Yuan et al., 2019).

Chlorine-based sanitizers are frequently used for sanitation of food processing plants, however,
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foodborne pathogens including E. coli and Salmonella Enteritidis develop resistance against

chlorine and related oxidizing chemicals when embedded in biofilms (Yang et al., 2016).

Chlorine resistance of E. coli and Salmonella is also mediated by the transmissible locus of stress
tolerance (tLST) (Kamal et al., 2021), previously designated locus of heat resistance (LHR), a ~
14kb genomic island (Mercer et al., 2015; Wang et al., 2020). tLST-positive and heat resistant
strains of E. coli were isolated from meat processing plants (Dlusskaya et al., 2011; Guragain et
al., 2021) but also from raw milk cheese, clinical setting, and wastewater samples (Peng et al.,
2013; Zhi et al., 2016). Some tLST-positive strains of E. coli also form strong biofilms (Marti et
al.,2017). Taken together, the presence of the tLST in biofilm-embedded cells of E. coli potentially
further increases sanitation resistance, however, the resistance of biofilm embedded tLST-positive
and tLST-negative cells has not been assessed experimentally. It was therefore the aim of the study
to investigate whether the presence of tLST in strains of E. coli strains increases the tolerance of
commonly used disinfectants in mono- or dual-strain biofilms formed on stainless steel and to

determine whether pellicle formation by strains of E. coli also increases their chorine resistance.
3.2 Materials and methods
3.2.1 Strains and culture conditions

Strains and their origin are shown in Table 3.1. Twelve tLST-negative strains of E. coli, thirteen
tLST-positive strains of E. coli, Aeromonas australiensis 03-09, Carnobacterium maltaromaticum
9-67 and E. coli O157:H7 1934 were used in this study. Frozen (-80°C) stock cultures of Gram-
negative bacteria were streaked on Luria—Bertani agar plates and incubated in 37°C incubator for
24h, followed by subculture in LB without NaCl (LBNS) broth overnight at 37°C with 200rpm
agitation. C. maltaromaticum 9-67 was cultivated at 25°C. Selective MacConkey agar plates were

used to distinguish non-lactose fermenters (4. australiensis 03-09 and C. maltaromaticum 9-67)
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from twenty-five E. coli strains. Sorbitol MacConkey plates were used for enumeration of E. coli

O157:H7 1934.

Table 3.1. Strains used in this study.

Group Strain
E. coli tLST negative FUA1838
FUA1848
FUA1860
FUA1866
FUA1869
FUA1882
FUA1888
FUA10038
FUA10043
FUA10046
AWI1.7ApHR1 (FUA1262)
MG1655 (FUA1255)
E. coli tLST positive FUA10316
FUA10317
FUA10318
FUA10319
FUA10320
FUA10321
FUA10322
FUA10323
FUA10324
FUA10325
AW1.7
AW1.3
MG1655 LacZ:tLST
Mixed-species biofilm Aeromonas australiensis 03-09
provider E. coli O157:H7 1934
Carnobacterium maltaromaticum lab 9-67
3.2.2 Mono- and dual-strain biofilm and pellicle formation

The formation of mono-strain biofilms was observed only for strains of E. coli. Because food
processing equipment is predominantly constructed with stainless steel (Simdes et al., 2010),

biofilm formation was observed on food-grade stainless steel coupons. Dual-strain biofilm were
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formed by mixing one strain of E. coli with A. australiensis 03-09 or C. maltaromaticum 9-67 or
E. coli O157:H7 1934. Aliquots of each overnight cultures (10ul) were inoculated into 2ml LBNS
to achieve the 100-fold diluted bacterial suspension. Stainless steel (SS) coupons (grade 304, No.4
finish, 12mm diameter; Stanfos, Edmonton, AB, Canada) were placed into the bottom of a 24-well
flat-bottom cell culture plate (Corning, Glendale, Arizona) and, the whole content of bacterial
suspension described above was transferred into the plates and incubated at 23.5 + 0.3°C for 6d.
After 6d, biofilms grown on SS coupons and pellicles formed at the air-liquid interface were
harvested with pipette tips and used for cell counts (control), disinfection treatment and biomass
quantification. Cell counts were determined after gently washing the SS coupons to remove loosely
attached planktonic cells, followed by addition of 2 mL of Dey-Engley (D/E) neutralizing broth to
the SS coupons. Biofilm-embedded cells were detached by mixing with 1.64g glass beads and
vortexing at maximum speed for Imin. Cell counts were expressed relative to the surface area of
the SS coupons of 1.13cm?. In dual-strain biofilms, differential cell counts were obtained with the

selective media indicated above.
3.2.3 Sanitizers

Three different sanitizers were used in this study, which was diluted from the following stock
solutions: 5% (w/v) sodium hypochlorite, 30% (v/v) hydrogen peroxide and 32% (v/v) peracetic
acid in acetic acid (Sigma-Aldrich, St. Louis, MO). The final concentration of sanitizers was
chosen to achieve a ~ reduction of cell counts by about 1 — 5 log (CFU/mL). Chlorine was diluted
to a final concentration of 800pm and 258ppm in PBS buffer (pH at 6.8) for the treatment of
biofilm-embedded and planktonic cells, respectively. The treatment concentration of 5% (v/v)

hydrogen peroxide and 0.032% (v/v) peracetic acid were prepared in sterile distilled water.
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Chlorine test strips (MQuant, Billerica, MA) were used to determine the free chlorine

concentration before treatment.
3.2.4 Curli and cellulose expression

Congo red indicator (CRI) plates were used to evaluate the expression of curli and cellulose
production. The preparation of CRI plates was described previously (Wang et al., 2013) composed
of 10g/L of Casamino Acids, 1g/L yeast extract, 20g/LL Bacto agar, 40mg/L Congo Red and
20mg/L Coomassie brilliant Blue. The cellulose and curli production were determined by streaking
overnight cultures on CRI plates and incubating at 23.5 + 0.3°C for 6d. The colony morphology of
red, brown, pink or white corresponded to both cellulose and curli production, to curli, to cellulose

or to neither, respectively (Visvalingam et al., 2017).
3.2.5 Effect of sodium hypochlorite on planktonic coculture

For the planktonic dual-cultures, overnight cultures of strains of E. coli and 4. australiensis 03-09,
C. maltaromaticum 9-67 and E. coli O157:H7 1934 were equally aliquoted into 5 ml LBNS broth
to achieve 100-fold dilution, then the suspension was incubated overnight prior to 25°C for
chlorine treatment. The chlorine treatment on planktonic dual cultures with 258ppm sodium
hypochlorite were performed as previously described (Visvalingam et al., 2018) with modification.
In brief, 100ul mixed-strain overnight cultures were added together with either 100l sterile water
or sodium hypochlorite solution in a 1.5ml microcentrifuge tube. The tube was vortexed at
maximum speed for 10s following with 50s incubation at 23.5 + 0.3°C. After 1min of treatment,
the content of each tube was transferred into a 15ml conical tube containing 1.72ml of sterilized
D/E neutralizing broth, followed by vortexing for 15s. Selective agar plates as described above

were used after dilution for plating and incubated at 37° C for 18h.
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For instance, white colonies were detected in Sorbitol MacConkey agar as E. coli O157:H7 1934
while other E. coli strains were presented with dark pink colonies. In MacConkey agar plate, white
colonies were observed for A. australiensis 03-09 while strains of E. coli appeared with dark pink
color. Growth of C. maltaromaticum 9-67 was inhibited on MacConkey agar plate. Each

experiment was repeated three times with independent bacterial cultures (n=3).
3.2.6 Effect of sodium hypochlorite on mono- and dual-cultures pellicle

Air-liquid interface pellicles were lifted with a pipette tip and loosely attached cells were removed
by rinsing three times in LBNS broth. Next, pellicles were treated with 1ml of 800ppm sodium
hypochlorite solution or PBS buffer (control) for Imin in 24-well plates. Finally, treated pellicles
were lifted and transferred into a 15ml centrifuge tube containing 2ml D/E neutralizing broth and
1.64g glass beads. The tube was vortexed vigorously for 1min to disrupt the pellicles. Samples
were serially diluted with 0.1% peptone water and spread-plated on selective agar plates before

incubation at 37°C for 18h.

3.2.7 Effect of sodium hypochlorite, hydrogen peroxide and peracetic acid on biofilms

formed on stainless steel (SS) coupon

Mono- and dual-strain biofilms were formed on SS coupons as described before. At day 6, the
coupon was taken out from 24-well plates and rinsed 3 times in LBNS broth to remove loosely
attached cells. Then, each coupon was immersed into individual wells containing 1ml of 800ppm
chlorine solution for Imin,Iml of 5% hydrogen peroxide solution for 2min, ImL of 0.032% (v/v)
peracetic acid for 30s or PBS buffer (control) for 1min, respectively. Cell counts after treatments

with sanitizing agents were determined as described in section 2.2.

3.2.8 Quantification of the biomass in biofilms
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Biomass was quantified by following the modified crystal violet (CV) method. Briefly, biofilms
on SS coupon were washed with sterile water for 3 times to remove loosely associated cells. After
that, each coupon was air-dried completely before crystal violet staining. To stain the biofilms,
300l of 1% (w/v) crystal violet in 95% (v/v) EtOH was added gently and incubated at 23.5 +
0.3°C for 20min. Subsequently, stained coupons were rinsed 6 times with sterile water to remove
excess stain. One ml 1% (w/v) sodium dodecyl sulfate (SDS) was added and incubated at 23.5 +
0.3°C with shaking for 25min to release the dye. The absorbance of each sample was measured at
570nm using a plate reader (Varioskan Flash, Thermo Fisher Scientific). Three independent
experiments with technical duplicates were conducted (n=6) for both mono- and dual-strain

biofilms.
3.2.9 Observation of biofilms with confocal laser scanning microscopy (CLSM)

Biofilms formed on SS coupons and pellicles were stained with FilmTracer™
LIVE/DEAD® Biofilm viability kit (Invitrogen Ltd., Paisley, UK), which is employs the cell
permeant dye Syto9 and the cell impermeant dye propidium iodide, following the protocol
provided by the manufacturer. Stained biofilms and pellicles were imaged by spinning disk
confocal microscope, including motorised microscope base (IX-81, Olympus) and confocal
scanning unit (CSU 10, Yokagawa). The excitation/emission fluorescence were 482/500nm for
SYTO 9 and 490/635nm for PI. Microscopic images of the biofilms were acquired by Perkin

Elmer's Volocity software. The mounted samples were observed using a 100X/1.49 oil objective.
3.2.10 Statistical analysis

Mean values for cell count reduction were collected by three biological replicates. Biomass was
quantified by six independent experiments. All analyses were undertaken by two-way analysis of

variance (ANOVA) using R statistical package (R Core Team, 2019). Tukey test was used to
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determine the significant difference with an error probability of 5% (P<0.05) as the threshold for

significance.
3.3 Results
3.3.1 Chlorine resistance of planktonic cells

The tLST protects planktonic cultures of E. coli against chlorine (Wang et al., 2020). To determine
the chlorine resistance of tLST-positive and tLST-negative biofilm-embedded cells of E. coli, an
initial screening assessed the ability of 25 strains of E. coli to form single-species biofilms on
stainless steel (Fig. S3.1). A majority of strains formed weak biofilms with the absence of visible
exopolysaccharides and a cell count of about 10’cfu/cm? or less. Three tLST negative strains, E.
coli FUA 1866, FUA 1882 and FUA 10043, produced robust pellicles with cell counts of more
than 103cfu/cm? (Fig. S3.1) and a biofilm structure that was visible without magnification (Fig.
3.2A). Subsequent experimentation focused on dual strain biofilms formed by strains of E. coli
with E. coli O157:H5 1934, by strains of E. coli and the biofilm forming strains of A. australiensis

03-09 and C. maltaromaticum 9-67, and on pellicles.

To determine whether cultivation of tLST-positive and tLST-negative strains of E. coli in mixed
culture with E. coli O157 1934, A. australiensis 03-09 or C. maltaromaticum 9-67 impacts chlorine
resistance in planktonic cultures, the chlorine resistance of 6 tLST-positive and 6 tLST-negative
E. coli strains grown in mixed culture with 4. australiensis 03-09, C. maltaromaticum 9-67 or E.
coli O157:H7 1934 was tested (Fig. 3.1). The reduction of viable cell counts of tLST-positive
strains of E. coli strains ranged from about 1 to 2 logi10CFU/ml. In contrast, the lethality of chlorine
treatment against of tLST-negative strains of E. coli was about 3 to 4log(No/N) higher than tLST
positive strains (Fig. 3.1). Therefore, the presence of tLST in E. coli strains significantly (P<0.05)

increased the resistance of E. coli in mixed planktonic cultures to chlorine. The inactivation of E.
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coli strains was not different if E. coli was incubated alone or together with 4. australiensis 03-09,

C. maltaromaticum 9-67 or E. coli O157:H7 1934.
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Figure 3.1. Lethality of chlorine treatments to planktonic cells 12 strains of E. coli incubated with
Aeromonas australiensis 03-09 (black bars), E. coli O157:H7 1934 (gray bars) and
Carnobacterium maltaromaticum 9-67 (white bars). Treatment lethality is expressed as the
reduction of cell counts [log(No/N)] after treatment with 258 ppm NaOCI for 1min. Data are shown
as means * standard deviations for three independent experiments. Values differ significantly

(P<0.05) if the bars do not share a common superscript.
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3.3.2 Pellicle formation, expression of curli, cellulose formation and chlorine resistance

The formation of pellicles at the air-liquid interface was previously observed for E. coli (Golub
and Overton, 2021). Three of the strains of E. coli used in this study produced pellicles after 6d
incubation at 23.5 + 0.3°C in LBNS (Fig. 3.2A) and the structure of pellicles was evaluated by
confocal laser scanning microscope (Fig. S3.2B). Pellicle formation was not detected when any of
the three pellicle-forming strains of E. coli was co-cultured with 4. australiensis 03-09, but strong
pellicle formation was observed when pellicle forming strains of E. coli were co-cultured with E.
coli MG1655 lacZ:tLST, C. maltaromaticum 9-67 or E. coli O157:H7 1934 (Table 3.2). To
investigate whether pellicle embedded cells in mixed-cultures have higher resistance to chlorine
compared to pellicle embedded cells in monocultures, we treated monoculture and mixed-culture
pellicle embedded cells with 800ppm sodium hypochlorite solution (Fig. 3.2B). tLST-negative
strains of E. coli survived in both single-strain and dual-strain pellicles after chlorine treatment
with a reduction of viable cell counts of about 2log(No/N), which was significantly less than the
cell count reduction of tLST negative-strains embedded in biofilms on stainless steel. The
resistance of pellicle-embedded strains of E. coli to chlorine was not different (P > 0.05) if cells
were embedded in pellicles formed by single-strains or mixed-cultures. These data suggest that

tLST-negative strains of E. coli embedded in pellicles are chlorine resistant.

48



3.0

B
A = .
o

< bc
D
2 abe abc
1%}
5 abc abc l
3 ab ab ab
E . 1
3 T
R
>
©
c
kel
©
=}
el
<
¥
O

FUA1886 FUA1882 FUA10043

Strain of E. coli
Figure 3.2. Pellicle formation and chlorine resistance of strains of E. coli. Panel A. Pellicle formed

by E. coli FUA10043 after 6 days at ambient temperature in Luria broth. Panel B. Reduction of
cell counts strains of E. coli in pellicles formed by single strain culture (black bars) or in
multispecies pellicles formed in Luria broth at room temperature for 6 d, followed by treatment
with 800 ppm NaClO. Multi-species pellicles were formed by incubation of pellicle forming E.
coli strains with E. coli lacZ:ALST (dark gray), E. coli O157:H7 1934 (light gray) or
Carnobacterium maltaromaticum 9-67 (white). Data are shown as means + standard deviations
for three independent experiments. Values differ significantly (P<0.05) if the bars do not share a

common superscript.

Cellulose and curli contribute to the pellicle formation by E. coli (Golub and Overton, 2021; Hung
et al., 2013). Therefore, curli and cellulose expression was assessed on Congo red indicator plates.
Pellicle forming strains expressed curli and produced cellulose but not all curli and cellulose
positive strains formed pellicles (Table 3.3). The production of cellulose was more common than

expression of curli; with exception of E. coli FUA1848 all strains produced cellulose.
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Table 3.2. Formation of floating biofilms (pellicles) by single and mixed cultures of three strains

of E. coli.
Strain of E. coli
FUA 1866 FUA 1882 FUA10043
Single + + +
E. coli MG1655 LacZ:tLST + + +
Aeromonas spp. - - -
E. coli O157:H7 +
Carnobacterium maltaromaticum +

+ pellicle formation; - no formation of pellicles.

Table 3.3. Curli and/or cellulose expression of bacterial strains tested for biofilm formation.

Pellicle forming strains are printed in bold and underlined.

Strain of E. coli Curli Cellulose
FUA1838 + +
FUA1848 -
FUA1860 -
FUA1866 +
FUA1869 -
FUA1882
FUA1888 -

FUA10038
FUA10043
FUA10046 -
MG1655 LacZtLST - +

Strains of E. coli examined for curli, and cellulose production are tLST negative

+

+
+

+ + 4+ + + 4+ + +

3.3.3 Chlorine resistance of strains of E. coli in dual-strain biofilms

The reduction of cell counts of tLST-positive and tLST-negative strains of E. coli in dual-strain
biofilms after treatment with NaOCI is shown in Figure 3.3. The chlorine resistance of E. coli

strains in dual-strain biofilms with E. coli O157:H7 1934 was assayed with 800ppm chlorine;
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biofilms with A. australiensis 03-09 and C. maltaromaticum 9-67 were treated with 1200ppm
chlorine concentration (Fig. 3.3). The 6 tLST-positive strains of E. coli embedded in dual-strain
biofilms were more resistant (P<0.001) to chlorine when compared to the 6 tLST-negative strains
of E. coli. In the dual-strain biofilms formed on stainless steel, the biofilm embedded cells of tLST
negative strains of E. coli were reduced by 3 to 5log CFU/cm?. In contrast, the reduction of viable
cell counts of biofilm-embedded cells of tLST positive strains ranged from 1 to 2.5log CFU/cm?.
The lethality of 800 or 1200ppm chlorine against biofilm embedded dual-strain cultures (Fig. 3.3)
was roughly comparable to the lethality of 258ppm chlorine against dual-strain planktonic cultures

with the same strains (Fig. 3.1).
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Figure 3.3. Reduction of cell counts of tLST-positive and tLST-negative strains of E. coli biofilms
after treatment with NaOCI. E. coli strains were incorporated in biofilm produced by Aeromonas
australiensis 03-09 (black bars), E. coli O157:H7 1934 (gray bars) and Carnobacterium
maltaromaticum 9-67 (white bars). Biofilms were formed at room temperature for 6 d on stainless
steel coupons. Biofilms formed by Carnobacterium maltaromaticum 9-67 and Aeromonas
australiensis 03-09 were treated with 1200 ppm of NaOCl, biofilms formed by E. coli O157:H7
1934 were treated with 800 ppm NaOCI; Data are shown as means + standard deviations for three

independent experiments.
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3.3.4 Disinfectant resistance of single-strain, dual-strain biofilms and pellicle embedded cells

Peracetic acid and hydrogen peroxide are alternative sanitation agents in the food industry. To
assess the resistance of biofilm-embedded cells to these sanitizing agents and to directly compare
the resistance of strains of E. coli in different biofilm matrices, the resistance of E. coli in single-
strain or dual-strain biofilms or pellicles was assessed (Fig. 3.4). In general, tLST-positive strains
of E. coli were more resistant than tLST-negative strains to all three sanitizing agents irrespective
of whether they were embedded in single- or dual strain biofilms (Fig. 3.4). For tLST-positive
strains of E. coli, resistance to sanitizers was not strongly impacted by the different biofilm
matrices. For tLST-negative strains of E. coli, the reduction of cell counts of the same strain in
different biofilm matrices differed by up to 2log (CFU/cm?) but there was no consistent trend as
to the biofilm matrix that generated the most resistant cells. The single species biofilm formed by
tLST-negative strain of E. coli FUA 1838 on stainless steel coupon was significantly more
sensitive to sodium hypochlorite and hydrogen peroxide than its dual-strain biofilms (P < 0.001)
(Fig. 3.4). The pellicle forming tLST-negative strain E. coli FUA10043 was equally resistant as

tLST-positive strains of E. coli embedded in biofilms attached to stainless steel.

53



h A
5 - o fgh
ef de ef%e
4 T & ﬁ’:e 1l

Reduction of viable cell counts [log(Ny/N)]

4 — cd
3 —
2 —
1 4
0 -l L
0] ™ ~— ~ [+2] N~ o
& S « S S S S
> o I =} =} <§( S
2 g 2 2 2
o
= 3 £ 3 3
= o
< 3
©
- age m
LHR negative LHR positive 2
Strains of E. coli x
-

Figure 3.4. Reduction of cell counts of tLST-positive and tLST negative strains of E. coli after
chlorine treatment of single species or multi-species biofilms. Bars represent single-species

biofilms (black bars) or multi-species biofilms formed with Aderomonas australiensis 03-09(dark
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gray), E. coli O157:H7 1934 (light gray) or C. maltaromaticum 9-67 (white). Biofilms were
formed on stainless steel coupon with Luria broth at room temperature for 6 d; P10043 represents
pellicles formed by E. coli FUA10043. Biofilms were treated with 800ppm NaClO (Panel A), or
5% hydrogen peroxide (Panel B) or with 0.032% (v/v) peroxyacetic acid (Panel C). Data are
shown as means + standard deviations for three independent experiments. Values differ

significantly (P<0.05) if the bars do not share a common superscript.

3.3.5 Correlation of biofilm biomass and chlorine resistance

Biomass was quantified with crystal violet staining (Fig. 3.5). Overall, tLST-positive strains of E.
coli produced mono- and dual strains biofilms with higher biomass when compared to tLST-
negative strains of E. coli (P <0.01). Among tLST negative strains, the biomass of single-strain
biofilms was less than the biomass of dual-strain biofilms (P<0.05) except for the pellicle forming
E. coli FUA10043. Figure 3.6 indicates a strong correlation between the biofilm biomass and the
chlorine resistance of biofilm-embedded cells of E. coli (R=0.903, P < 0.001). tLST-positive
strains of E. coli all clustered at the bottom right of the graph, indicating both a higher biofilm
mass and a higher chlorine resistance in all tLST-positive strains. Therefore, biofilm biomass and

chorine resistance are positively associated.
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Figure 3.5. Quantification of the biomass of biofilms formed by single species of multi-species
biofilms using crystal violet staining. Mono- and dual- species biofilms were formed on stainless
steel coupon in Luria broth for 6 d at room temperature. Shown are data for mono-species biofilms
(black bars) and multi-species biofilms formed by the strains of E. coli indicated and Aeromonas
australiensis 03-09 (dark gray), E. coli O157:H7 1934 (light gray) and Carnobacterium

maltaromaticum 9-67 (white). Data are shown as means *+ standard deviations for three
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independent experiments. Values differ significantly (P<0.05) if the bars do not share a common

superscript.

3.4 Discussion

Experimentation described in this study analysed the biofilm forming ability of E. coli in mono-
and dual-strain biofilms, and the effect of the presence of the tLST in strains of E. coli on resistance
to sanitizing agents in biofilm-embedded cells. In planktonic state, proteins encoded by tLST play
a protective role on oxidative stress by protein disaggregation and folding (Wang et al., 2020).
tLST positive strain of E. coli also contain the biofilm-related operons accountable for curli,
cellulose and synthesis of polymeric B-(1—6)-N-acetyl-D-glucosamine (Marti et al., 2017)
although it remains to be determined whether genes coding for biofilm formation are differentially
distributed between tLST-positive and tLST-negative strains. We generally observed a higher
biofilm density in tLST positive strains of E. coli in comparison to tLST-negative strains, which
highly correlates to the enhanced sanitation resistance of biofilm-embedded cells in addition to the
tLST-mediated resistance to chlorine and hydrogen peroxide (Fig. 6 and Wang et al., 2020). The
association between the presence of tLST and higher biofilm density remains unclear. Multiple
tLST variants are currently recognized; several of which also carry fisH (Boll et al., 2017; Kamal
et al., 2021; Marti et al., 2017). FtsH contributes to biofilm formation in P. aeruginosa (Kamal et
al., 2019). Of the strains used in the present study, the tLST in E. coli FUA10321 and E. coli
FUA10323 but not the tLST in E. coli AW1.7 include FtsH but formation of biofilms by these
strains was roughly equivalent. An alternative explanation for the correlation of biofilm formation
ability and the presence of the tLST may relate to the ecological adaptation of these strains.
Potentially the selective pressure that maintains the tLST also selects for biofilm formation (Kamal

et al., 2021). A high frequency of tLST-positive strains of E. coli was isolated from meat and dairy
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products after thermal treatment (Boll et al., 2017; Marti et al., 2016; Zhang et al., 2020) as well
as from chlorinated wastewater (Zhi et al., 2016). Moreover, oxidative stress agent such as
hydrogen peroxide and hypochlorite stimulates biofilm formation in Acinetobacter oleivorans and
P. aeruginosa, respectively (Jang et al., 2016; Strempel et al., 2017). Thus, the role of tLST in the
biofilm phenotype that was observed in this study remains subject to future investigations.
Irrespective of the mechanisms underlying the increase of biofilm density in tLST positive strains,
the presence of tLST enhanced resistance against oxidative stress not only in planktonic cells
(Wang et al., 2020) but also biofilm-embedded cells, as indicated by the higher chlorine
concentration that was required to reduce viable cell counts. Therefore, biofilm growth of tLST-

positive E. coli further enhances the chlorine resistance.
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Figure 3.6. Correlation of the reduction of cell counts after chlorine treatment and the biofilm
biomass. Shown are single species biofilms of strains of E. coli (O) or multi-species biofilms with
E. coli and Aeromonas australiensis 03-09 (V), E. coli O157:H7 1934 (0O) or Carnobacterium

maltaromaticum 9-67 (0). Data are shown as means + standard deviation of three independent

experiments. The line shows the linear regression of all data on the plot; the R-value of the linear

regression is also indicated.

The transition of free-living microorganism to a biofilm lifestyle benefits its growth in a hostile

condition with limited nutrients. Biofilms form on biotic or abiotic surfaces and also as floating
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biofilms at the air-liquid interface. The potential mechanisms behind pellicle formation have been
explained with regards to buoyancy, the secretion of surface-active agents like surfactants and
pellicle attachment to edge of container close to the interface (Armitano et al., 2014). Comparable
to biofilms formed on solid surfaces, pellicles are established in several stages. Initially, cells
localise at the air-liquid interface by developing floating aggregates. Then cell replication results
in the expansion of pellicle at the entire air-liquid interface, followed by EPS secretion and pellicle
maturation (Armitano et al., 2014). The formation of pellicles by E. coli strains was initially
described in uropathogenic E. coli (UPEC), enteropathogenic E. coli (EPEC) and E. coli K-12
(Golub and Overton, 2021; Hung et al., 2013; Wu et al., 2012). Major matrix components of
pellicles include curli, cellulose, flagella and type 1 pili (Hung et al., 2013; Weiss-Muszkat et al.,
2010). However, the role of pellicles in resistance of E. coli to disinfectants has not been studied.
Our study demonstrated that pellicle-embedded tLST negative strains of E. coli were equally or
more resistant than tLST positive strain of E. coli in surface attached biofilms. Whether the
formation of pellicles in strains of E. coli impacts their virulence remains unknown. However,
membrane proteins are overexpressed in another Gram-negative pellicle cells, A. baumannii,
which potentially influence its virulence and persistence (Marti et al., 2011). Hence, this unique

phenotype in E. coli strains deserves more investigation.

Biofilm communities in natural environments commonly include multiple species. Interspecific
interactions in microbial consortia affect its development, composition, and antimicrobial
resistance (Burmglle et al., 2014; Elias and Banin, 2012). In monocultures, E. coli O157:H7 1934
did not form biofilms at 15°C after 6d. However, this strain established biofilms when co-cultured
with other species at the same incubation condition (Visvalingam et al., 2019). 4. australiensis

3-09 and C. maltaromaticum 9-67, isolated from conveyor belts in a beef facility (Wang et al.,

60



2018), dominated multi-species biofilms (Visvalingam et al., 2019) and showed synergistic effects
on biofilm formation when cultivated together with Salmonella Typhimurium (Visvalingam et al.,
2018). The synergistic interspecific interactions also promote biomass production and thus
significantly increase bacterial resistance to disinfectants when compared to single strain biofilms
(Burmelle et al., 2006; Van der Veen and Abee, 2011). Biofilms in meat processing plants were
reported to include strains of up to 22 genera, indicating that the cleaning and sanitation regime

was not efficiently eliminating spoilage and pathogenic bacteria (Fagerlund et al., 2017).

Compared to planktonic state cells, bacterial biofilm cells exhibit higher resistance to sanitizers.
One of the most distinctive features that distinguishes biofilm from planktonic cells is the complex
structure of the EPS matrix, which represents around 90% of the total biofilm biomass and protects
bacterial cells from harsh environment (Pinto et al., 2020). The role of biofilm formation on the
resistance to antimicrobial agents has been extensively studied (Abdallah et al., 2014; Donlan,
2000; Flemming et al., 2016; Kostaki et al., 2012; O’Toole et al., 2000). First, the complex
architecture of EPS acts as a physical barrier that limits biocide diffusion to the interior of the
biofilm (Bridier et al., 2011). Second, the biofilm matrix reacts with antimicrobial agents, thereby
compromising their efficacy (Flemming et al., 2016). Third, the exposure of biofilm-embedded
cells to low concentrations of sanitizers supports adaptation and selects for biofilms-embedded
cells with enhanced resistance (Bridier et al., 2011; Flemming et al., 2016). Fourth, bacterial cells
enclosed in the matrix have a different lifestyle than planktonic cells owing to its low accessibility
to nutrients and oxygen (Flemming et al., 2016), which also decreases its sensitivity to biocide
reagents (Bridier et al., 2011). The present study demonstrated that the resistance of E. coli to
sanitation chemicals was highly correlated to biofilm mass or density, which further highlights the

role of the biofilm matrix in establishing a diffusion barrier. Moreover, chlorine is inactivated by
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organic matter (Lambert and Johnston, 2001) and thus likely inactivated before it reaches the
interior of the biofilm. The densest biofilm matrices were observed with pellicle-forming and tLST
negative strain of E. coli (Fig. S2); these strains exhibited resistance to chlorine that was
comparable to the resistance of tLST-positive cells embedded in less dense biofilms on stainless

steel surface.

Pathogenic microorganisms are a main concern in food industry and their occurrence in biofilm-
embedded cells increases their persistence and the risk of food contaminations. In food processing
plants, biofilm form on both biotic surfaces and abiotic surfaces like conveyor belts, drying area
and floor drain with abundance of moisture and nutrients (Srey et al., 2013), but also on employee
gloves, packing materials and animal carcasses (Gali¢ et al., 2018). Microbes that persist in
biofilms on food-contact surfaces can consistently contaminate the food products. For example,
biofilms that include Shiga toxin-producing E. coli are often found in meat plant associated with
equipment surfaces and biofilm dispersal may lead to contamination of beef (Wang et al., 2012).
Biofilm formation is also relevant for persistence and dispersal of L. monocytogenes onto ready-
to-eat meat (Maury et al., 2019). Analysis of an outbreak of listeriosis that was linked to a single
meat processing facility documented that isolates that were obtained over a period of 5 year
differed in fewer than 11 SNP’s (Lachmann et al., 2021), which implies that a single strain
persisted in the same facility for 5 years. Hence, the formation of biofilms in food processing

increases the risk of foodborne illness.

In conclusion, in this study, we demonstrated that the combination of the presence of tLST and
biofilm formation encountered inside single- and dual-strain biofilms profoundly escalate
disinfectant resistance. However, the complexity of multi-species biofilms is increased with the

additional presence of many other microbial species in a real food processing facility. Thus, further
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research on biofilms by using a more diverse community of strains and species is necessary, which
would benefit the development of methods for controlling bacterial biofilms in food processing

ecosystems.
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Chapter 4. Socializing at the Air-Liquid Interface: A Functional Genomic Analysis on
Biofilm-Related Genes during Pellicle Formation by Escherichia coli and Its Interaction

with Aeromonas australiensis

4.1 Introduction

Bacterial biofilms are formed on solid surfaces by one or more species and represent a complex
ecosystem, encased in a highly organized extracellular matrix (ECM) composed of extracellular
polymeric substances including proteins, polysaccharides and DNA (Flemming et al., 2016). The
biogenesis of surface-associated biofilm development involves biosynthesis of ECM, intracellular
and intercellular signaling systems (Khambhati et al., 2021). Biofilms can also form at the air-
liquid interface, these are termed floating biofilms or pellicles. This phenotype has been discovered
in Gram-positive bacteria including Bacillus subtilis and Bacillus cereus (Armitano et al., 2014;
Wijman et al., 2007) and in Gram-negative bacteria including Pseudomonas aeruginosa (Ude et
al., 2006), Vibrio parahaemolyticus (Enos-Berlage et al., 2005), E. coli (Golub and Overton,
2021), Shewanella oneidensis (Liang et al., 2010), Acinetobacter baumannii (Chabane et al., 2014;
Marti et al., 2011). Several food fermentations also depend on pellicle formation, e.g. fermentation
of sour beer and kombucha by lactic acid bacteria and yeasts (Bouchez and De Vuyst, 2022;
Umbard, 2015), and fermentation of vinegar by acetic acid bacteria (Bimmer et al., 2022; Yun et
al., 2019). Comparable to surface-associated biofilms, pellicle formation is proposed to form in
three steps: 1) cell localization at the air-liquid interface by either cell aggregation or attachment to
a solid surface, ii) replication of cells to cover the entire layer of the air-liquid interface, iii)
maturation and development of the three-dimensional structures (Armitano et al., 2014; Liang et

al., 2010).
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Many factors contribute to bacterial pellicle formation. Flagellum-based motility was involved in
pellicle formation in B. subtilis as well as P. aeruginosa (Holscher et al., 2015). In Salmonella,
pellicle formation was regulated by the metabolic sensor cAMP, which modulates the expression
of transcriptional regulator csgD which, in turn, regulates the biosynthesis of curli and cellulose
(Paytubi et al., 2017). In addition, quorum sensing played a role in pellicle formation of A.
baumannii (Oh and Han, 2020). Pellicle formation in strains of E. coli has been reported in
uropathogenic E. coli (UPEC), enteropathogenic E. coli (EPEC) as well as E. coli K-12.
Specifically, the role of cellulose, curli, flagella, type 11 pili has been confirmed in E. coli UTI89
for pellicle integrity by mutational and biochemical analysis (Hadjifrangiskou et al., 2012; Hung
et al., 2013; Weiss-Muszkat et al., 2010). The addition of transthyretin, which inhibits amyloid
formation by the major curli subunit CsgA, also abolished pellicle formation in UTI89 (Jain et al.,
2017) In E. coli K-12, the ECM of pellicles includes curli, cellulose, poly-N-acetyl glucosamine
(PNAG) and colanic acid (Golub and Overton, 2021; Jeffries et al., 2021). A modified form of
cellulose, phosphoethanolamine (pEtN) cellulose, is the second most abundant ECM component
in wild-type strains of E. coli (Jeffries et al., 2021). A higher abundance of pEtN cellulose in E.
coli AR3110 accounted for the formation of intact and cohesive pellicles, while E. coli UTI89
produced less pEtN cellulose and formed more brittle but adhesive pellicles (Jeffries et al., 2021).
Deletion of genes coding for synthesis of cellulose or pEtN modification of cellulose did not
substantially alter the architecture of biofilms but pellicle formation was dependent on pEtN

cellulose as major component of the ECM (Jeffries et al., 2021).

We have previously observed that strains of E. coli formed pellicles in single cultures or in co-
cultures with Carnobacterium maltaromaticum and E. coli O157:H7. However, they formed only

a surface associated biofilm, which are subsequently referred to simply as biofilms, in co-cultures
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with Aeromonas australiensis (Z. S. Xu et al., 2021). Few studies documented the regulation of
genes contributing to pellicle formation in strains of E. coli growing alone or in co-cultures with
other bacterial species. Therefore, the aim of this study was to identify whether the
presence/absence of unique genes was responsible for pellicle formation, and to investigate the

impact of cell-cell communication on dual-species pellicle formation.

4.2 Materials and methods
4.2.1 Strains and culture conditions

The present study employed all strains of E. coli in the FUA strain collection for which genome
sequences were available at the time the experiments were conceptualized (n=39) and A4.
australiensis. The origin of the strains and genome accession numbers are shown in Table 4.1.
Frozen (-80°C) stock cultures were streaked on Luria-Bertani agar plates (10 g/L tryptone, 5 g/L
yeast extract, 10 g/L NaCl) and incubated in 37°C incubator for 24 h, followed by subculture in
Luria-Bertani broth without salt (10 g/L tryptone, 5 g/L yeast extract) (LBNS) overnight at 37°C
with shaking at 200 rpm. Strains of E. coli FUA1882 carrying plasmid pRK767 were grown in
LBNS broth supplemented with tetracycline at a concentration of 15 mg/L. E. coli FUA1882
AbcesG::cam pRK767 and E. coli FUA1882 AbcsG::cam pRK767-bcsG were also supplemented
with 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) to induce the expression of the lac

promoter.
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Table 4.1. Strains used in this study.

. coli FUA1882 AbcsG::cam

. coli FUA1882 AcurliU::cam

. coli FUA1882 AsdiA::cam

. coli FUA1882 AsdiA::cam pRK767

Accession number Strain Phylogroup  Reference
JARJIP000000000 E. coli FUA1838 Bl
JARJIQ000000000 E. coli FUA1848 B2
JARJIR000000000 E. coli FUA1860 F
JARJIS000000000 E. coli FUA1866 Bl (Wang et
JARJIT000000000 E. coli FUA1869 D al., 2020;
JARJIU000000000 E. coli FUA1882 E Z.S. Xuet
JARJIV000000000 E. coli FUA1888 B2 al., 2021)
JARJIW000000000 E. coli FUA10038 D
JARJIX000000000 E. coli FUA10043 F
JARJIY 000000000 E. coli FUA10046 B2
LDYMO00000000 E. coli GM16-6 A
LDYL00000000 E. coli DM18-3 A
LECH00000000 E. coli 0104:H4 11-3088 Bl
LEAD00000000 E. coli O157:H7 1934 D
LEAK00000000 E. coli 0157:H7 LCDC7236 D
LEAI00000000 E. coli O157:H7 CO283 D
LEAJ00000000 E. coli O157:H7 E0122 D
LEAB00000000 E. coli 0145:NM 03-6430 D
LDYN00000000 E. coli 026:H11 05-6544 A
LECK00000000 E. coli O113:H4 09-0525 A
LECN00000000 E. coli 076:H19 09-0523 Bl
LECMO00000000 E. coli 045:H2 05-6545 Bl
LDZZ00000000 E. coli 0121:H19 03-2832 Bl
LEAA00000000 E. coli O121:NM 03-4064 Bl
LECO000000000 E. coli 0103:H2 PARC444 (FUA1314) Bl (Mercer et
LECG00000000 E. coli 0103:H2 PARC445 (FUA1315) Bl al,, 2015)
LECJ00000000 E. coli O111:NM PARC447 Bl
LDY000000000 E. coli 026:H11 PARC448 Bl
LEAC00000000 E. coli 0145:NM PARC449 D
LECL00000000 E. coli 044:H18 PARC450 E
LEAG00000000 E. coli 0157:H7 CO6CE1943 D
LEAE00000000 E. coli 0157:H7 CO6CE900 D
LEAH00000000 E. coli 0157:H7 CO6CE2940 D
LEAF00000000 E. coli 0157:H7 CO6CE1353 D
LECF00000000 E. coli 0103:H25 338 Bl
LECI00000000 E. coli O111:NM 583 Bl
LDYI00000000 E. coli AW1.3 A
LDYJ00000000 E. coli AW1.7 A
LDYK00000000 E. coli AW1.7 ApHR1 A
E
E
E
E
E

coli FUA1882 Asdid::cam pRK767- Pugis- This study
sdiA
E. coli FUA1882 AbcsG::cam pRK767
E. coli FUA1882 AbcsG::.cam pRK767 —bcsG
N (Z.S. Xuet
Aeromonas australiensis 0309 al., 2021)
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4.2.2 Determination of pellicle formation

Pellicle formation of the 39 strains of E. coli was examined as described (Z. S. Xu et al., 2021). In
brief, overnight cultures were diluted 100-fold in 2 ml LBNS, transferred into 24-well-flat-bottom
cell culture plates and incubated at 25°C for 6d to visualize pellicle formation at the air-liquid
interface. Pellicle formation was scored visually as strong, moderate, weak, and no pellicle
(Hadjifrangiskou et al., 2012). Tetracycline and IPTG were supplemented accordingly as described
above to evaluate the pellicle formation after complementation of sdid and bcsG gene. Dual strain
biofilms were formed after inoculation of LBNS with equal volumes of overnight cultures of E.

coli and A. australiensis as described (Z. S. Xu et al., 2021).

4.2.3 Genome sequencing and assessment of the presence and absence of operons in pellicle

formation

The genomes of 10 wild type strains of E. coli from this study were sequenced by Illumina MiSeq
system as described previously (Wang et al., 2021b). Genomic DNA was extracted and purified
using a Wizard® Genomic DNA Purification Kit following manufacturer's protocol (Promega,
Madison, WI, USA). Genomic DNA was prepared as the input for DNA libraries using the Nextera
XT DNA library preparation kit (Illumina Inc., San Diego, CA, USA). Libraries were sequenced
with an MiSeq reagent kit v3 (600- cycles) (Illumina Inc.) using a 2 x 300-bp paired-end protocol.
Raw reads were trimmed by Trimmomatic 0.36.4 with a sliding window quality cut-off at 20. De
novo assembly was performed using SPAdes 3.12.0, with k-mer sizes of 21 and 33, and annotated
with Prokka (Seemann, 2014) and Roary (Page et al., 2015). The phylogroups were predicted with
the Clermont Phylotyper (Waters et al., 2020). Scoary (Brynildsrud et al., 2016) was used to
identify genes that are unique in pellicle forming or non-pellicle forming strains. The nucleotide

sequences of biofilm-related operons in E. coli MG1655 were downloaded from NCBI as a query
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to blast against 39 strains of E. coli with cut-off parameters of 90% or 70% nucleotide identity and

more than 80% coverage.

4.2.4 Quantification of expression level of biofilm-related genes

The expression of genes associated with biofilm formation was quantified with reverse
transcriptase quantitative PCR (RT-qPCR) with RNA isolated from 3 non-pellicle forming strains
and 5 pellicle forming strains. Biofilm formation on the solid surfaces rather than air-liquid was
previously observed when pellicle forming strains of E. coli were co-cultured with 4. australiensis
as previously described (Z. S. Xu et al., 2021). To allow comparison of pellicle-forming and non-
pellicle forming strains, overnight cultures that entered the stationary phase of growth about 8 h
prior to RNA isolation but did not yet form biofilms or pellicle were used as reference conditions.
Test conditions included planktonic cells after 6 d of incubation (non-pellicle forming strains of E.
coli in single culture), pellicle-embedded cells after 6 d of incubation (pellicle forming strains of
E. coli in single culture) and biofilm embedded strains (co-culture of strains of E. coli with A.
australiensis 0309). Prior to RNA isolation, planktonic cells were diluted with LBNS broth to an
ODgoonm of 0.3-0.4. One ml of culture was taken from dual-strain biofilm-embedded cultures. In
single-strain pellicle forming strains, the pellicle was lifted with a pipette tip and washed with
LBNS broth three times to remove loosely attached cells. Next, the pellicle layer was transferred
to a 15 ml tube containing 2 ml LBNS broth and 1.64 g glass beads. The content in the tube was
homogenized for 45 min to shear the pellicles. The upper part of the bacterial suspension (1 mL)
was taken for RNA isolation. All samples of pellicle-embedded cells were adjusted to achieve
OD600nm of 0.3-0.4. RNAprotect and RNAeasy mini kit (Qiagen, Hilden, Germany) were used
for RNA isolation and purification, followed by gDNA removal by RQ1 RNase-Free DNase

(Promega, Madison, WI, USA). QuantiTect® reverse transcription kit (Qiagen) was used for
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reverse transcription of RNA to cDNA. The expression level of targeted genes (Table 4.2) was
measured by QuantiFast SYBR® Green PCR Kits (Qiagen) and the 7500 fast real-time PCR
system (Applied Biosystems, Waltham, MS, USA). The glyceraldehyde-3-phosphate
dehydrogenase gene (gapA) was used as the house-keeping gene to relate the expression of genes
for biofilm / pellicle formation to the expression of genes coding for a key enzyme in the Embden-
Meyerhof-Parnas pathway. DNase-digested RNA and water served as negative controls. The log2-
normalized relative gene expression level was calculated by the AACT method by calculating gene
expression in single-strain pellicle-embedded cells of each strain of E. coli relative to the
expression of the same gene in single-strain planktonic cells and dual-strain biofilm-embedded

cells, respectively. Data shown are from three independent experiments with technical repeats.

70



Table 4.2. Biofilm-related genes tested by RT-qPCR in this study.

Name Function of gene product Reference
EPS csgA  Curli major subunit (Lim et al., 2012; Wu
biosynthesis et al., 2012)
csgD  Transcription activation, curli (Paytubi et al., 2017)
bcsA  Cellulose biosynthesis (Kwak et al., 2020)
fimA  Type 1 fimbriae major subunit (Hung et al., 2013)
wecal’  Colanic acid synthesis (Laverty et al., 2014)
Regulatory  cyad  Adenylate cyclase (Paytubi et al., 2017)
system rpoS  RNA polymerase, sigma S (sigma 38) factor (Liu et al., 2020;
Schellhorn, 2020;
Weber et al., 2006)
rfaH  Transcription antiterminator (Beloin et al., 2006)
Quorum sdiA Homologs of LuxR, detect AHLs
sensing luxS  Al-2 synthase
Isrk autoinducer-2 kinase (Kostakioti et al.,
IsTR DNA-binding transcriptional repressor LsrR 2013, 2009)
gseB  Response regulator of the QseB/C two-
component system
gseC  Sensor kinase component

4.2.5 Phylogenetic tree of the upstream region of the curli operon

The nucleotide sequences of the upstream region of the curli biosynthesis and cellulose

biosynthesis of E. coli MG1655 were retrieved from the NCBI database and used as query

sequences for BLASTn against the genomes of the 39 strains of E. coli and the reference strain

Salmonella Typhimurium CMCST CEPR 1. Multiple-sequence alignment was performed by

MUSCLE. The aligned sequences were further processed by MEGAX (Kumar et al., 2018) using

the maximum likelihood method with 1000 bootstrap replicates. The tree was displayed in iTol

(Letunic and Bork, 2021).

4.2.6 Addition of N-acyl homoserine lactone to pellicle formation
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To evaluate the impact of N-acyl homoserine lactones (HSLs) on pellicle formation, N-butanoyl-
L-homoserine lactone (C4-HSL) and N-hexanoyl-L-homoserine lactone (Cs-HSL) (Sigma Aldrich,
St. Louis, MO, USA), most commonly synthesized by Aeromonas species (Talagrand-Reboul et
al., 2017), were incubated together with pellicle forming strains of E. coli. The two quorum sensing
molecules were dissolved and diluted in dimethyl sulfoxide (DMSO) to 0.1 mM before use.
Pellicle forming strains of E. coli were incubated with DMSO as the negative control. To prepare
the dual-strain cultures, an equal volume of the 1:100 diluted overnight cultures of each strain was
mixed together. Dual-strain and single-strain cultures with the addition of signalling molecules
were incubated in a 24-well plate at 25°C for 6d. Two technical replicates for each sample were

conducted in three independent assays.

4.2.7 Construction of E. coli FUA1882

The pellicle-forming strain of E. coli FUA1882 was used to assess the role of genes associated
with the upstream region of curli biosynthesis (CurliU), modified cellulose biosynthesis (bcsG)
and QS receptor (sdid) on pellicle formation. The mutant strains were obtained by homologous
recombination replacing the targeted gene of the wild type E. coli FUA 1882 by a chloramphenicol
cassette through the A Red system (Mercer et al., 2012). Oligonucleotides’ primers were purchased
from Integrated DNA Technologies (Coralville, IA, USA) and are listed in Table 4.3. The mutant
strain was complemented with the low copy number plasmid, pRK767. The complementing
fragments were amplified by the primers listed in Table 2, using E. coli FUA1882 chromosomal
DNA as the template. Plasmid pRK767- Psaia-sdiA contains sdi4 with its native promoter region
while pRK767 —bcsG only contains besG itself. The amplified fragments were each digested with
HindIIT and Dpnl and ligated to pRK767 that had been precut with the two enzymes. The

recombinant plasmid was firstly introduced into competent E. coli Topl0 by chemical
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transformation. These plasmids and the empty pRK767 were transferred back to the mutant strains
through electroporation. Mutation and complementation were confirmed by PCR and subsequent

Sanger sequencing.
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Table 4.3. Primers used in this study.

Primer Sequence (5' -3") Description

gapA GTTGACCTGACCGTTCGTCT RT-qPCR primer for gapA
ACGTCATCTTCGGTGTAGCC

csgA CGGTGGTGGTGGTAATAACAG RT-qPCR primer for csgA
CAGAGTTACGGGCATCAGTTT

csgB GCGCAAGAAGGTAGTAGCA RT-qPCR primer for csgB
TACCATAAGCACCTTGCG

csgD GCTTGCCAGCTACCTGATTA RT-qPCR primer for csgD
TTATTAGACGCGCCGATACG

bcsA TCACCACCCAGCAACATATC RT-qPCR primer for besA
AGACTTTCCAGCGGCTTATC

besG CCTGTCACAATGGATTCGC RT-qPCR primer for besG
TTACAGTGGTCGTCGGTTG

fimA GTTGTTCTGTCGGCTCTGT RT-qPCR primer for fimA
CAAGCGGCGTTAACAACTTC

wcaF TCGGCGATGACGTCAATTT RT-qPCR primer for weaF
GTGGCTACCGGTGCATAAA

cyaA AGATTGATCAGGTGCGTGAG RT-qPCR primer for cyad
GCGGAGACGCTAAGGTTATT

rfaH CCAGGAACACCTCGAAAGAG RT-qPCR primer for rfaH
GGAACAATGGCTCACTGACT

rpoS CAGCCGTATGCTTCGTCTTA RT-qPCR primer for 7poS
CGTCATCTTGCGTGGTATCT

sdiA CTGAGGCGTGGGTTAGTTATT RT-qPCR primer for sdiA
CACATTAAATGGCCCTGACTAAAG

luxS GTTGCTGATGCCTGGAAAG RT-qPCR primer for /uxS
GTAAGTGCCACACTGGTAGA

qseB TTTGCCCTGCTGGAATTACT RT-qPCR primer for gseB
GGCATTACTGGTGACCTCTTC

gseC CTGGACTCACTGGATAACCTTC RT-qPCR primer for gseC

TGCGCCGTGTGGTAAATA
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IstK

IskR

pSIM19 check 1
pSIM19 check 2
pSIM19 check 3
pSIM19 check 4
pSIM19 check 5
pSIM19 check 6
Cam-BcesG F
1882-Cam-BcsG R
1882-BcsG down D F
1882-BcsG D R
BesG Upstream F
BesG Upstream R
1882-BcesG-pUC19
Upstream
1882-BesG-pUCI19
Downstream
1882-CurliU F
1882-CurliU-Cam R

1882-Cam-CurliU F

CTATACGCTGCTGGAAGAGATG
CCGGGTCAATGGACAAGTTA
AGCAAATTCGCCTGGTCA
GCAACGGAGCCGGAATAATA
GCGTTAACTTCCGGAGCCACAC
ACTGCATACACTGCAGAACGTC
CGTCGGCTTGAACGAATTGTTAG
CGTCAATGCGCTGATGACAATCAGC
CTTGCCGCATTTGGCATTCTGC
ACCGTGGAAACGGATGAAGGC
GATCAGAAATGAGCGCCAGTCG
TGAACCAGATCGCGCAGGAG
GATTGCGCCTACCCGGATATTATCG
CCGTAAGTGCGATTCCGGATTAC
GGCCTCGCTTATCAACCACC
GTGGCACTACTCAACCCCAC
GGACGTTACGCCGCACGGAAAAAGCCAGGGCAA
CCAAAAAGTGTAGGCTGGAGCTGCTTC
GCCGCAGAGGTTAAACTCTGCGGCCTTTTTCGTG
CATGGGAATTAGCCATGGTCCATATG
ACTAAGGAGGATATTCATATGGACCATGGCTAAT
TCCCATGCACGAAAAAGGCCGCAGAG
CATGATTTAGCGGCTCCGGT
CTGGCCCGCAGCATTCATAC
AAAGTATAGGAACTTCGAAGCAGCTCCAGCCTAC
ACTTTTTGGTTGCCCTGGCTTTTTCC
TTCACACAGGAAACAGCTATGACCATGATTACGC
CAAGCTCTGGCCCGCAGCATTCATAC
ACGTTGTAAAACGACGGCCAGTGAATTCGAGCTC
GGTACCATGATTTAGCGGCTCCGGTC
CCAACCTGAGTCACGTTGACG
GAAGCAGCTCCAGCCTACACATGAAAAACAAATT
GTTATTTATGATGTTAACAATACTGG
CAGTATTGTTAACATCATAAATAACAATTTGTTTT
TCATGTGTAGGCTGGAGCTGCTTC

RT-gPCR primer for IsrK
RT-gPCR primer for IsrR
confirmation of pSIM19
confirmation of pSIM19
confirmation of pSIM19
confirmation of pSIM19
confirmation of pSIM19
confirmation of pSIM19
Amplification of chloramphenicol cassette
for besG mutant

Amplification of bcsG downstream

Amplification of bcsG upstream

Overlapping primers for upstream of besG
and empty vector (pUC19)

Overlapping primers for downstream of besG
and empty vector (pUC19)

Amplification of curliU upstream

Amplification of chloramphenicol cassette
for curliU mutant
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Cam-CurliU R
CurliU-Cam F
1882-CurliU R

1882-CurliU-pUC19
Upstream

1882-CurliU-pUC19
Downstream

1882-SdiA F
SdiA-Cam R
Cam-SdiA F
1882-Cam-SdiA R
1882-SdiA-Cam F

sdiA R

1882-SdiA-pUC19 Upstream

1882-SdiA-pUC19
Downstream

besG::cam check 1
curliU::cam check 1
curliU::cam check 2
sdiA::cam check 1

sdiA::cam check 1

AATAATGTATGACCATGAATACTATGGACTTCAT
TAAACAATGGGAATTAGCCATGGTCC
GGACCATGGCTAATTCCCATTGTTTAATGAAGTC
CATAGTATTCATGGTCATACATTATT
CAGCTTCCCCATCGTGCAC
TCACACAGGAAACAGCTATGACCATGATTACGCC
AAGCTCCAACCTGAGTCACGTTGACG

CGACGTTGTAAAACGACGGCCAGTGAATTCGAGC
TCGGTACCAGCTTCCCCATCGTGCAC
GACCTCGAGGTAAAGCCTGG
CTAGAAAGTATAGGAACTTCGAAGCAGCTCCAGC
CTACACAGTAAACCGCAACGCCCCTG
TTATAAATGATACTCACTCTCAGGGGCGTTGCGG
TTTACTGTGTAGGCTGGAGCTGCTTC
TCAGCCGGTTTTTGCATCTGGCACGCAGAAAGAA
AAGCGCATGGGAATTAGCCATGGTCC
CTAAGGAGGATATTCATATGGACCATGGCTAATT
CCCATGCGCTTTTCTTTCTGCGTGCC
GCCTCAAGACCGCCAATGC
TCACACAGGAAACAGCTATGACCATGATTACGCC
AAGCTGACCTCGAGGTAAAGCCTGGC
TCACACAGGAAACAGCTATGACCATGATTACGCC
AAGCTGACCTCGAGGTAAAGCCTGGC

GCTTGAGGAATACCGTTCAC
ATCCCTGGGTGAGTTTCACCAG
CTGAAGAGGACCGCCATTG
ATCCCTGGGTGAGTTTCACCAG
GCAACTGACTGAAATGCCTC
GACTGGATGGCCTGAGATA
GAAGCGGCAGCCAGTATTG
ATCCCTGGGTGAGTTTCACCAG
GCAACTGACTGAAATGCCTC
CGGACTGAGATTGAGCTGTTC

Amplification of curliU downstream

Overlapping primers for upstream of curliU
and empty vector (pUC19)

Overlapping primers for downstream of
curliU and empty vector (pUC19)

Amplification of sdi4 upstream

Amplification of chloramphenicol cassette
for sdiA mutant

Amplification of sdi4 downstream

Overlapping primers for upstream of sdiA
and empty vector (pUC19)

Overlapping primers for downstream of sdiA4
and empty vector (pUC19)

sequencing primers

sequencing primers

sequencing primers

sequencing primers

sequencing primers
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curli U absent check

besG absent check
sdiA absent check

lac-bcsG-pRK767

native-sdiA-pRK767

ml3

Lac-bcsG check 1
Lac-bcsG check 2
Native-sdiA check 1

Native-sdiA check 2

CTGGACCTGGTCGTACATTT
CGGTGTAGTCCTTTCGTCAT

TCGCCGGTTTATGACGATAC
CCACGACCACCATCACTTTA
GCAGAAGAGGTCTACCATGAAA
CACATTAAATGGCCCTGACTAAAG

AGGAAACAGCTATGACCATGATTACGCCAAGCTT

ATGACTCAATTTACGCAAAATACCGC

ACGTTGTAAAACGACGGCCAGTGAATTCGAGCTC

GGTACCTTACTGCGGGTAAGGCACCC

CGGCCAGTGAATTCGAGCTCGGTACCACTCATTA

ATAACATAAGAGAATGTGATGGCTTG

ACACAGGAAACAGCTATGACCATGATTACGCCAA

GCTTTCAAATTAAGCCAGTAGCGGCC
CCCAGTCACGACGTTGTAAAACG
AGCGGATAACAATTTCACACAGG
CACTTTAGTCTTCCGGCTCG
CCACGACCACCATCACTTTA
CCCAGTCACGACGTTGTAAAACG
TCGCCGGTTTATGACGATAC
CCCAGTCACGACGTTGTAAAACG
CACATTAAATGGCCCTGACTAAAG
AGCGGATAACAATTTCACACAGG
GCAGAAGAGGTCTACCATGAAA

confirmation the deletion of curliU in
wildtype chromosome

confirmation the deletion of bcsG in wildtype
chromosome

confirmation the deletion of sdid in wildtype
chromosome

overlapping primers for bcsG and empty
vector

overlapping primers for sdi4 and empty
vector

confirmation of complementing fragment in
pRK767
confirmation of bcsG insertion in pRK-767

confirmation of bcsG insertion in pRK-767
confirmation of sdi4 insertion in pRK-767

confirmation of sdi4 insertion in pRK-767
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4.2.8 Statistical analysis

Mean values of gene expression were collected by three independent experiments with technical
replicates. The comparison of expression level of each gene between group of pellicles forming
strains and non-pellicle forming strains was conducted by nested t-test (also known as two-level
nested ANOVA) using GraphPad Prism 9.4.1. (San Diego, CA, USA). Statistically significant
differences of gene expression levels in experimental groups relative to reference groups were
determined by a t-test in R (R Core Team, 2015). The threshold of significance was an error

probability of less than 5% (P<0.05).

4.3 Results

4.3.1 Comparative genomic analysis among pellicle forming strains and non-pellicle forming

strains

Pellicle formation was examined in 39 strains of E. coli. These strains represent the phylogroups
A, B1, B2, D, E and F (Mercer et al., 2015) (Table 4.1). Of these, five formed pellicles. Scoary
analysis did not identify any genes that were present in all five pellicle forming strains but were
absent in all 34 strains that did not form pellicles. A heat map depicting the presence or absence
of 27 biofilm-associated operons that encode for ECM biosynthesis, putative chaperone usher
fimbriae, flagellar motility and regulatory systems is shown in Fig. S1. None of these operons was
distributed differently between the pellicle forming and non-pellicle forming strains (Fig. S4.1).
Because curli and pEtN modified cellulose differentially contribute to ECM formation in biofilms
and pellicles, phylogenetic trees of the regulatory regions of curli and cellulose biosynthesis were
constructed (Fig. 4.1). In the phylogenetic tree of the regulatory region for curli synthesis, ranging
from 754 to 756 bp in the 39 strains, all pellicle forming strains clustered in three closely related

clades that also included non-pellicle forming strains (Fig. 4.1A). Clustering of all pellicle-forming
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strains was not observed for the regulatory region of cellulose synthesis (Fig. 4.1B). Taken together,
the analysis of the presence / absence of biofilm-related genes and the phylogenetic analysis of
regulatory regions of curli and cellulose synthesis suggest that gene regulation rather than the

presence or absence of genes mediates pellicle formation by E. coli.
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Figure 4.1.The phylogenetic distance of the upstream region of curli (A) and cellulose (B) biosynthesis operon among 39 strains of E.
coli with Salmonella Typhimurium CMCST_CEPR 1 as the reference (green). Pellicle forming strains are colored with yellow while

non-pellicle formers are colored with black. Bootstrap values below 80% are indicated by symbol size.
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4.3.2 Expression of genes related to pellicle formation

To further study the role of gene regulation on pellicle formation, relative expression of genes
associated with biofilm formation was quantified in eight strains of E. coli. The gene expression
of single-culture pellicle-embedded or planktonic cells after 6d incubation was compared to gene
expression in stationary phase and planktonic cells of the same strain after overnight culture
(reference conditions). All of the nine genes were differentially expressed in pellicle-embedded
cells in one or more of the pellicle-forming strains (Fig. 4.2). When comparing expression levels
in the five pellicle forming strains relative to the 3 non-pellicle forming strains, the expression
level of the cellulose major subunit (bcsA4), the curli transcriptional regulator (c¢sgD), the adenylate
cyclase (cyad) and the in non-pellicle forming strains (Fig. 4.2). The RNA polymerase sigma

factor (rpoS) was downregulated (P< 0.05) in all 5 pellicle forming strains.

81



P <0.05 for csgD & besA

* [ csgd
N csgD
[ besA
N fimA
N weaF

B P <0.05 for cyad & rfaH

Log2-transformed gene expression level in
pellicle cells (day 6) relative to planktonic cells grown overnight

N cyaAd
N rfaH
C— rpoS
. sdiA

-9 T T T T T T T T
o0 = o0 o N o <t )
< Ne) 0 © %) < — —
e % < © = S 2 2
< < < < < = < <
) ) ) ) ) < =) )
= = = = = E = =

Pellicle negative Pellicle positive

Strains of E. coli

Figure 4.2. The expression level of biofilm-related genes in 8 strains of E. coli in pellicle-
embedded cells (6d) relative to the expression in in planktonic cells (1d). Results are sub-grouped
by genes associated with EPS biosynthesis (A) and regulatory system (B). The bars represent the
mean values with standard deviation as the error bars for three independent experiments. The gene
expression level differs at a significant level (P<0.05) between group of pellicle and non-pellicle
strains as indicated. Asterisks (*) indicates the significant different expression level of the gene

compared to the control condition.
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Gene expression was also quantified in biofilm-embedded co-cultures of the same strains with A.
australiensis after 6d incubation. In co-cultures, quantification of gene expression additionally
included genes related to quorum sensing systems in E. coli. The genes bcesA, csgD, cyaA and rfaH
genes were over-expressed in pellicle forming strains relative to biofilm-embedded strains in co-
culture with 4. australiensis (Figure 4.3A and 4.3B) and expression of these genes was higher in
pellicle-forming strains of E. coli when compared to non-pellicle forming strains (Fig. 4.3A and
4.3B). In contrast, the expression of ¢sgd and wcaF encoding for colanic acid biosynthesis was
lower in pellicle-forming strains growing in single culture relative to coculture conditions (Fig.
4.3A). In addition, expression of rpoS differed significantly in single-culture pellicle-forming
embedded cells relative to co-cultures with 4. australiensis (P < 0.05) and this difference was
higher in pellicle forming strains when compared to non-pellicle forming strains (Fig. 4.3B). The
expression of genes involved in Al-2-mediated signalling (/uxS, IsrK, IsrR) was down-regulated
(P <0.05) in all non-pellicle forming strains when single cultures were compared to co-cultures
with A. australiensis (Fig. 4.3C). Expression of sdi4 in strains growing in single cultures was lower
when compared to co-cultures, and down-regulation of sdi4 was more pronounced (P<0.05) in
non-pellicle forming strains when compared to pellicle forming strains (Fig. 4.3C). In contrast, the
genes gseB and gseC were overexpressed in all pellicle forming strains but not in non-pellicle
forming strains when single cultures were compared to co-cultures with A. australiensis (Fig.
4.3C). Only overexpression of type 1 fimbriae major subunit (fimA4) was observed in both pellicle

and non-pellicle strains of E. coli (Fig. 4.3A).
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Figure 4.3. The expression level of biofilm-related genes in 8 strains of E. coli relative to that in
E. coli incubated with biofilm producer Aeromonas australiensis. Strains of E. coli and A.
australiensis formed solid-surface biofilms after 6d incubation while single strains of non-pellicle
forming E. coli remained planktonic state cells. Results are subgrouped by genes associated with
EPS biosynthesis (A), regulatory system (B) and quorum sensing (C). The bars represent the mean
values with standard deviation as the error bars for three independent experiments. The gene
expression level differs at a significant level (P<0.05) between group of pellicle and non-pellicle
strains as presented. The gene expression level significantly differs compared to control condition

if asterisk (*) presents.
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4.3.3 The addition of homoserine lactones interferes with pellicle formation

The analysis of gene expression indicated that inter-species quorum sensing is involved in the
regulatory switch that determines whether strains of E. coli form pellicles or integrate into
biofilms. To further elucidate the role of quorum sensing, pellicle formation in the 5 strains was
determined in presence or absence of the quorum sensing molecules C4-HSL and Cs-HSL (Fig.
4.4), which are produced by strains of Aeromonas (Talagrand-Reboul et al., 2017). Addition of
DSMO as control did not interfere with pellicle formation (Fig. 4.4). Pellicle formation by E. coli

was abolished by the addition of C4-HSL but not C¢-HSL (Fig. 4.4).
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Figure 4.4. Pellicle formation by strains of E. coli at 25 °C in 24-well plate for 6 days. Pellicle
formation of strains of E. coli with DMSO, Aeromonas australiensis, 0.1mM Cs-HSL or 0.1mM
Cs-HSL, respectively. Pellicle formation was observed with the presence of DMSO and Cs-HSL,
while aborted together with Aeromonas australiensis or C4-HSL. Experiments were repeated

independently three times.

4.3.4 Deletion of bcsG, curliU and sdiA alters pellicle formation

To further determine the role of modified cellulose, curli and quorum sensing in pellicle formation,
besG, the regulatory region upstream of curliU, and sdid was deleted in E. coli FUA1882. In E.

coli, SdiA is the receptor protein for HSL signaling molecules (Talagrand-Reboul et al., 2017).
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The deletion of either bcsG, responsible for phosphoethanolamine (pEtN) cellulose production, or
the region upstream of the curli operon abolished pellicle formation (Fig. 4.5). The deletion of the
autoinducer receptor sdid in E. coli resulted in a thinner pellicle when the strain grew in single
cultures (Fig. 4.5) but did not restore the pellicle formation when cocultured with A. australiensis
(data not shown). Complementation of sdi4 under control of its native promotor on the low-copy
number plasmid pRK767 complemented the sdi4 deletion and restored pellicle formation;
likewise, complementation of bcsG restored pellicle formation in the corresponding mutant (Fig.
4.5). Interestingly, deletion of sdi4 in E. coli also reduced the biomass of biofilms in co-cultures
with A. australiensis from 1.64 + 0.26 for the wild type to 0.76 = 0.09 for E. coli AsdiA::cam

(P<0.001) (Fig. S4.2).
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E. coli FUA1882 Wild type AbesG::cam AcurliU::cam AsdiA::cam

+++ - - ++
Pellicle formation AbcsG::cam pRK767  AbcsG::cam pRK767 —  AsdiA::cam pRK767 AsdiA::cam pRK767-

besG Psdia-sdiA

Figure 4.5. Pellicle formation in wild type, mutant strains of E. coli FUA1882 and in after complementation of bcsG and sdid in E. coli
FUA1882 AbcsG::cam and AsdiA::cam, respectively. Shown is the pellicle formation as observed in three independent replicates and

the picture representative for the replicate cultures. Pellicle formation: +++ Strong; ++ moderate, +Weak; - No
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4.3.5 Gene expression

To determine the impact of quorum sensing on pellicle formation, the expression of biofilm related
genes relative to the wild type strain was quantified in E. coli FUA18824sdiA::cam. Expression
was quantified in planktonic cells and in pellicle-embedded cells (Figure 6). The deletion of sdiAd
increased (P<0.05) the expression of besG and csgD in planktonic cells but the difference was less
than two-fold (Fig. 4.6). In pellicle-embedded cells, the expression of bcsA, csgd and csgB was
downregulated (P<0.05) in sdi4-deficient E. coli FUA18824sdiA::cam compared to the wild type

strain (Fig. 4.6).
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Figure 4.6. The expression level of curli and cellulose biosynthesis genes in sdid-defected E. coli
FUA1882 relative to wild type in planktonic cells (green bars) and pellicle-embedded cells (yellow
bars). The bars represent the mean values with standard deviation as the error bars for three

independent experiments. Asterisk (*) indicates P < 0.05 according to unpaired t-test.

4.4 Discussion

The wastewater isolate E. coli FUA10043 forms a pellicle when grown in single culture, with
C. maltaromaticum and E. coli O157:H7 but only forms surface-associated biofilm (biofilms)

when co-cultured with 4. australiensis (Z. S. Xu et al., 2021). This phenomenon was also observed
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in additional four strains of E. coli in the present study. We demonstrated by functional genomic
analyses that pellicle formation by strains of E. coli itself or in co-cultures with 4. australiensis
was modulated by inter-species communication. Comparative genomic analyses indicated that
pellicle-forming strains did not harbor any unique genes that were absent in non-pellicle

formations strains.

Both curli and cellulose amyloid fibers are major components of extracellular matrices in pellicles
and biofilms (Hung et al., 2013; Paytubi et al., 2017). Cellulose is not essential for pellicle
formation by uropathogenic E. coli (Paytubi et al., 2017) as pellicle formation was weakened but
not abolished in a cellulose-deficient mutant, E. coli UTI89 AyhjO (=bcsA). In contrast, deletion
of besG, which converts cellulose to phosphoethanolamine-cellulose, abolished pellicle formation
(Anderson et al., 2020; Hung et al., 2013). The formation of pellicles versus biofilms is regulated
by the ratio of curli and modified cellulose (Jeffries et al., 2021) as demonstrated by deleting the
genes coding for curli (Jeffries et al., 2021) or the regulatory region mediating expression of genes
coding for curli (this study). Colanic acid and type 1 fimbriae are also part of the ECM in both
pellicles and biofilms (Golub and Overton, 2021; Hung et al., 2013) but only gene related to type
1 fimbriae biosynthesis was distinctly overexpressed in pellicle-embedded relative to biofilm-
embedded cells (this study), indicating that the abundance of fimbriae but not colanic acid is

involved in the switch from biofilm to pellicle formation.

The regulation of pellicle versus biofilm formation in E. coli is poorly understood. Formation of
pellicles in E. coli strains is mediated by multiple transcriptional factors that respond to
environmental conditions. The production of secondary signalling molecule cyclic AMP (cAMP)
is linked to the biosynthesis of curli and cellulose through the master the regulator protein CsgD.

cAMP is produced by adenylate cyclase (CyaA) and activates the catabolite repressor protein
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(CRP) (Fic et al., 2009), which alters the transcription of csgD. The production of curli and
cellulose and hence pellicle formation was abolished in cyad-deficient strain in UPEC isolates,
while the addition of cAMP restored pellicle formation (Hufnagel et al., 2016). Our study
demonstrated that cyad was overexpressed in pellicle forming strains when compared to non-
pellicle forming strains, and in the pellicle forming strains when compared to cells of the same
strains embedded in biofilms (Fig. 4.2 & 4.3), suggesting that CyaA also is part of the regulatory

network that regulates the pellicle-versus-biofilm decision.

Different from biofilm formation, which is mostly induced by environmental stress, the formation
of pellicle at the air-liquid interface serves to access a favorable habitat for aerobic bacteria since
it may provide higher concentration oxygen from air and nutrients from the medium (Armitano et
al.,2014; Holscher et al., 2015). In standing bodies of water, oxygen diffusion to the bottom occurs
only by diffusion and the sediment is often anaerobic while in flowing bodies of water, fluid
motion facilitates oxygen transport (Dugan et al., 2016; Koschorreck et al., 2017). In Pseudomonas
and Shewanella species, pellicles were not formed at the air-liquid interface under anaerobic
condition and pellicle formation was reduced at low-oxygen conditions (Scher et al., 2005;
Yamamoto et al., 2011), indicating a decisive role of oxygen availability on pellicle formation. In
Shewanella, oxygen also promoted cell aggregation (McLean et al., 2008). A. australiensis is a
facultative anaerobe which was first isolated from an irrigation water system (Aravena-Roman et
al., 2013); A. australiensis 0309 is an isolate from a meat processing plant that forms biofilms but
not pellicles (Visvalingam et al., 2019; Wang et al., 2018). Under aerobic conditions, co-cultures
of E. coli and A. australiensis prevented the pellicle formation by E. coli, which integrated into
biofilms instead (Z. S. Xu et al., 2021). This switch is likely beneficial for both organisms. Pellicle

formation by E. coli may impede the growth and biofilm formation by 4. australiensis in the same
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culture vessel while integration of E. coli into a dual-species biofilm likely reduces the resource
allocation for synthesis of the ECM. Our study provided several indications on how this switch
from pellicle formation to biofilm formation is regulated. The expression of the transcriptional
anti-terminator RfaH was lower in biofilm-embedded cells relative to pellicle-embedded cells (this
study). Mutants of E. coli K-12 and UPEC that were deficient in RfaH over-expressed genes
coding for antigen 43 (ag43), promoting cell aggregation and formation of microcolonies on

abiotic surfaces (Beloin et al., 2006; Klemm and Schembri, 2004).

The interactions between strains of E. coli and A. australiensis during biofilm formation was
related to quorum sensing (QS) through N-acyl homoserine lactones (AHLs) (Escobar-Mucifio et
al., 2022; Papenfort and Bassler, 2016b). In Gram-negative bacteria, AHLs are synthesized and
detected by LuxRI-type proteins and serve as the most common autoinducers (Papenfort and
Bassler, 2016b). Some bacteria including E. coli contain incomplete LuxI-LuxR QS circuits which
do not produce AHLs but sense AHLs produced by other bacteria via the receptor SdiA (Case et
al., 2008). The following evidence supports that conclusion that inter-species communication via
AHLs regulates pellicle formation in the presence of 4. australiensis: (1) Expression level of genes
associated with quorum sensing was different in co-cultures compared to single culture (Fig. 4.3B);
(i1) The addition of AHL molecules reduced pellicle formation (Fig. 4.4); (iii) The deletion of cell
signaling sensor (SdiA) also reduced pellicle formation (Fig. 4.5); and (iv) The sdi4A-mutant
downregulated the biosynthesis of curli and cellulose in pellicle-embedded cells and produced
thinner pellicles (Fig. 6). SdiA suppresses biofilm formation through downregulating the
expression of motility, fimbriae and curli production in strains of atypical enteropathogenic E. coli
and K. pneumoniae (Culler et al., 2018; Pacheco et al., 2021). Our results expand the knowledge

on its role through the comparison of pellicles and biofilms. The sdi4-negative strain upregulated
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besA, besG, csgA, csgB and csgD in planktonic cells when compared to the parent strain but
downregulated the same genes in the pellicle-embedded cells (Fig. 4.6). These results indicate that
SdiA has different roles for cells in planktonic versus pellicle embedded cells. Also, the deletion
of sdid in E. coli FUA1882 distinctly altered (P <0.05) the expression level of the curli major and
minor subunits in single-culture pellicle-embedded cells, hence potentially resulting in impaired
biofilm formation on solid surfaces when co-cultured with A. australiensis. This hypothesis was

further confirmed by the biofilm biomass data (Fig. S4.2).

A threshold of QS molecules prompts changes in cell regulation. For instance, the bioluminescence
system in V. fischeri is tightly related to the concentration of signaling molecules. The exponential
increase in signaling molecules results in light emission in V. fischeri (Miller and Bassler, 2001).
A recent study additionally outlined that P. aeruginosa delivered a linear response to population
densities (Rattray et al., 2022). In this study, however, the addition of A. australiensis or C4-HSL
(more signaling molecules) to pellicle forming strains of E. coli or deletion of sdid (no signaling
molecules) both negatively impacted pellicle formation. This unexpected finding indicates that in
E. coli, which does not produce HSL but senses HSLs produced by others, quorum sensing may
be involved in decisions on whether to form surface associated biofilms or pellicles by graded
responses, opposite to the dichotomy of the quorum sending ON/OFF state in those organisms that
produce and sense HSL to generate a positive feedback loop. This observation, if confirmed, could
significantly advance our knowledge on pellicle formation in single strains of E. coli mediated by
complex regulatory circuits and expanded the current view of QS-dependent uniformity on dual-

species pellicle formation.

In the natural environment, the presence of this polymeric multicellular assemblages (pellicle) at

the air-liquid interface serves as an important survival strategy relative to planktonic cells. For
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example, pellicle-forming strains of Sa/monella established higher desiccation and chlorination
tolerance under the sheltering of ECM component (Ramachandran et al., 2016; Scher et al., 2005).
Wild type strains of B. subtilis produce robust and strong pellicles with a distinct architecture -
"fruiting body formation" - serving as a preferential site for sporulation (Branda et al., 2004, 2001).
Pellicle-embedded cells of E. coli exhibited a higher resistance to sodium chlorite, hydrogen
peroxide and peracetic acid (Z. S. Xu et al., 2021). In the context of aquatic environments, growth
at the air-liquid interface likely expose microorganisms to high levels of ultraviolet radiation (UV)
(Cunliffe et al., 2013; Fiebig, 2019). Therefore, it is pivotal to gain deeper understanding of
multicellular behaviors during pellicle formation, which may contribute to the development of
novel methods to remove the pellicle matrix and combat the resistant microorganisms in these
ecological niches, thus enhancing the safety and security of food product as well as the health of

human, animals, and environment.
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Chapter 5. High-throughput Analysis of Microbiomes in a Meat Processing Facility: Are

Food Processing Facilities an Establishment Niche for Persisting Bacterial Communities?

5.1 Introduction

Global food systems are challenged to meet the rising demand for food while ensuring
environmental sustainability in the face of climate change, population growth, and malnutrition
(Klaura et al., 2023). Food waste due to microbial spoilage exacerbates these challenges. In 2019,
approximately 77.4 million tonnes of pork, poultry, beef, or mutton were discarded, from which
20% was occurring during processing and packaging stages (Klaura et al., 2023). The food industry
is thus prioritizing efforts to combat spoilage microbes and mitigate their adverse impacts on

products’ shelf life and quality.

The introduction of spoilage microbes onto meat products can occur from bacteria carried by the
animals at slaughter, from the environment, or from microbes residing in the processing facility
environment (Yang et al., 2023a). Muscle tissue is generally considered sterile, but the
environment during slaughtering and fabrication are not, leading to microbial contamination with
air, water, workers, and processing environment as vectors (Gill, 2005). Subsequently, these
microbes can become established through biofilm formation (Snyder et al., 2024). Biofilm-
embedded bacteria attach to the surface of equipment or the processing rooms. The protective
barrier of the biofilm matrix and the development of persister cells under nutrient-deficient
conditions increases bacterial resistance to sanitizers (Alvarez-Ordofiez et al., 2019; Flemming et
al., 2016). The food industry controls biofilm formation by hygienic design of processing
equipment and facilities; however, these efforts fail to fully control the problem and some microbes
persist in food processing facilities. This is best documented for pathogenic bacteria. For example,

a Canadian listeriosis outbreak in 2008 was attributed to Listeria monocytogenes persisting inside
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of a slicing machine (Jespersen and Huffman, 2014) where they were not eradicated by routine

sanitization measures.

Current studies on the composition of microbial communities in food processing facilities are
predominantly based on high throughput sequencing of 16S rRNA gene amplicons (Fagerlund et
al., 2021; Xu et al., 2023a). This approach identifies microbial taxa at the species- or genus level,
however, many bacterial activities and characteristics are strain-dependent. For example, different
strains of Carnobacterium maltaromaticum exhibited different spoilage-related activities and were
affected differently by storage conditions (Casaburi et al., 2011). While metagenomic sequencing
can provide strain level information (Podlesny et al., 2022; Van Rossum et al., 2020), SNP calling
of high quality genome sequences of isolates remains the gold standard of strain-level
identification. This approach is routinely used in outbreak investigations to identify the

transmission paths of bacterial pathogens (Pightling et al., 2018).

Long-term persistence of microbes in food processing facilities implies that these facilities
constitute an establishment niche rather than a persistence niche to which they recurrently transmit
from other sources (Holt, 2009). Current data on strain-level bacterial persistence on farms or in
food processing plants is limited to foodborne pathogens such as L. monocytogenes (Alvarez-
Molina et al., 2021; Daeschel et al., 2022; Harrand et al., 2020), Salmonella (Tassinari et al., 2019)
and Escherichia coli O157:H7 (Arthur et al., 2014). Spoilage microbes do not only contribute to
food deterioration but the biofilms formed by these microbes also enable the persistence of
microbes that do not form biofilms and may shelter foodborne pathogens (Fagerlund et al., 2021;
Zwirzitz et al., 2021). The strain-level persistence of spoilage microbes, however, has not yet been
described. Therefore, this study aims to use high-throughput cultivation to characterize the

microbial community in a meat processing facility at the strain-level, and to determine the overlap
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between isolates from different sites and meat products at two sampling times over a 6-month
period. Isolates were also used to reconstitute multi-species biofilms to assess their biofilm

formation and composition.
5.2 Results

High throughput culture-dependent and culture-independent characterization of microbial

communities in the meat processing facility.

We used culture-dependent and culture-independent methodologies to characterize the microbial
communities in the processing facility. The culture-dependent approach used PCA, APT and
VRBG agars to enumerate total aerobic bacteria, lactic acid bacteria and Enterobacteriaceae. A
total of 739 and 1435 isolates were obtained in the first (Sept 2022) and the second sampling
(March 2023), respectively. Of these, 605 non-redundant isolates from the first sampling and 1281
non-redundant isolates from the second sampling were characterized at the species level by Sanger
sequencing of the full-length 16S rRNA gene and Nanopore whole genome sequencing,
respectively (Fig. 5.1 and Fig. S5.1). Pseudomonas species were the most prevalent, regardless of
whether the sample was from meat or from surfaces before or after sanitation (Fig. 5.1 and Fig.
S5.1). Other frequent isolates include Enterobacteriaceae, Janthinobacterium, Psychrobacter,
Acinetobacter and Flavobacterium. Gram-positive organisms including lactic acid bacteria,
staphylococci and Brochothrix only accounted for a small fraction of the total number of isolates
(Fig. 5.1 and Fig. S5.1). The microbial diversity in meat samples at the time of packaging were
similar for both sampling times. The microbial composition in the drain (cooler) after cleaning and
sanitation, trolley (cooler) and tray (fabrication room) during production overlapped with that of
meat collar samples. Microbial communities on surfaces obtained during production and after

sanitation were generally similar (Fig. 5.1 and Fig. S5.1). Several genera including Acinetobacter,
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Psychrobacter and Serratia, however, were not recovered from sanitized surfaces although these
were highly prevalent during operation. After 90 days of vacuum-packaged refrigerated storage,
meat microbiota changed and facultative anaerobes including Carnobacterium, Lactococcus,
Leuconostoc and Latilactobacillus species and Enterobacterales of the genera Rahnella, Hafnia,
Serratia, Yersinia and Rouxiella dominated. Pathogens were not detected but the non-pathogenic

Listeria welshimeri was found on the inner surface of connection joints of a conveyor belt (D-BT3

CI).
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Figure 5.1. 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,
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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-TS5, 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 Cl, 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.

Each sample was additionally characterized by sequencing of full length 16S rRNA gene
amplicons to identify uncultured organisms (Fig. 5.2 and Fig. S5.2). Of 4 out of 70 samples
collected in March 2023, the biomass was too low to obtain PCR amplicons. In 54 of the remaining
66 samples, more than 75% of the bacterial diversity at genus level was cultured, while in 6
samples, culture-based methodology accounted for less than 25% (Fig. 5.2). The proportion of

uncultured organisms was particularly high on sanitized surfaces where dead microbial cells are
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present. Additionally, our culture-based approach did not recover strict anaerobes. Low abundance
taxa in nutrient-deficient surfaces such as pipes, curtain and walls were also identified with
sequencing but not with culturing. The higher proportion of uncultured genera among samples
collected in September 2022 (Fig. S5.2) may relate to the smaller number of isolates collected.
The genera Janthinobacterium, Paraburkholderia, Brevundimonas, Devosia and Dellaglioa were
underrepresented or not recovered by culture but accounted for a substantial proportion of

sequences in several samples (Fig. 5.2 and Fig. S5.2).

Conversely, multiple taxa were frequently cultured but represented less than 1% of the 16S rRNA
gene sequences or were not represented (Table 5.1). Only one sequencing read (out of 15,122 reads)

was classified as Listeria but L. welshimeri was isolated from a conveyor-related surface.
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Table 5.1. Bacterial isolates that represented less than 1% of the respective genera in Nanopore

16S rRNA gene sequencing or were not detected by sequencing.

Isolates at genus level # of Sampling sites
species
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 DO
C-Retail, D-cutting board W (AP), D-QC1, D-retail saw, D-shrink tunnel C-
Carnobacterium 2 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 DO
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 DO, Picnic.3.mon
Listeria 1 BT3-CI
Macrococcus 1 C-retail
Microbacterium 3 ]1)-wall in shipping truck, D-BT3, D-Pipes 2, plastic-curtain, D-drain in cooler
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-QCl1
Rahnella 1 D-break table
Renibacterium 1 C-worktable
BT1-CI, D-gloves, D-drain in cutting room AP, D-knife slicing plastic, D-
Serratia 4 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
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Figure 5.2. 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.
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Microbial diversity in the meat processing facility

Both culture-dependent and culture-independent approaches revealed diverse microbial
communities in the meat processing facility. A collection of 1,885 isolates from two sampling
periods represented 4 phyla: Pseudomonadota, Bacillota, Bacteroidota and Actinomycetota.
During the first sampling, 28 genera and 76 species were cultured; during the second sampling, 47
genera and 137 species were identified. (Fig. 5.1 & Fig. S5.1). Multiple isolates from the second
sampling could not be assigned to known species in the GTDB, indicating isolation of 71 novel
taxa (Fig. 5.1). These isolates are designated as "sp." or "sp" followed by numbers. The culture-
independent approach identified 67 and 68 genera with a relative abundance of 1% or higher in
September 2022 and March 2023, respectively. Among these, 23 genera were identified in both

sampling times.

The composition of microbial communities on meat and environmental samples were analysed
with the Bray-Curtis distance across four classifications: (i) type of surfaces, (ii) location, (iii) zone
concept based on the proximity to food products (FDA, 2017), and (iv) pre- and post-sanitation.
Analyses, conducted based on both culture-dependent and culture-independent approaches,
showed significant differences in the surface microbiome before and after sanitation but
differentiation based on surface type, location, or classified zone at either sampling time did not

reveal differences (Fig. 5.3, Fig. 5.4, and Fig. S5.3).
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Figure 5.3. 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.
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Figure 5.4. 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 interactions on meat processing environmental and meat surfaces

Bacterial correlation networks of isolates and 16S rRNA gene amplicons obtained in March 2023

were constructed to explore patterns of bacterial co-occurrence (Fig. 5.5 and Fig. S5.4). The
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positive correlations between species suggest synergistic relationships and possibly preferences
for similar growth conditions, contamination patterns, or surrounding environments (Yang et al.,
2023a). The analysis based on culture-independent approach identified multiple clusters with
species of the genera Psychrobacter, Janthinobacterium, Pseudomonas, Acinetobacter and
Pantoea at the centre (Fig. 5.5). Spoilage-associated microorganisms such as Carnobacterium and
Latilactobacillus co-occurred with Gram-negative organisms (Fig. 5.5 and Fig. S5.4). Most
Pseudomonas species correlated with others, implying the synergistic inter-species interactions in
the meat processing environment. Janthinobacterium displayed positive correlations with Serratia
liquefaciens, Pseudomonas and Pedobacter species (Fig. 5.5). Co-occurrence patterns among
several novel species imply their unique ecological roles. The network analysis based on 16S
rRNA genes identified three clusters: one large cluster and two smaller ones (Fig. S5.4), and only

partially overlapped with the species level interactions (Fig. 5.5).
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Figure 5.5. 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.

Biofilm formation

To determine the ability of the microbial communities to form biofilms, we reconstituted isolates

of 10 sampling sites to obtain communities with 5 — 15 species. All microbial communities formed
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biofilms with a crystal violet absorption ranging from 0.4 to 2.4 after 6 d incubation. Microbial
communities from stored meat showed weakest biofilm formation (Fig. 5.6A). Multi-species
biofilms had a significantly higher biomass at 4°C than at 25°C, except for mixed cultures from
the clean drain (Fig. 5.6E). The highest biomass (2.40 + 0.29) occurred in a sample grown at 4°C

(Fig. 5.6K).
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Figure 5.6. 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°C and 25°C 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:
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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).

Temperature altered the biofilm community composition and the type of biofilms. Overall, a high
temperature (25°C) favored the growth of Carnobacterium species (Fig. 5.6). In contrast, the
abundance of Serratia species was independent of incubation temperature (Fig. 5.6). Leuconostoc
gelidum (Fig. 5.6F and Fig. 5.6H), Lt. curvatus (Fig. 5.6G), Duganella zoogloeoides (Fig. 5.6C)
and Pedobacter antarcticus (Fig. 5.6D) were not detected in multi-species biofilms regardless of
incubation temperature. Pellicles were formed by the microbial community isolated from fresh

meat at 4°C but not at 25°C.

The microbial composition of biofilm examined by culturing and 16S rRNA sequencing revealed
agreement on the diversity and abundance. Prevalent genera included Carnobacterium,
Pseudomonas, Macrococcus, Brochothrix, and Enterobacteriaceae, while Leuconostoc,
Lactilactobacillus and Duganella was detected with less than 1% abundance (Table S5.4). Of note,
Janthinobacterium spp. had low abundance in culturing but were the second most abundant genus
in a floor trap sample incubated at 4°C. This finding and the high frequency of uncultured
Janthinobacterium isolates (Fig. 5.2) emphasize the necessity of using different culture conditions

to recover this organism.
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Strain-level analysis of dispersal within the facility and persistence over time

To identify strain-level dispersal within the facility and persistence over time, we generated core
genome phylogenetic trees of all species that were isolated from stored meat samples, i.e.
Carnobacterium, Rahnella and Serratia (Fig. 5.7 and Fig. S5.5). Pairwise SNP analysis was then
used to identify closely related isolates at the strain level (Tables 5.2 and S5.3). The high
relatedness of isolates from fresh and stored meats: 0 —2 SNPs (Table 5.2), is expected as sampling
likely isolated the same strain and thus validates the workflow for genome sequencing and SNP

calling.
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Table 5.2. Pairwise single nucleotide polymorphisms (SNPs) between genomes of isolates of C. maltaromaticum within the same
phylogenetic cluster. Strain IDs are color-coded vertically by isolates collected in the first sampling (light blue) and the second sampling

(pink), or horizontally based on isolates from meat samples (purple), FCS (red), and NFCS (sky blue).

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 -
Csomeom
L3* - MCI11* -
P16 <1 - TC650 10 -
P1 <1 <1 - TC966 8 2 -
TC922 - TC1275 -
TC807 2 - TC219 <1 -

* Indicates the reference genome for pairwise SNP comparison among isolates in the same cluster
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Figure 5.8 depicts the isolates from various sampling sites that differ in fewer than 10 SNPs on a
schematic map of the processing facility. These isolates were considered to represent the same
strain. Strains of all of species of interest were isolated at both sampling points (Table 5.2 and
Table S5.3). Figure 5.8 thus indicates how spoilage-associated microbes dispersed across
environmental surfaces and meat samples at a strain-level. Notably, none of the strains was
detected in the killing room, which was sampled only at one site. Isolates of C. maltaromaticum
from fresh and stored meat samples were closely related to isolates from drain samples in the
cooler room, a sanitized conveyor belt, the working table or the vacuum packaging machine (Fig.

5.7 and Fig. 5.8).
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Figure 5.7. 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.
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Isolates of C. divergens from the same meat sample pre- and post-storage were identical (0 SNP)
and matched other environmental isolates, which has persisted over 6 months regardless of
sanitation measures (Fig. S5.5A and Table S5.3). Different strains of C. divergens dispersed across
various environmental surfaces in the packaging area. For example, isolates from the conveyor
belt (D-T5) differed by fewer than 4 SNPs from those on the equipment surface (ES3), quality

control table, shrink tunnel, and working table (Fig. 5.8).
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Figure 5.8. 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 (Q), S. proteamaculans (%), R. rivi (>) and R. inusitata (m). 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.

115



One drain isolate of Rahnella rivi collected post sanitation during the first time sampling differed
by 3 SNPs from isolates identified in the stored picnic sample from the second sampling. Meat
isolate, Rahnella inusitata MC41 from the first sampling differed by 3 or fewer SNPs from isolates
collected from the conveyor belt and the break table in the second sampling. One isolate of R.

inusitata from D-tray (TC1041) transmitted to other stored meat samples (<2 SNPs).

Isolates of Serratia proteamaculans, differed by 2 SNPs, were found among meat isolates, NFCSs
like quality control tables and drains, and FCSs such as conveyor belts (D-CB#2) over a period of
six months (Table S5.3). Two isolates that were collected from the same sampling site (D-ES3)
over a period of six months differed by 2 SNPs. These isolates also differed by fewer than 5 SNPs
from an environmental isolate from D-ES2 (NFCS of the CryoVac machine) and the CryoVac
machine (D-T5). Taken together, meat isolates of C. maltaromaticum and R. rivi mainly originated
from the drain area in cooler room while meat isolates of C. divergens and S. proteamaculans

dispersed and persisted both food contact and non-food contact surfaces in the packaging area.
5.3 Discussion

High-throughput culture-dependent and culture-independent analysis of microbiome
dynamics in the meat processing facility. Sequence-based approaches are fast, affordable and
also accounted for microbes that occur in low abundance or are difficult to cultivate. However,
16S rRNA amplicon sequencing typically characterizes bacterial communities at the genus level
and is subject to biases introduced by DNA extraction and PCR amplification (Laursen et al., 2017).
In addition, DNA based analyses do not differentiate between viable and dead cells (Ruan et al.,
2024; Wuyts et al., 2018), which is particularly relevant for post-sanitation surfaces. Metagenomic
sequencing, on the other hand, is constrained by the limitation of current reference databases, and

by contamination in low-biomass samples (Kennedy et al., 2023). Culture-based methods used to
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identify bacteria in food processing facilities focused on foodborne pathogens and employed
selective media to enumerate or isolate Listeria monocytogenes, E. coli O157:H7, and Salmonella

(Arthur et al., 2014; Ferreira et al., 2011).

We employed a high-throughput culture-based approach in combination with sequencing of full
length 16S rRNA gene amplicons. Complementing this high-throughput culture-based approach
with genome sequencing enabled us to characterize isolates at the strain level and thus to identify
their persistence and dispersal in the facility. The culture-independent approach identified
significantly more bacterial taxa, with the exception or Janthinobacterium and Dellaglioa;
however, dominant taxa identified by sequencing were also detected by the culture-dependent
methods. Janthinobacterium species was isolated from the drains of a food processing facility (Fox
et al., 2014) and spoiled MAP-packaged broiler meat (Lauritsen et al., 2019). Dellaglioa species
have been identified in various meat samples (Cauchie et al., 2020; Hultman et al., 2020;
Jaaskeldinen et al., 2016; Pothakos et al., 2014) but their role in spoilage is unclear. Knowledge
on this organism is limited because culture media for cultivation of Dellaglioa spp. were published
only in 2024 (Werum and Ehrmann, 2024). Conversely, 41 genera that were identified by culture
represented fewer than 1% of the total sequencing reads. Therefore, obtaining cultured isolates is
essential to expand the database of reference genomes and for subsequent physiological
characterization as documented by high-throughput culture-based analyses of the gut microbiome
(Forster et al., 2019; Zou et al., 2019), plant roots (J. Zhang et al., 2021) and marine samples (Joint
et al., 2010). Taken together, the combination of both sequence-based and culture-based method
is necessary to accurately represent the structure of the microbial communities in food processing

facilities.
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Microbial diversity in the meat processing facility. The meat processing facility harbored
diverse microbial communities which includes 71 bacterial taxa that were not previously cultured
or characterized. Isolates with high abundance and occurrence include representatives of genera
that were frequently found within the meat processing environment such as Pseudomonas,
Acinetobacter, Psychrobacter, and Flavobacterium which are also considered to spoil fresh meat
(Xu et al., 2023a). Common representatives on vacuum-packaged meat, such as lactic acid bacteria
(Carnobacterium, Leuconostoc and Lactilactobacillus), Brochothrix and Enterobacteriaceae
(Serratia, Rahnella, and Hafnia), were also found on environmental surfaces in the meat
processing facility. Animal-associated microbes such as Clostridium, Clostridioides, Escherichia,
Prevotella, Bacteroides, and Treponema (Quan et al., 2020), were absent in both meat and
environmental surface samples, supporting the prior conclusions that core microbiome across
different food communities primarily originates from the processing facilities rather than the

respective raw materials (Xu et al., 2023a).

Meat spoilage-associated microbes are prevalent in the reconstituted biofilm communities.
Reconstruction of model communities allows for a deeper understanding of microbial interactions
in biofilm consortia (O’Toole, 2024; Shayanthan et al., 2022). Biofilms provide an ecological
niche for bacterial co-existence and co-operation and protect microbes against routine cleaning
and sanitation, thus supporting persistence (Alvarez-Ordoiez et al., 2019; Sadiq et al., 2023). Past
studies have predominantly focused on biofilm formation in single- and dual-species, with only a
few recent studies investigating bacterial interactions and composition in the reconstituted multi-
species biofilms of environmental isolates, typically within an incubation temperature range of
7°C to 15°C (Fagerlund et al., 2017; Langsrud et al., 2016; Rolon et al., 2024; Sadiq et al., 2023;

Wang et al., 2024). We documented the ability of environmental isolates to form biofilm at
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refrigerated temperature (4°C). The ability of forming biofilms at refrigerated temperature
increases risks associated with psychrotrophic pathogens, such as L. monocytogenes. We also
observed that one microbial community formed surface-attached biofilms at ambient temperature
but floating pellicles at refrigeration temperature. Pellicle formation in Acinetobacter baumannii
and Pseudomonas aeruginosa is associated with cyclic diguanylate (c-di-GMP) (Ahmad et al.,
2020; Li et al., 2012), whose signal transduction is temperature-dependent (Almblad et al., 2021).
The switch of biofilm phenotypes also depends in inter-species communication (Xu et al., 2023b).
Thus, the collection of isolates also allows further comprehensive research on microbial

interactions and resistance to sanitation of biofilm-embedded microbes.

Strain-level characterization of dispersal within the facility and persistence over time. Past
studies on strain-level bacterial persistence in food processing facilities focused on pathogens
(Arthur et al., 2014; Estrada and Harris, 2024; Yang et al., 2017a), documenting strain-level
persistence over a period of 17 years (Harrand et al., 2020). In investigations of foodborne
outbreaks, a threshold of 21 SNPs is widely used for strain-level identification (Pightling et al.,
2018). Most studies on persistence of Listeria in food processing facilities used the same SNP
threshold [40—44]. However, L. monocytogenes evolved in a cold-smoked salmon processing
facility with a mutation rate of only 0.35 SNPs per genome per year (Harrand et al., 2020). In
addition to the environmental conditions including nutrient availability or environmental stress,
the bacterial mutation rate depends on the bacterial species and the time of observation (Kuo and
Ochman, 2009). The SNP threshold for strain-level identification thus depends on the context. The
cut-off of 21 SNPs is supported by tens of thousands of sequenced genomes in outbreak

investigations (Pightling et al., 2018) but such calibration data is unavailable for persisting spoilage
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microbes. We thus used a conservative SNP threshold of 10 SNPs, three times higher than the

number of false positives of the SNP calling workflow, to achieve strain-level identification.

Meat processing facilities are exposed to a constant influx of bacteria from animals, water, air, and
workers. Colonization by external microbes and persistence are determined by dispersal and
selection, respectively (Vellend, 2010). Bacterial dispersal can be limited by control of incoming
bacteria from animals, air, water and employees while the persistence of bacteria is determined by
nutrient availability, resistance to cleaning and sanitation as well as biofilm formation (Xu et al.,
2023a). Our study indicates that microbes dispersed spatially across surfaces and meat samples
within the facility and persisted over 6 months. Our data together with literature data on persistence
of L. monocytogenes indicates that microbial persistence in food processing facilities is the rule
rather than an exception. The packaging area and floor drains in the cooler emerged as "hotspots"
for bacterial persistence and subsequent transmission to meat samples. Common hypotheses to
explain persistence includes biofilm formation, stress resistance and inappropriate design of
facilities and equipment (Ferreira et al., 2014). The product flow, movement of air and workers,
and cleaning and sanitation measures, e.g. high-pressure cleaning of floor drains which creates
aerosols (Saini et al., 2012), constitute mechanisms of bacterial dispersal in food processing

facilities.

In conclusion, despite the development and feasibility of culture-independent sequencing
approaches in studying microbial ecology and diversity, Robert Koch's assertion that "a pure
culture is the foundation of all research" remains relevant (Thomas D. Brock, 1999) when
appropriately complemented with sequenced-based tools. The combination of high-throughput
culture-dependent and culture-independent methods captured the diversity of microbes and

demonstrated bacterial persistence in the processing facility. This finding provides evidence that

120



food processing facilities are an establishment niche for spoilage bacteria, and food-borne
pathogens. The prevalence of spoilage-associated isolates in synthetic biofilm communities
suggests that biofilm formation contributes to persistence within the facility. These findings
enhance our knowledge on source tracking of microbial food spoilage and promote the

development of improved intervention strategies in food processing facilities.
5.4 Materials and methods
Sampling strategy

The sampling plan was conducted in an Alberta pork processing facility producing packed fresh
pork with a shelf life of three months for oversea shipment. Sampling activities were carried out
in September 2022 and March 2023 (Fig 5.9), in various rooms such as kill floor (15°C), cooler (-
3°C to -1°C), fabrication room (1°C to 4°C), storage room (1°C), shipping truck (1°C) and
packaging area (1°C). To investigate as many different sites as possible at different conditions and
how the microbial composition overlaps with meat productions, sampling was performed on both
non-food-contact surfaces (NFCS) and food-contact surfaces (FCS) during operation hours, after
cleaning and disinfection, and after production. Meat samples were obtained directly from the
production line and swabbed. Subsequently, meat samples were vacuum-packed and stored at 1°C
for a duration of three months, reflecting the anticipated shelf life, prior to sample collection. In
total, 14 NFCS, 30 FCS and 2 meat samples were collected during the first sampling, while 32
NFSC, 37 FCS and 4 meat samples were collected during the second sampling. A standardized
surface area of approximately 600 cm? was swabbed using pre-moistened Whirl-Pak® Speci-
Sponge® Environmental Surface Sampling Bag (Sigma Aldrich, St. Louis, USA). All sponge

samples were kept in a bag at 4°C for further processing within 24 h.
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Sampling time:
Sponge Sampling on *  After sanitization — before production
Equipment Surfaces *  During production — break time

«  After production
Meat samples at the production day VS 3-
month storage

Type of surface  Sep 2022 Mar 2023
NFCS 14 32
FCS 30 37
Meat 2 4
16S rRNA Total isolates 605 1281
ampliccfn Sanger Nanopore
sequencing Sequencing  WGS

Whole Genome

Sequencin
q 9 @ * Genome assembly Coverage
* Species identification 15x

* Phylogenetic and SNP analysis ~ 100x

Figure 5.9. Sampling strategy and experimental workflow.

Bacterial isolation and DNA extraction

To each sponge sample, 10 ml of 0.1% peptone water was added. The sponge sample was
massaged from outside the bag for 2 min to homogenize (Yang et al., 2021) . The swab fluid was
diluted and plated on Plate Count agar, All Purpose Tween agar and VRBG agar to enumerate total
aerobic bacteria, lactic acid bacteria and coliforms, respectively. Plates were incubated at 25°C for
72 hours for cell counts determination and colony isolation. A total of 9 sponge samples were not
detected with any bacteria (6 samples from first time sampling and 3 samples from second time
sampling), and thus only 40 samples from the first time sampling and 70 samples from second

time sampling were included for both culture-based and culture-independent analysis.

To characterize the isolates, 2-5 representative colonies for each distinct morphology was streaked

on corresponding plates. The number of colonies streaked was equal to or exceeded the square
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root of the total number of colonies on the plate. Repeated streak was performed until a uniform
colony morphology was achieved. The number of isolates for each sample ranged from 6 to 35.
Isolates were subcultured into liquid medium to prepare for DNA extraction and frozen culture
stocks of 30% glycerol and stored at -80°C. Five and three low-biomass surfaces did not yield any
culturable isolates during the first and second sampling, respectively (Table S1). Genomic DNA
of each isolate was extracted using the Qiagen Blood & Tissue Kit (Qiagen, Hilden, Germany)
following the manufacturer's protocol for Gram-positive bacteria. DNA concentration and purity
were assessed using the NanoDrop spectrophotometer (Thermo Fisher Scientific). Clonal isolates
within each sponge sample were determined by Random Amplified Polymorphic DNA PCR using
Rep5 primer (GTG GTG GTG GTG GTG). PCR was performed with genomic DNA as the
template in a reaction volume of 25 ul containing 1 ul genomic DNA, 12.5 ul DreamTaq Master
Mix, lul 50 mM MgCl2, 1ul 100 nmol Rep5 primer. Thermocycler conditions were set to: 1 min
of incubation at 96°C; 3 cycles of 3 min at 96°C, 5 min at 35°C, and 5 min at 75°C; and 32 cycles
of 1 min at 96°C, 2 min at 55°C, 3 min at 75°C, and 2 min at 75°C. RAPD PCR products were
separated on 1% agarose gel (60V, 2.5h) and were visualized by UV transillumination after

staining with SYBR Safe.
Genome sequencing

To achieve the species identification, isolates from the first sampling were identified based on the
16S rRNA gene by Sanger sequencing. The 16S rRNA gene region was amplified using primers
27F (5'-AGA GTT TGA TCM TGG CTC AG-3") and 1492R (5'- GGY TAC CTT GTT ACG ACT
T-3") with the following thermocycler condition: initial denaturation at 95°C for 5 minutes,
followed by 30 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 10 seconds,

and elongation at 72°C for 90 seconds, with a final extension step at 72°C for 10 minutes. PCR
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products underwent gel electrophoresis (1.5%) for quality control and were subsequently purified
using the Qiagen QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) before Sanger
sequencing. Forward and reverse nucleotide sequences were manually inspected and corrected
using SnapGene viewer, followed by alignment using EMBOSS prior to blasting against the NCBI
database and RDP classifier training set No. 19 to achieve species-level taxonomic assignment

(Wang and Cole, 2024).

For isolates obtained in the second sampling, the protocol for sequence-based identification was
modified owing to advances in the Oxford Nanopore Whole Genome sequencing platform. DNA
concentration was re-assessed using the dsDNA broad-range assay kits for the Qubit 4 fluorometer
(Thermo Fisher Scientific, Schwerte, Germany). The protocol started with 450 ng input DNA per
isolate. DNA library was prepared following the protocol of Native Barcoding Kit 96 V14 (SQK-
NBD114.96) and loaded onto R10.4.1 MinION flow cell. Raw data were basecalled by Guppy
baseballer and genome was assembled by following the nextflow epi2me/wf-bacterial-genome
workflow. The genome coverage ranges from 5 - 70, with a mean coverage of 18 among 1052
sequenced genomes. Taxonomy classification was determined by Genome Taxonomy Database

Toolkit (GTDB-Tk v2.4.0) based on Genome Taxonomy Database (Chaumeil et al., 2022).

Additionally, microbial composition and diversity of each meat and environmental sample were
analysed by Nanopore full length 16S rRNA gene sequencing. One ml of sponge swab fluid was
used to extract the community DNA using the DNeasy Blood & Tissue kit, following the
manufacturer’s instructions for extracting DNA from Gram-positive bacteria. Three negative
extraction controls without any bacterial pellets were also included. The quality and quantity of
the extracted DNA was determined using a Nanodrop spectrophotometer. In total, 42 out of 46

sponge samples collected in September 2022 were sequenced targeting at full-length 16S rRNA
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gene, while 66 out of 70 collected in March 2023 were processing. Low biomass samples, collected
after cleaning and sanitation, resulted in unprocessed samples for 16S rRNA sequencing. DNA
libraries were prepared using the 16S Barcoding Kit 1-24 (SQK-16S024) protocol and sequenced
on R 9.4.1 Flongle flow cells. Raw data were basecalled by Guppy basecaller, with the use of
model " dna r9.4.1 450bps_hac". Subsequently, epi2me-labs/wf-16Ss workflow was used to blast
against "ncbi_16s 18s" database and only read length between 1200 - 1800 bp were kept for

taxonomy classification.

Biofilm formation

Ten sites which includes Carnobacterium and Serratia species were chosen to reconstitute
multiple-species biofilms and assess their microbial community composition and biofilm
formation. Frozen (-80°C) stock cultures of bacterial isolates were streaked onto Luria—Bertani
agar plates and incubated in a 25°C incubator for 48 hours, followed by subculture in Luria—
Bertani without NaCl (LBNS) broth at 25°C for an additional 48 hours without agitation. A
preliminary assessment was conducted to optimize biofilm formation over 2, 4, and 6 days, with
the most robust biofilm formation observed after 6 days of incubation. To simulate the meat
processing environment, multispecies biofilms were cultivated on food-grade stainless steel
coupons (grade 304, No.4 finish, 12 mm diameter; Stanfos, Edmonton, AB, Canada) at both 4 and
25 degrees, following the established protocol (Z. S. Xu et al., 2021). Briefly, overnight cultures
of each isolate were standardized to ensure equal bacterial populations. One ml each standardized
overnight culture was then combined together and mixed by vertexing to create an overnight
culture cocktail. This cocktail was then diluted 100-fold in 2 mL of LBNS suspension. Stainless
steel (SS) coupons were placed into the bottom of a 24-well flat-bottom cell culture plate (Corning,

Glendale, Arizona) and the 2ml diluted bacterial suspension was transferred into each well. The

125



plate was incubated at 4°C and 25°C for 6 days. After 6 days of incubation, biofilms grown on SS
coupons were harvested and used for cell counts determination and biomass quantification. Cell
counts were determined after gently washing of the coupons to remove loosely attached planktonic
cells. Biofilm-embedded cells were detached by vortexing with glass beads at maximum speed for
1 min. One ml of detached-biofilm suspension was used for differential cells counts of each isolate
based on their bacterial morphology on LB agar, APT agar and Yersinia selective agar, and the
other aliquot (1 ml) was used for DNA extraction and Nanopore 16S full length sequencing, as
described above. Biofilm biomass was quantified with crystal violet staining by following the
established protocol (Z. S. Xu et al., 2021) and measured as absorbance at 570 nm using plate
reader (Varioskan Flash, Thermo Fisher Scientific). Three independent experiments with technical
duplicates were conducted (n = 3) for microbial composition determination and biofilm biomass

quantification.
Phylogenetic and single nucleotide polymorphism (SNP) analysis

Phylogenetic analysis was conducted on all isolates of species that were isolated from meat after
3-month of refrigerated storage, including Carnobacterium maltaromaticum, Carnobacterium
divergens, Rahnella rivi, Rahnella inusitata and Serratia proteamaculans. Sequencing libraries
with the Nanopore Native Barcoding Kit V14 on the Nanopore MinION R10.4.1 flow cell aimed
to achieve a 100-fold to 200-fold higher coverage. Raw data in pod5 format were subset to extract
information on read ID and channel using the Pod5 package v0.3.10 (available at
https://github.com/nanoporetech/podS-file-format). Subsequently, data were basecalled by
Dorado basecaller (available at https://github.com/nanoporetech/dorado) with the basecalling
model of dna r10.4.1 e8.2 400bps_sup@v4.3.0 and demultiplexed by dorado demux to achieve

per barcoded groups. The barcoded sample was basecalled using Dorado duplex. Basecalled reads
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were filtered by Chopper (Nanopack) (De Coster and Rademakers, 2023) to retain those with a
quality score of at least 20 and a read length of at least 500bp. Porechop ABI v0.5.0 (Bonenfant
et al., 2023) was employed to trim adapter sequences and enhance quality. Read quality was
assessed after filtering and adapter trimming using the FastQC program (available at
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Post-QC reads were De novo
assembled using Flye v2.9.3 (Kolmogorov et al., 2019) with 0.03 read error rate and polished with
Medaka v1.11.3 (available at https://github.com/nanoporetech/medaka). Prokka v1.14.5 (Seemann,
2014) was used for genome annotation and core genome was aligned by Roary (Page et al., 2015),
with the minimum percentage identity for Blastp set at 90%. The aligned sequences were further
filtered through TrimAL v1.2 (Capella-Gutiérrez et al., 2009). A Maximum likelihood (ML)
phylogenetic tree was constructed based on the core gene alignment using RAXML-NG v1.12.1
(Kozlov et al., 2019). ModelTest-NG v0.1.7 (Darriba et al., 2020) was employed to predict the
best nucleotide substitution model and bootstrap replicate values. The resulting phylogenetic tree

was visualized using iTOL (Letunic and Bork, 2021) and refined by Inkscape.

FastANI (v1.34) was used for whole-genome pairwise alignment (Jain et al., 2018) and only
isolates with over 99.90% ANI value were taken for SNP analysis (Rodriguez-R et al., 2024).
Firstly, post-QC reads underwent mapping against assembled reference genome with Minimap2
via the epi2me-labs /wf-alignment workflow. Subsequently, SNPs were called using variant caller
Clair3 v1.0.7 (Zheng et al., 2022) . Additional parameters were configured to tailor the SNP calling
process: All contigs were considered in the analysis. Phasing by Whatshap was omitted during full
alignment calling. Haploid mode was enabled, wherein only the presence of 1/1 was regarded as
indicative of a variant. Lastly, only candidates passing SNP minimum allele frequency (AF)

threshold were considered, while indel candidates were ignored. Output results were visualized on
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Integrative Genomic Viewer (IGV 2.17.2) and manually checked to eliminate false positive
variants. The criteria for elimination were as follows: 1) indels are eliminated, ii) a quality score of
at least 2, ii1) a variant distance bias of at least 0.00001(Hall et al., 2023). Pairwise SNP matrix

table was generated using the CFSAN SNP pipeline (Davis et al., 2015).
Statistical analysis

Data visualization and statistical analysis were performed in R environment (version 4.3.1).
Bacterial diversity was assessed using permutational multivariate analysis of variance
(PERMANOVA, 999 permutations, adonis2 function, vegan package, R v4.3.0) based on the
Bray-Curtis dis-similarity of bacterial communities with an error probability of 5% (p < 0.05) to
determine whether sampling areas from different type of surfaces, location, sanitation activity and
zones harbored different communities of microbes. The data were visualized by principal
coordinate analysis (PCoA). Pairwise comparisons between groups were tested by the ‘pairwise.
adonis’ function (pairwiseAdonis package, v0.4.1) with Bonferroni adjustment for multiple
comparisons. Prior to spearman's rank analysis, samples with significantly fewer reads than the
average were excluded. Data were then rarefied into the minimum total reads using vegan package.
Spearman’s rank correlation was performed to infer the co-occurrence of bacterial isolates with
the use of psych package. The correlation with p value less than 0.01 and absolute value co-
efficient > 0.5 was considered as significant. The microbial network analysis was then created and
visualized using igraph package. T test was used to determine the significant difference in biomass

of each sampling site between growth condition at 25°C and 4°C.
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Chapter 6. Ozone Nanobubble for Meat Spoilage Control
6.1 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 (Martinez-Suarez 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,
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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
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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.
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Table 6.1. Strains used in this study.

FUA number Strain name

Resources

Growth condition

Selective media

3558

3559

3560

3561

3562

1497

1451

Brochothrix thermosphacta A401

Carnobacterium maltaromaticum

A404

Leuconostoc gelidum C202

Leuconostoc gelidum ssp.

gasicomitatum A209

Latilactobacillus sakei B310

Yersinia rohdei 47

Hafnia paralvei 1

Retail meat
isolate

Retail meat
isolate

Retail meat
isolate

Retail meat
isolate

Retail meat
isolate

Ground beef

Ground beef

APT broth, 25 °C, aerobic

APT broth, 30 °C, aerobic

APT broth, 25 °C, anaerobic

APT broth, 25 °C, anaerobic

APT broth, 30 °C, anaerobic

APT broth, 37 °C, aerobic

APT broth, 37 °C, acrobic

APT agar supplemented
with streptomycin

mCTAS agar

MRS agar supplemented
with vancomycin

MRS agar supplemented
with vancomycin

MRS agar supplemented
with vancomycin

Yersinia selective agar

Yersinia selective agar
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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 cm?. 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 cm?. 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 10> CFU/mL and 10*
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 10? and 10* CFU/cm?. To determine the desired sample

concentration, the following formula was used:

Surface area X desired sample concentration

= Volume absorbance X concentration culture mix

Example calculation for 10> CFU/cm?:
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15.7 X 102 CFU/cm? = 0.5 mL X 10° CFU/mL

> ?7=3.49

Therefore, the inoculation was carried out with a diluted culture mix at a concentration of 10>%

CFU/ml to achieve a final concentration of 10> CFU/cm? 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 solucidn, 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: 1) Meat samples were directly
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vacuum packaged after inoculation and will be treated after seven days of storage at 12°C; i1) Meat
muscle and adipose tissues were treated without packaging and storage to check the efficacy of the
treatment; ii1) 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 D/E neutralizing broth. 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
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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 ¢200 (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
cm?®
m2x24 h

rate (OTR) of 52

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 swabbed using Pre-moistened

Whirl-Pak® Speci-Sponge® Environmental Surface Sampling Bag (Sigma Aldrich, St. Louis,
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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
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inoculated with common meat-spoilage microorganisms at 10> and 10* CFU/cm? 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 10* CFU/cm?. 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 10* inoculations (Fig 6.2). Brochothrix was more affected by the treatment with
peracetic acid and ozone than the other species. The 10* inoculations also implies that peracetic
acid has a stronger impact on Carnobacterium, but this was not confirmed in the 10? inoculations.
Cell population of Yersinia among muscle samples was less than 100 CFU/cm?. 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/cm? despite the initial inoculation density. Cell counts for Latilactobacillus
and Hafnia reach up to 7-8 log CFU/cm?. There is no difference between the different treatment

groups.
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Figure 6.1.Bacterial reduction of each inoculum strain after treatment. Samples of pork muscle (A
and B) and adipose tissue (C and D) were inoculated with 10> CFU/cm? (upper panels) or 10*
CFU/cm? (lower panels). Samples were treated with 30 ml of water (gray), 400 ppm peracetic acid
solution (orange), or 7 ppm ozone nanobubble (dark blue) for 1 minute. Cell counts were collected
right after treatment. Data are shown as means + standard deviations for three independent

experiments. An asterisk indicates values differ significantly (P<0.05).
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Table 6.2. Bacterial cell counts of meat sample inoculated with 10* CFU/cm? and stored vacuum-

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

Inoculum strains

Bacterial cell counts (Log CFU/cm?)

Control PAA O3 nanobubble
Brochothrix thermosphacta A401 6.36 +0.25 5.73+0.33 6.14+0.12
Carnobacterium maltaromaticum A404 547 +0.35 4.09 +0.95 5.34 +0.80
Leuconostoc gelidum * 8.08 +0.30 7.41 +0.64 7.73 +0.51
Latilactobacillus sakei B310 547+ 1.54 5.03+1.28 523 +1.12
Hafnia paralvei 1 7.30+0.30 6.78 +0.12 7.02+0.27
Yersinia rohdei 47 5.60 +0.31 5.20+0.49 5.48 +0.58

*Mix strains of L. gelidum C202 and Leuconostoc gelidum ssp. gasicomitatum A209
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Figure 6.2. Bacterial cell counts of each inoculum strain after treatment. Samples of pork muscle
(A and B) and adipose tissue (C and D) were inoculated with 10> CFU/cm? (upper panels) or 10*
CFU/cm? (lower panels). Samples were treated with 30 ml of water (gray), 400 ppm peracetic acid
solution (orange), or 7 ppm ozone nanobubble (dark blue) for 1 minute. Cell counts were collected
after treated samples stored at 8°C for 7 weeks. Data are shown as means + standard deviations

for three independent experiments.

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
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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 10> CFU/cm?. The high variation of cell reduction was attributed to the level
of Brochothrix in a few samples were below detection limit (6.36 CFU/cm?). 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).
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Figure 6.3. Reduction of cell counts of in inoculum strains with treatment of 500ml solutions for
Imin. Inoculated pork muscle samples were treated with 400 ppm peracetic acid (orange bars) or
7 ppm ozone nanobubble (dark blue bars). Meat samples were inoculated with 10> CFU/cm? (A)
or 10* CFU/cm? (B). Data are shown as means + standard deviations for three independent

experiments. An asterisk indicates values differ significantly (P<0.05).
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Figure 6.4. Reduction of cell counts of in inoculum strains after flow-system (30 ml/min)
treatment. Inoculated pork muscle samples were treated with 400 ppm peracetic acid (orange bars),
7 ppm ozone nanobubble (dark blue bars), 2% lactic acid (white bars). Data are shown as means
+ standard deviations for three independent experiments. Values differ significantly (P<0.05) if

the bars do not share a common superscript.

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/cm? (Fig 6.5). Specifically, Leuconostoc and

Latilactobacillus dominated the growth with 5-6 log increases, while Carnobacterium,
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Brochothrix, Hafnia and Yersinia grew by 2-3 logs. Bacterial populations surged upon week 6 and

stabilized or decreased by week 8.
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Figure 6.5. Bacterial cell counts of inoculum strains in treated meat samples after vacuum-
packaging storage. Each meat sample were inoculated with 10> CFU/cm? (black) and treated with
water (red), ozone nanobubble (green), peracetic acid (yellow) or lactic acid (blue). Cell counts
were determined after 1 week, 2 weeks, 4 weeks, and 8 weeks of storage at -1°C. Results are

reported as means + standard deviations (n=3).

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/cm? throughout storage. Yersinia showed the most striking difference; after an initial
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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 0zone 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.
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Table 6.3. Abundance of microbiota in vacuum-packaged pork samples after 3 month refrigerated

storage. The microbial composition was compared among samples that were treated with/without

ozone nanobubble solution in situ.

Bacterial Relative abundance (%) in pork samples

Genus Tenderloin Tenderloin
Leg Control Leg Ozone Control Ozone
Serratia 37.57 56.72 68.03 88.74
Pseudomonas 0.09 0.06 0.31 0.20
Yersinia 2.79 10.46 1.90 0.96
Vagococcus 34.97 9.12 10.45 -
Carnobacterium 5.88 8.31 13.86 8.29
Morganella 3.78 7.91 - -
Janthinobacterium - 3.26 - -
Dellaglioa 1.52 1.94 2.92 0.88
Rahnella 0.62 1.57 0.03 0.15
Hafnia 0.19 0.32 0.50 -
Leuconostoc 1.80 0.19 0.03 -
Latilactobacillus ~ 0.04 0.05 0.04 0.20
Budvicia - 0.03 - -
Obesumbacterium - 0.03 0.07 -
Rouxiella - 0.03 - -
Clostridium 10.38 - - -
Lactococcus 0.24 - - -
Dysgonomonas 0.04 - - -
Enterococcus 0.04 - - -
Lactiplantibacillus  0.04 - - -
Buttiauxella - - - 0.60
Providencia - - 1.87 -

147



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
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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 (-1°C). 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
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(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 10*
CFU/cm? 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/cm? (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%02/20%CO>
modified atmosphere (Lauritsen et al., 2019). Although the bactericidal effect of 0ozone 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
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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 CO; 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/cm?) to turbulent circulation (1.22 + 0.43 log CFU/cm?) 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
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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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Chapter 7. Characterization and Diversity of 74 Novel Species Isolated from a Pork

Processing Facility

7.1 Introduction

The isolation of bacteria from food processing plants suggested that 219 isolates belong to
undescribed bacteria taxa. This chapter aims to determine which of these isolates represent novel
species when using the criteria less than 70% digital DNA-DNA hybridization (d{DDH) and less
than 95% average nucleotide identity (ANI) when compared to the most closely related type strain,
1.e. the criteria that are most commonly used for the genome-based taxonomy of bacteria (Chun et

al., 2018).

7.2 Materials and methods

7.2.1 Bacterial isolation, sequencing and download of type strain

Bacterial isolates were obtained, sequenced and aligned to Genomic Taxonomy Database (GTDB)
as described before. Genomes with less than 95% average nucleotide identity (ANI) were
considered as potential novel species. In addition, the assigned taxonomy with "genus name & 9-
digit numbers" represents available genome in GTDB database (Parks et al., 2021), but their
physiological characterization is missing, thus included in the analysis. To determine the
phylogenetic distance of each isolate to its closely related to species, NCBI Datasets was used to
retrieve type strain genomes from NCBI database (O’Leary et al., 2024). Type strain information

was cross-checked with LPSN-DSMZ database (https://lpsn.dsmz.de/).

7.2.2 Phylogenetic analysis and determination of pairwise average nucleotide identity

To determine the closely related species to the potential novel species, FastANI was used to obtain

the pairwise nucleotide average identity (Jain et al., 2018). Two to five type strains most closely
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related to the novel species were selected for subsequent phylogenetic analysis. Genomes of type
strains and isolates of novel species were annotated with Prokka (Seemann, 2014), and protein
sequences were used to infer their phylogenetic distance through Phylophlan v3.1.1 (Asnicar et al.,
2020) based on universal marker genes in phylophlan database. MAFFT was used for multiple
sequence alignment (Katoh and Standley, 2013), and the alignments were trimmed with TrimAl
(Capella-Gutiérrez et al., 2009). The phylogenetic tree was inferred using IQ-TREE (Nguyen et

al., 2015).

7.3 Results and discussion

Of the 1281 sequenced isolates, 219 were not assigned to known species according to the GTDB
database (ANI <95%). Pairwise whole-genome alignment analysis indicated that these isolates
belong to 74 distinct species, distributed across 26 genera and 4 phyla (Table 7.1). Their
phylogenetic distance and ANI are illustrated in Figure 7.1. Particularly, 26 out of 74 the potential
novel species belong to the Pseudomonas genus (Table 7.1). In fact, the genus Pseudomonas
exhibits extensive genetic diversity, with 300 species identified, owing to their versatile lifestyle
among diverse environments. The rapid identification of new Pseudomonas species and frequent
misclassification in taxonomy (Girard et al., 2021; Passarelli-Araujo et al., 2022) underscore the
necessity of further subdividing the genus Pseudomonas. Subsequent characterization, including
growth conditions, biofilm formation, and lipolytic and proteolytic activities, will be conducted to
evaluate their biofilm formation ability and spoilage potential for understanding their physiological

features in food processing environments.
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Table 7.1. Summary of novel species isolated from the pork processing environments.

Phylum Strain ID Isolation source Taxon*
Actinomycetota TC276 D-wall in cooler Frigoribacterium sp nov. 001421165
TC783 D- drain in cooler 1 Microbacterium sp nov. 002979655
TC172 C- break table Microbacterium sp nov. 015350795
TC452 D- pipes2 Microbacterium sp nov.1
TC129 C-QC2 Microbacterium sp nov.2
TC136 C-QC2 Microbacterium sp nov.3
TC857 D-air blower Plantibacter sp nov.1
TC168 C- break table Plantibacter sp nov.2
TC566 D- plastic curtain Pseudoclavibacter sp nov.
TC169 C- break table Renibacterium sp nov. 005809195
TC593 D- drain in cooler2 Specibacter sp nov.
Bacillota TC223 C-retail Macrococcus sp nov. 019357535
TC104 C-CB3 Neobacillus sp nov. 002559145
Bacteroidota TC732 D- knife sharpener (steel) Epilithonimonas sp nov. 1
TC1206 D- drain in bagging Epilithonimonas sp nov. 2
TC604 D- drain in cooler2 Flavobacterium sp nov. 003668995
TC687 D-ES1 Flavobacterium sp nov. 2
TC780 D - little hole Flavobacterium sp nov. 3
TC781 D - little hole Flavobacterium sp nov. 4
TC1208 D- drain in bagging Flavobacterium sp nov. 5
TCI1211 D- drain in bagging Flavobacterium sp nov. 6
TC906 D-break saw Flavobacterium sp nov.1
TC837 Water sample Pedobacter sp nov.1
TC712 D- SS on top of CB-BT1  Pedobacter sp nov.2
TC808 drain in cooler 1 Sphingobacterium sp nov. 000938735
Pseudomonadota TC683 D-ES1 Acinetobacter sp nov.
T981 D-T5 Acinetobacter sp nov. 002135415
TC133 C-QC2 Brevundimonas sp nov. 002434505
SX535 CB3 Ewingella sp nov.
TC1122 D- drain in cutting room  Janthinobacterium sp nov.
(AP)
TC711 D- SS on top of CB-BT1  Janthinobacterium sp nov. 002846335
TC350 D-wizard knife Janthinobacterium sp nov. 002878455
TC779 D - little hole Janthinobacterium sp nov. 009208735
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Phylum Strain ID Isolation source Taxon*

Pseudomonadota TC934 D-break table Janthinobacterium sp nov. 009923995
TC787 D- drain in cooler 1 Janthinobacterium sp nov. 900112025
TC82 C-work table Methylobacterium sp nov.

L18 Loin 3 month Moellerella sp nov.
TC12 BT3-CI Morganella sp nov.
TC839 Water sample Polaromonas sp nov.
BTI1-P2 BT1-2nd Providencia sp nov. 003533305
TC309 D- apron Pseudochrobactrum sp nov.
TC27 BT3-CI Pseudomonas sp nov. 012985465
TC793 D- drain in cooler 1 Pseudomonas sp nov. 012985665
TC192 C-QC1 Pseudomonas sp nov. 900187645
TC1046 D-T3 Pseudomonas sp nov. 002018875
TC405 D-pipesl Pseudomonas sp nov. 002874965
T974 D-T5 Pseudomonas sp nov. 005938045
T603 D- drain in cooler2 Pseudomonas sp nov. 008369295
TC795 D- drain in cooler 1 Pseudomonas sp nov. 010095445
TCI1213 D- drain in bagging Pseudomonas sp nov. 019345465
T1031 D-T5 Pseudomonas sp nov.1
TC1092 D- meat basket Pseudomonas sp nov.10
TC124 C-QC2 Pseudomonas sp nov.11
TC131 C-QC2 Pseudomonas sp nov.12
TC523 D-bloody drain Pseudomonas sp nov.13
TC1290 Meat - loin Pseudomonas sp nov.14
TC1184 D-QC2(Mar 7th) Pseudomonas sp nov.15
TCI1195 D- drain in bagging Pseudomonas sp nov.16
TC1200 D- drain in bagging Pseudomonas sp nov.17
TC1056 D-T3 Pseudomonas sp nov.18
TC1048 D-tray Pseudomonas sp nov.19
TC921 D-break table Pseudomonas sp nov.2
TC941 D-door Pseudomonas sp nov.3
TC943 D-door Pseudomonas sp nov.4
TCS835 D-QCl1 Pseudomonas sp nov.5
TC1106 D- drain in cutting room  Pseudomonas sp nov.6

(AP)
TC447 D- pipes2 Pseudomonas sp nov.7
TC465 D-trim 2 (T2) Pseudomonas sp nov.8
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Phylum Strain ID Isolation source Taxon*

Pseudomonadota TC1078 D- meat basket Pseudomonas sp nov.9
TC620 D-ss hold under cutting Serratia sp nov.1

board

SX649 clean cb$3 Serratia sp nov.2
TC81 C-work table Sphingomonas sp nov.
TC717 D- knife sharpener (steel) Stenotrophomonas sp nov.
TC581 D- plastic curtain Variovorax sp nov.

* Taxon followed by 9-digit number indicates the genomes available in GTDB database without

physiological characterization.
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Figure 7.1. Phylogenetic distance (A) and Average Nucleotide Identity (ANI) (B) of the new
species and their closely related type strains. A. Phylogenetic tree of 168 type strains and 74
potential new species reconstructed by PhyloPhlAn 3.1.1 based on 400 universal marker genes
from phylophlan database, inferred by I[QTree. Colors denote different taxa: red for

Actinomycetota, blue for Bacillota, brown for Bacteroidota, green for Alphaproteobacteria, grey
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and purple for Gammaproteobacteria. The bar plot indicates the number of isolates obtained for
each potential new species. B. Heatmap of ANI values from whole-genome comparisons of 242

genomes, generated using FastANI.
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Chapter 8. General Conclusion and Discussion

Food processing environments serve as complex niches for bacterial colonization, adaption,
persistence and dispersal, which subsequently shapes the microbial composition and diversity. A
core microbiome exists regardless of different commodities, while each food commodity possesses
its own accessory microbiome (Chapter 2). The determination of core and accessory microbiomes
is driven by various selection factors. My doctoral research project focused on the impact of
biofilm formation, bacterial communication and cooperation on microbial community assembly,

providing insights into the use of ozone nanobubble solutions as novel intervention strategies.

8.1 Translation of microbial ecology in food processing to practical sanitation protocols

Contamination of food products with food pathogens and spoilage microorganism may occur in
various stages. From the farm level, microbes can be introduced from soil, water manure, compost,
and scat (Bottichio et al., 2020). The Shiga toxin-producing Escherichia coli outbreaks in 2018
associated with romaine lettuce was considered airborne and linked to feedlot and irrigation water
contamination (FDA, 2024). From the operation unit, microbes are introduced by the surrounding
environment and their diversity and abundance are shaped by employees, hygienic design,
sanitation strategies and packaging methods (Fig 1.1). From the fork level, how food is prepared
and maintained in the retails or households also impact the composition of microbes and further
determine food safety and quality. For example, Salmonella is the most frequent food pathogen
that have been isolated in domestic kitchen and equipment surfaces including refrigerator door
handles, tap handles and kitchen sinks (Borrusso and Quinlan, 2017; Evans and Redmond, 2019).
It is thus critical to understand the microbial community dynamics at various stages to better
support root cause analysis (The Pew Charitable Trusts, n.d.). The implementation of hazard

analysis critical control point (HACCP) programs has improved the safety of food products, while
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to some extent, it also shaped the microbial condition by critical control point and the use of
prerequisite programs. More specifically, the letter of guarantee from suppliers can limited the
dispersal of microbes from raw materials to food products. Other prerequisite programs such as
hygienic design, sanitation programs and personnel training also serve as selection forces to
determine the microbial conditions of food products. The common critical control points such as
heating and pasteurization, could drive the diversification process and serve as biotic factors for
selection. An expelling example is the occurrence of tLST operon among strains of E. coli that
were isolated from meat processing facility that pasteurize carcasses with steam/hot water and and
pasteurized milk (Guragain et al., 2023; Machado et al., 2023; Zhang and Yang, 2022). In chapter
3, I further investigated the role of tLST against oxidative stress in biofilm-embedded cells. The
presence of tLST locus is positively correlated with biofilm biomass and enhance resistance to
common sanitizers. The prevalence of this mobile genomic island is 2.7% among strains of E. coli
and both intra and interspecies transmission were observed from chromosomal and plasmid-borne

tLST (Zhang and Yang, 2022).

In chapter 2, I identified a core microbiome regardless of different commodities e.g. dairy, produce,
or ready-to-eat products, suggesting that the (refrigerated) processing environment rather than the
respective raw materials are a primary source of microbes. The high throughput analysis further
proved this concept that common meat spoilers isolated from the meat samples are genetically
identical to environmental isolates such as floor drains, equipment surfaces and conveyor belts,
irrespective sanitation efforts (Chapter 5). Indeed, different food commodities harbor various
microbes, however, the presence of core microbiome highlights the needs for a well-designed
environmental sampling and testing programme to identify contamination sources, detect

potentially persistent hazards together with implementation of adequate hygiene strategies to
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control the bacterial persistence (Koutsoumanis et al., 2024). For example, the utilization of WGS
captured the transmission patterns of L. monocytogenes from the dairy farm environments to dairy
processing facility, and the implementation of interventions has intensively minimized Listeria

spp. contamination in the processing environment (Bolten et al., 2024).

8.2 Bacterial communication and cooperation on biofilm formation, resistance and

persistence

Bacteria communicate and cooperate by secreting molecules in response to changes in the
surrounding environment and microbial community structures. Intercellular communication
involves the production, release, detection, and response to signal molecules (autoinducers)
through a process termed quorum sensing (QS) (Miller and Bassler, 2001; Waters and Bassler,
2005). The dynamic concentration of autoinducers further direct bacteria to track cell density and
microbial composition and subsequently alter their gene expression levels accordingly (Papenfort
and Bassler, 2016a). Both Gram-positive and Gram-negative bacteria use quorum sensing. Gram-
positive systems typically use secreted autoinducing peptides while Gram-negative bacteria
produce and use autoinducer N-acyl homoserine lactones (AHLs) (Verbeke et al., 2017). The
cross-kingdom interactions between yeast/mold and bacteria are associated with volatile
compounds (Tilocca et al., 2020). Additionally, other molecules such as indole and 2-heptyl-3-
hydroxy-4-quinolone have been found to be involved in QS systems that enable inter- and
intraspecies communications (Diggle et al., 2007; Lee and Lee, 2010). In food and food processing
environments, QS is associated with microbial adaption to dynamic environments through biofilm
formation, alternation to food quality by food spoilage or food fermentation (Fala et al., 2022). For
instance, Quorum sensing (QS) promotes spoilage of carrot slices by Serratia plymuthica through

enhanced colonization and mucoid growth while an AHL-deficient mutant displayed reduced
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spoilage and spoilage phenotype was restored by adding synthetic signal (Wevers et al., 2009). All
phases of biofilm formation are associated with quorum sensing including cell attachment, biofilm
maturation and dispersal through regulating the secretion of extracellular polymeric substances. In
Chapter 4, I found that that QS not only regulated biofilm formation through curli and cellulose
biosynthesis but also determined the phenotypic change of surface-associated biofilms to floating
biofilms. The compact structure of pellicles increased its resistance to common disinfectants and
floor drains or other cervices area could be a niche for pellicle establishment, thus increasing the
risk of bacterial persistence. The prevalence of common meat spoilers in reconstituted muti-species
biofilms (up to 12 different species) further suggests that microbe-microbe communication and
bacterial co-existence alter the composition of microbial diversity and contribute the persistence

of certain microbes.

Genes associated with cooperation can spread among microbes through horizontal gene transfer
(HGT). The cooperation between biofilm formation and tLST indicates that their co-occurrence
further exacerbates the risk of bacterial persistence (Chapter 3). Intense sanitization (IS) procedure
thus has been used to deeply clean the processing environments. Even though the application of
IS procedure disrupted bacteria to a lower level with a reduced microbial diversity (Bosilevac et
al., 2024), certain species survived IS procedure and microbial diversity surged after 4 weeks,
which might unintendedly support the colonization of other microbes through biofilm formation

due to a lack of competition within the multispecies mixture (Wang et al., 2024).

8.3 Novel approaches for food safety and spoilage control

Considering the complexity of microbial communities in food and food processing environment,
emerging research thus aimed to 1) effectively isolate and identify target microorganisms for food

safety and spoilage control; ii) develop novel disinfectant reagents to eliminate spoilage and
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pathogenic microbes; and iii) utilize Al-based tools to monitor the microbial conditions from a
larger-scale database. For instance, the use of Highly Pathogenic Salmonella (HPS) multiplex PCR
assay can differentiate the pathogenicity of the Salmonella (Harhay et al., 2024) and biosensor-
based methods are used for rapid microbial assessment (Law et al., 2014; Pampoukis et al., 2022).
The identification and characterization of over 70 novel species (Chapter 7) on the other hand,
indicate that culture-dependent approaches are still fundamental for microbial research and should
be complemented with culture-independent approaches (16S amplicon sequencing and
metagenomic sequencing) to fully uncover the complexity of microbial dynamics and interactions.
The combination of more than one preservation approach (hurdle technology) enhanced microbial
control in the food and food processing environments. For example, refrigeration and modified
atmosphere packaging have been used to eliminate undesirable microbes and heat-stable
bacteriocin nisin are used to control spore-forming microorganisms in canning vegetable
(Mukhopadhyay and Gorris, 2014). Novel sanitizers include electrolysed water and cold plasma
water are environmental friendly and demonstrate efficacy on eliminating bacterial biofilms and
disrupting bacterial transmission (Gao et al., 2022; Mai-Prochnow et al., 2021; Rahman et al., 2016;
Ravash et al., 2023). In chapter 6, we examined another potential novel sanitizer, ozone
nanobubble, for meat spoilage control. With the rapid development of artificial intelligence (AI)
technologies, its potential in agriculture and food systems has drawn more attention. The use of
Al-based tools for data collection and analysis has demonstrated potential inspection of food
microbes from raw materials to distribution and retails (C. Qian et al., 2023; Chenhao Qian et al.,
2023; Snyder et al., 2024). The use of digital tools, such as predictive models can translate bench-
top data with simulated environments to estimate microbial behaviors, providing essential

information for Quantitative Microbiological Risk Assessment (Koutsoumanis et al., 2021). The
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use of predictive modeling and development of digital food systems, however, still face challenges
due to the microbial complexity of food and food processing environments, and limited data

availability from industries and consumers (Chenhao Qian et al., 2023).

8.4 Limitations and future works

Although this dissertation provide insights on microbial ecology in food systems, further research
is required to fully grasp the complexity of eco-evolutionary dynamics (Pelletier et al., 2009). For
instance, this study examined biofilm formation across single-, dual-, and multi-species, questions
remain about which microbes act as pioneers in biofilm formation, how microbial dynamics
progress through biofilm formation cycles (attachment, maturation, and dispersal), and how these
dynamics affect the composition of extracellular polymeric substances (EPS). Additionally,
despite we have grown biofilms and tested antimicrobial sprays in simulated processing
environments, more sophisticated tools, such as the industrial surfaces biofilm reactor (BioSurface,
Bozeman, Montana), are needed to accurately mimic the effects of flow and shear forces in real
processing conditions. Investigating food-associated "model communities" (O’Toole, 2024) and
understanding how pathogenic microbes such as L. monocytogenes, Salmonella, or E. coli
O157:H7 interact with environmental microbiota and impact disinfectant efficacy should also be
prioritized. Incoming bacteria from raw materials shapes the microbial composition and diversity
in the food processing environment. Further sampling should be conducted to map these bacteria
in relation to the plant's environmental microbiota and the microbiota of the final products. With
the advent of next-generation sequencing, there is an urgent need to develop a comprehensive
database of spoilage microbes to better depict microbial networks in food ecosystems. Focus of
these research efforts will help address the food waste crisis and contribute to a safer and more

sustainable food system.
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Figure S2.1. Principal coordinates analysis (PCoA) with Jaccard index for bacterial diversity based on

nutrients intensity of environmental samples from food processing facilities.
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Figure S2.2. Multiple correspondence analysis (MCA) plots for bacterial diversity based on

nutrients intensity of environmental samples from food processing facilities.
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Figure S2.3. Multiple correspondence analysis (MCA) plots for bacterial diversity among

different type of processing facilities associated with different nutrients level.

Table S2.1. List of publications and samples used in this study (provided as excel file, available

from https://doi.org/10.3390/microorganisms11061575).
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Table S2.2. Permutational MANOVA analysis on Jaccard distance matrix of all the samples from

the 5 food commaodities to test the association of community variance.

Comparison P. value P. adjusted sig
Ready to eat vs Meat processing facility 0.047 0.47
Ready to eat vs Seafood processing facility 0.016 0.16
Ready to eat vs Fresh produce facility 0.018 0.18
Ready to eat vs cheese processing facility 0.009 0.09
Meat processing facility vs Seafood processing 0.001 0.01*
facility

Meat processing facility vs Fresh produce facility 0.001 0.01*
Meat processing facility vs cheese processing facility  0.001 0.01*
Seafood processing facility vs Fresh produce facility  0.001 0.01*
Seafood processing facility vs cheese processing 0.001 0.01*
facility

Fresh produce facility vs cheese processing facility 0.001 0.01*

Table S2.3. Permutational MANOVA analysis on Jaccard distance matrix of all the samples from

high-nutrient surfaces to test the association of community with different food commodity

variables.
Comparison P. value P. adjusted sig
Ready to eat vs Meat processing facility 0.314 1.00
Ready to eat vs Seafood processing facility 0.184 1.00
Ready to eat vs Fresh produce facility 0.353 1.00
Ready to eat vs cheese processing facility 0.280 1.00
Meat processing facility vs Seafood processing 0.001 0.01*
facility
Meat processing facility vs Fresh produce facility 0.025 0.25
Meat processing facility vs cheese processing facility  0.005 0.05*
Seafood processing facility vs Fresh produce facility  0.086 0.86
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Seafood processing facility vs cheese processing
facility

Fresh produce facility vs cheese processing facility

0.002

0.024

0.02*

0.24

Table S2.4. Permutational MANOVA analysis on Jaccard distance matrix of all the samples from

low-nutrient surfaces to test the association of community with different food commodity variables.

Comparison P. value P. adjusted sig
Ready to eat vs Meat processing facility 0.133 1.00
Ready to eat vs Seafood processing facility NA NA
Ready to eat vs Fresh produce facility 0.33 1.00
Ready to eat vs cheese processing facility 0.167 1.00
Meat processing facility vs Seafood processing 0.819 1.00
facility

Meat processing facility vs Fresh produce facility 0.012 0.108
Meat processing facility vs cheese processing facility  0.002 0.018*
Seafood processing facility vs Fresh produce facility ~ 0.500 1.00
Seafood processing facility vs cheese processing 0.167 1.00
facility

Fresh produce facility vs cheese processing facility 0.006 0.05*
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Figure S3.1. Biofilm formation of strains of E. coli.
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Figure S3.2. Chlorine resistance of E. coli in planktonic state (black bars), biofilm-embedded

(grey bars) or pellicle-embedded (white bars).
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A) (B)

Figure S3.3. Confocal laser scanning microscopy of spatial distribution of bacterial biofilm cells.
(A) Dual-strain biofilm-embedded cells composed of 4. australiensis 03-09 and E. coli FUA10323
attached to stainless steel surface. (B) Dual-strain pellicle-embedded cells formed at air-liquid

interface. All cells were cultured in LBNS broth at ambient temperature for 6 days before staining

with propidium iodide and SYTO®9.
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E. coli O145:NM 03-6430
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E. coli 044:H18 PARCA50
E. coli 045:H2 05-6545
E.coli 076:H19 09-0523

Figure S4.1. Heat map of the absence and presence of biofilm-related operons among 39 strains of E. coli. Strains of E. coli labeled in
red are pellicle forming strains while non-pellicle forming strains are in black. The identify of nucleotide sequences over 90%, less 90%

and 0% are colored with dark blue, light blue and white, respectively
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Figure S4.2. Biomass quantification of dual-species biofilms formed by A. australiensis with
either wild type or sdid-deficient E. coli FUA1882 by crystal violet staining. Biofilms were formed
on stainless steel coupons in LBNS broth at 25°C after 6-day incubation. Data are shown as means
+ standard deviations for three independent experiments with technical replicates. T-test was used
to analyze the difference between wild type and mutant strain. Significant difference is determined

if P value is less than 0.05 (P <0.05).
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Table S5.2. Permutational multivariate analysis of variance on Bray-Curtis distance matrix of
samples from March 2023 by culture-dependent and culture-independent approaches to test the

association of community variance.

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
zonel vs zone3 0.405
zonel vs zone2 0.750
zonel vs zone4 0.525
zonel vs Meat 0.465
zonel 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
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FCS vs Water
NFCS vs Meat
NFCS vs Water
Meat vs Water
zonel vs zone3
zonel vs zone2
zonel vs zone4
zonel vs Meat
zonel vs water
zone3 vs zone2
zone3 vs zone4
zone3 vs Meat
zone3 vs water
zone2 vs zone4
zone2 vs Meat
zone2 vs water
zone4 vs Meat
zone4 vs water
Cutting vs Packaging
Cutting vs Cooling
Cutting vs Killing
Cutting vs Shipping
Cutting vs Meat
Cutting vs Water
Packaging vs Cooling
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Figure S5.1. Heatmap of bacterial isolates collected from meat samples, environmental surface
samples during the first time sampling, September 2022. Taxonomy classification was determined

based on 16S rRNA gene and blasted against NCBI database.
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Figure S5.2. Relative abundance of genera that were only detected by 16S sequencing, among
samples collected in the first sampling, September 2022. Only genera with no less than 1% relative

abundance were plotted.
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Figure S5.4. Bacterial coexistence network based on the microbial communities characterized by
16S rRNA gene sequencing. Nodes are colored at genus 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.
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Figure S5.5. Phylogenetic tree of strains of C. divergens (A), Rahnella (B) and S. proteamaculans (C) isolated from a meat processing
facility. The phylogeny was inferred based on core genome alignment, using the GTR+1+G4 model with 1000 bootstrap replicates.
Strains are color coded based on sampling time (clades) and sampling sites (legend). Type strains of the target species and its closely

related species as outgroups were included for tree visualization.
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