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Enteritidis 18ENT1344, or E. coli O157:H7 EDL933, and (b) mixed culture biofilms of L. 
monocytogenes F4244 and S. aureus ATCC25923, or L. monocytogenes F4244 and P. aeruginosa 
PRI99. Bacteria isolated from biofilms were quantified by plating method. A pairwise Student’s t-
test used for statistical analysis. *P<0.005, **P<0.005, ***P<0.0005, ****P<0.0001. ............. 122 
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ABSTRACT 

Foodborne pathogens form biofilms as a survival strategy in various unfavorable 

environments, and biofilms are known to be the frequent source for infection and outbreaks of 

foodborne illness. Therefore, it is essential to understand the pathogenicity of bacteria in biofilms 

and methods to inactivate biofilm-forming microbes from food processing environments, 

including school cafeteria or other community-based food production facilities, and to prevent 

foodborne outbreaks. Pathogen transmissions occur primarily through raw or under cooked foods 

and by cross contamination during unsanitary food preparation practices. Then, pathogens can 

form biofilms on the surface and become persistent in food production facilities and can be a source 

for recurrent contamination and foodborne outbreaks. In this study, our first aim was to use L. 

monocytogenes as a model pathogen to study how an enteric infectious pathogen isolated from 

biofilm modifies its pathogenesis compared to its planktonic counterpart. Both clinical and food 

isolates with different serotypes and biofilm-forming abilities were selected and tested using cell 

culture and mouse models. L. monocytogenes sessile cells isolated from biofilms express reduced 

levels of the lap, inlA, hly, prfA, and sigB and show reduced adhesion, invasion, translocation, and 

cytotoxicity in the cell culture model than the planktonic cells. Oral challenge of C57BL/6 mice 

with food, clinical, or murinized-InlA (InlAm) strains revealed that at 12 and 24 h post-infection 

(hpi), L. monocytogenes burdens are lower in tissues of mice infected with sessile cells than those 

infected with planktonic cells. However, these differences are negligible at 48 hpi. Besides, the 

expressions of inlA and lap mRNA in sessile L. monocytogenes from intestinal content are about 

6.0- and 280-fold higher than the sessile inoculum, respectively, suggesting sessile L. 

monocytogenes can still upregulate virulence genes shortly after ingestion (12 h).  

After learning biofilm isolated L. monocytogenes cells have similar virulence potential as 

the planktonic counterparts, our next goal was to effectively prevent or inactivate biofilms using 

food-grade natural microbials. Since L. monocytogenes cells are usually found in multi-pathogen 

biofilm in nature, I combined two food-grade broad-spectrum natural antimicrobials, chitosan 

nanoparticles (ChNP) and ε-poly-L-lysine (PL), as ChNP-PL nanoconjugates and tested its 

function on single or mixed culture biofilms of L. monocytogenes, Staphylococcus aureus, 

Escherichia coli, Salmonella enterica serovar Enteritidis, and Pseudomonas aeruginosa. ChNP-

PL not only was able to significantly (P<0.05) prevent the biofilm formation but also inactivate 
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pre-formed biofilms when analyzed by crystal violet staining and plate counting. In vitro 

cytotoxicity analysis (LDH and WST-based assays) using an intestinal cell line, indicated ChNP-

PL to be non-toxic. In conclusion, our results showed ChNP-PL has strong potential to prevent the 

formation or inactivation of preformed polymicrobial biofilms of foodborne pathogens in food 

processing environment. Application of ChNP-PL could inhibit the colonization of foodborne 

pathogens, minimize cross-contamination during food production, and eventually reduce 

foodborne outbreaks. 
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 REVIEW OF LITERATURE  

1.1 Bacterial biofilm and food safety  

Most microbes found in nature exist in biofilms, a well-structured, dynamic, diverse, and 

protective microbial community (Flemming and Wingender 2010). Biofilm formation is a natural 

survival strategy of a microbial cell when it tries to colonize a solid surface to compete efficiently 

with others for space and nutrients and to resist any unfavorable environmental conditions. The 

solid surface may be comprised of biotic (meat, produce, oral cavity, etc.) or abiotic surface (floors, 

walls, drains, equipment, or food-contacting surfaces), and microbes adhere to it by producing an 

extracellular polymeric substance (EPS) forming a three-dimensional biofilm scaffold. 

Metaphorically, EPS is the “house” that covers and protects bacteria in biofilms, and EPS makes 

up the majority of the total dry mass of biofilms (Flemming et al. 2007). Although biofilms are 

solid architecture that can protect bacteria from physical impact, most of the biofilm is still made 

up of water (Yaron and Romling 2014). About a third of the biofilm’s dry weight is bacterial cells, 

and the remaining weight comes from the bacteria-derived molecules, like polysaccharides, 

proteins, and DNA, that make up the EPS (Costerton et al. 1999). Biofilms can be comprised of 

single species or mixed-species cultures. In the food-processing environment, biofilm formation 

threatens food safety since pathogens can be directly transmitted through contact. After the 

transmission, pathogens can also form biofilms on food surfaces, for instance Listeria 

monocytogenes found on cantaloupe skin caused a multistate outbreak in 2011 (CDC 2012; Fu et 

al. 2017). This review focuses on the relationship between bacterial pathogenesis and their biofilm 

formation.  

For bacteria, the microbial attachment and biofilm formation on solid surfaces provide the 

advantages of living in a protective scaffold against desiccation, resistance to antibiotics or 

biocides (sanitizers), ultraviolet radiation, metallic cations, and physical impact by washing and 

cleaning. For instance, Martins et al. (2019) recently showed urinary tract infection causing 

isolates of Staphylococcus saprophyticus were more resistant to several antibiotics in their biofilm 

status than their planktonic counterparts. Lactobacillus plantarum, a commonly used model food 

spoilage bacterium, in biofilms were more resistant to several stress, including organic acids, 

ethanol, and sodium hypochlorite, than its planktonic state (Kubota et al. 2009). Bacteria can 
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acquire and or exchange genetic materials in biofilms. It has been observed that DNA exchanges 

through both plasmid conjugation and transformation can take place in biofilms (Christensen et al. 

1998; Molin and Tolker-Nielsen 2003). The common biofilm-forming microorganisms in different 

food processing environments may vary and may include Listeria monocytogenes, Micrococcus 

spp., Staphylococcus spp., Clostridium spp., Bacillus spp., Lactobacillus spp., Brochothrix 

thermosphacta, Salmonella enterica, Escherichia coli, Serratia spp., Campylobacter spp., and 

Pseudomonas spp. (Ray and Bhunia 2007; Di Ciccio et al. 2012).  

Biofilm formation occurs in several stages: (i) attachment, (ii) microcolony formation, (iii) 

maturation with cellular differentiation, and (iv) detachment or dispersion. In biofilms, 

microorganisms produce fimbriae, curli, flagella, adhesion proteins, and capsules to firmly attach 

to the surface (Flemming and Wingender 2010). Cells grow in close proximity and cell-to-cell 

communication (quorum sensing) occurs through the production of autoinducers such as N-acyl 

homoserine lactone (AI-1) or other molecules, which also regulate gene expression for survival, 

growth, cell density, resistance to antimicrobials and tolerance to desiccation (Landini et al. 2010). 

As a microcolony continues to grow, cells accumulate forming a matured biofilm with three-

dimensional scaffolding. Loose cells are then sloughed off from matured biofilm and converted 

into planktonic cells which start the life cycle of a biofilm again by attaching to a new surface 

exposed to food ingredients or substrates. The cells from biofilms could become a continuous 

source for food contamination (Ray and Bhunia 2007). 

Foodborne pathogens form biofilms as a survival strategy in various unfavorable 

environments, and biofilms are known to be a frequent source for infections and outbreaks 

(Flemming and Wingender 2010). Therefore, it is essential to establish effective control measures 

against biofilm-forming microbes from food production and processing environments, including 

school cafeterias or other community-based food production facilities to prevent foodborne 

outbreaks. In this research, our main purpose is to comprehensively study the pathogenic potential 

of L. monocytogenes isolated from biofilm and use natural antimicrobials to develop a solution for 

mixed culture biofilm control in a food-processing environment. 

Pathogen transmission through food and water results in about 1.8 million annual deaths 

globally (Newell et al. 2010). In the United States alone, foodborne pathogens are responsible for 

roughly 48 million illnesses, 128,000 hospitalizations, and 3,000 deaths each year, resulting in 

yearly economic expenses of 78 billion dollars (Scallan et al. 2011). A core set of 31 bacterial 
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(64%), viral (12%), and parasitic (25%) pathogens have been identified that are responsible for 

nine million illnesses in the US each year, and the remainder of 39 million illnesses are caused by 

pathogens or agents whose identities are unknown.  

Pathogen transmissions occur primarily through raw uncooked or undercooked foods and by 

cross-contamination during unsanitary food preparation practices. Pathogens find a harborage site 

or niche in food production facilities or product surfaces by forming biofilms (Srey et al. 2013), 

which serve as a major source for foodborne outbreaks, especially in cafeterias, hospitals, cruise 

ships, and commercial food processing facilities. Therefore, pathogens persist in food production 

facilities or product surfaces by forming biofilms (Srey et al. 2013), and serve as a major source 

for foodborne outbreaks. The control of biofilms in a food processing environment is often 

associated with various challenges. Similar to the use of antibiotic selecting for resistant bacteria, 

the pathogens that exhibit resistance to disinfectants or sanitizing agents could also be selected for 

in food processing environments where those chemicals are consistently applied (Shirron et al. 

2009). As a result, the resistant ones will survive with less competition since the diversity of 

commensal bacteria in those environments is reduced by chemicals.  

To study biofilms, in vitro, in vivo, and ex vivo models have been developed for biofilms 

formation from various pathogens (Lebeaux et al. 2013). Here, I will discuss several in vitro 

biofilm formation models since they are most relevant to biofilms formed on food-contact surfaces. 

Djordjevic et al. (2002) applied a convenient in vitro method of using polyvinyl chloride (PVC) 

96-well microtiter plates to assess the biofilms formation with L. monocytogenes isolates. L. 

monocytogenes cells cultured overnight in tryptic soy broth supplemented with yeast extract 

(TSBYE) were inoculated in modified Welshimer’s broth, a chemically defined minimal medium 

and incubated in 96-well microtiter plates at 32°C. This method has been well-accepted and used 

in hundreds of published papers as a high-throughput method to quantify static biofilm formation 

with L. monocytogenes. On the other hand, the method is not applicable for efficiently generating 

large quantities of sessile bacterial cells or simulating biofilm formation under flowing liquid.  

The Calgary biofilm device is a modification of the microtiter plate model, and has also been 

widely cited by almost two thousand published articles (Ceri et al. 1999). A lid with 96 pins is 

placed on a 96-well microtiter plate, and the pins are immersed in medium containing bacteria in 

each well. Biofilms are formed on the pins after incubation, and the lid is transferred to a second 

microtiter plate. Sessile bacteria in biofilms on those pins can be detached into each well of the 
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second microtiter plate by sonication. The Biofilm Microfermenter developed at the Pasteur 

Institute (2015) was applied to investigate biofilm formation under continuously flowing 

conditions. Toledo-Arana et al. (2005) used the system and showed that S. aureus ΔarlRS had a 

higher biofilm-forming capacity than its wildtype counterpart, which provided critical evidence 

for the role of the arlRS system in biofilm formation. Recently, the CDC Biofilm Reactor ® has 

been used for mimicking biofilm formation by L. monocytogenes under a dynamic environment of 

continuous shear stress and renewing nutrients (Donlan et al. 2001; Mendez et al. 2020). Multiple 

circular coupons (diameter = 1.27 cm) of metals or plastic are placed in the bioreactor and 

immersed in medium. After incubation, biofilms formed on those coupons were detached in 

phosphate buffered saline (PBS) by sonication and enumerated using serial dilution and plate 

counts (Mendez et al. 2020). Compared to biofilm formation in microtiter plates, the biofilm 

growth area is significantly improved by using up to 24 coupons in one reactor. Besides, biofilms 

on coupons can be directly used for microscopic analysis. Mendez et al. (2020) applied both Laser 

scanning confocal microscopy to image SYTO 9-stained L. monocytogenes biofilms and plate 

count to quantify sessile bacteria in biofilms.  Results showed L. monocytogenes biofilms formed 

on polycarbonate coupon at 30°C in TSBYE contained significantly more cells than the biofilms 

formed under the same conditions at 37°C.     

1.2 Listeria monocytogenes pathogenesis and biofilm formation 

In 1926, a bacterium, which is identified today as Listeria monocytogenes, was found to be 

the cause of monocytosis in laboratory rabbits and guinea pigs (Murray et al. 1926). In the 

following decades, this pathogen has been further characterized and established to be responsible 

for both sepsis in infant and meningitis in adults (Gray and Killinger 1966). The earliest recorded 

human listeriosis outbreaks occurred in Germany and France in 1966 and 1975, respectively (Liu 

2008). L. monocytogenes is a Gram-positive, non-spore-forming, motile, facultative anaerobic 

bacterium. Since the 1980s, the understanding of L. monocytogenes pathogenesis and treatment 

for listeriosis has been improved due to significant progress made in molecular biotechnology. Yet, 

the pathogen still causes invasive and often life-threatening foodborne illnesses around the world, 

resulting in a tremendous financial burden to individuals and the food industry. Statistics showed 

that listeriosis is the second most common cause of death among all foodborne infectious diseases 

in the US, and listeriosis is responsible for 14-15% of all deaths due to food poisoning (Mead et 
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al. 1999). In the US, L. monocytogenes causes nearly 1,600 illnesses and 250 deaths every year 

(Scallan et al. 2011). The need for transferring listeriosis patients to intensive-care units also made 

L. monocytogenes the third most costly foodborne pathogen after Clostridium botulinum and 

Vibrio vulnificus in the US (Scharff 2012). The annual economic loss caused by L. monocytogenes 

is estimated to be over $2 billion (Ivanek et al. 2005). Besides, L. monocytogenes is also a global 

food safety concern and caused 23,150 illnesses and 5,463 deaths worldwide in 2010.  

Because L. monocytogenes has ubiquitous existence in nature and high tolerance to harsh 

conditions, the pathogen can contaminate foods at every step from farm to fork. L. monocytogenes 

infection usually causes mild and self-limited symptoms in healthy individuals, yet its infection in 

immunocompromised hosts, including the elderly, infants, and AIDS patients, often becomes 

severe or even fatal, while in pregnant women, listeriosis causes fetal death (stillbirth), premature 

birth or severe neonatal infection. According to the surveillance data from Center for Disease 

Control and Prevention (CDC), the fatality rate of 1,651 listeriosis cases recorded between 2009 

and 2011 was 21% (CDC 2013). The CDC (2021) records of L. monocytogenes food outbreaks 

that happened between 2012 and 2021 are presented in Table 1.1. Due to the high risk of listeriosis 

and mortality, the US regulators implemented “zero tolerance” of L. monocytogenes in ready-to-

eat foods while the European Union allows a bacterial load of up to 100 CFU of L. monocytogenes 

provided the food does not promote Listeria growth throughout its shelf-life. Due to increased 

numbers of listeriosis cases and low infectious dose (<100 cells) in high-risk populations, the EU 

regulation may need revision. Thirteen serotypes of L. monocytogenes have been identified based 

on somatic (O) and flagellar (H) antigens, yet three of them (1/2a, 1/2b, and 4b) account for over 

95% of listeriosis cases (Liu 2008).  
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Table 1.1 L. monocytogenes outbreaks during 2012-2021* 
Year Cases  Hospitalizations Deaths Contaminated food 

product 
2021 11 10 1 Queso Fresco 

12 12 1 Deli meat 
2020 36 31 4 Enoki mushroom 

8 5 1 Hard-boiled eggs 
2019 24 22 2 Source unidentified 

10 10 1 Deli-slice products 
4 4 0 Pork products 

2018 4 4 1 Deli ham 
2017 8 8 2 Soft raw milk cheese 
2016 9 9 3 Frozen vegetable 

2 2 1 Raw milk 
19 19 1 Packaged salad 

2015 30 28 3 Soft cheese 
10 10 3 Blue bell creameries 
35 34 7 Carmel apple 
5 5 2 Soy products 

2014 5 4 1 Cheese 
8 7 1 Dairy 

2013 6 6 1 Cheese 
2012 22 20 4 Cheese 

147 143 44 Cantaloupes 

*CDC Report. 

1.2.1 Major virulence factors 

As a facultative intracellular enteric pathogen, L. monocytogenes employs a series of 

virulence factors to cross the intestinal barrier and to spread systemically from cell-to-cell without 

being exposed to the immune system (Lopes-Luz et al. 2021). Three major invasive pathways of 

L. monocytogenes from the intestinal lumen into lamina propria have been reported (Drolia and 

Bhunia 2019). First, L. monocytogenes are passively transported by microfold cells (or M cells) in 

Peyer’s patch (Marco et al. 1997). M cells are specialized for sampling antigens from the intestinal 

lumen and passing them to underlying immune cells, so that the immune system can monitor and 

respond to various antigens in the lumen (Wang et al. 2014). Like Brucella abortus, Salmonella, 
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and other foodborne pathogens, L. monocytogenes can be presented to lymphoid tissue underlying 

villi through transcytosis by M cells.  

Second, L. monocytogenes directly invade epithelial cells through endocytosis of epithelial 

cells, triggered by the binding of an invasion protein, Internalin A (InlA) to E-cadherin (Lecuit et 

al. 1997). InlA belongs to the internalin family which includes 25 proteins with some common 

structure. For instance, their N terminals start with signal peptide which is followed by a 22-amino-

acid leucine-rich repeat (Bonazzi et al. 2009). After being secreted through the cell membrane, 

bacterial sortase covalently anchors InlA to the cell wall through an LPXTG motif at the C terminal 

end of InlA (Bierne and Cossart 2007). Although E-cadherin is one of the tight junction proteins 

located at adherens junctions between epithelial cells, they could be accessible to L. 

monocytogenes in the lumen when cell extrusion or mucus exocytosis creates a transient opening 

(Drolia and Bhunia 2019). The binding of InlA to E-cadherin triggers a local cytoskeletal 

rearrangement and eventually causes L. monocytogenes to be packaged in a vacuole for entering 

the epithelial cells (Bonazzi et al. 2009). Although E-cadherin has a generally conserved sequence 

in mammalian species, a single amino acid difference between the human E-cadherin and mouse 

or rat E-cadherin dramatically affect the function of InlA-mediated infection (Lecuit et al. 1999b). 

In permissive species, like human and guinea pigs, E-cadherin has a proline as the 16th amino acid, 

whereas nonpermissive species, like mouse and rat, has glutamic acid instead (Lecuit et al. 1999a). 

Due to the lack of InlA-mediated infection in mice, two solutions have been applied to make L. 

monocytogenes pathogenicity studies using the mouse as a model animal more relevant to the 

pathogenicity in humans. The first approach was to make a transgenic mice that expresses human 

E-cadherin, and Lecuit et al. (2001) showed the same dose of oral infection with L. monocytogenes 

caused no fatality in wildtype mice and 85% fatality of mice expressing the human E-cadherin. A 

second approach was to engineer the L. monocytogenes InlA so that it has increased binding 

affinity to mouse E-cadherin (termed murinized InlA, or InlAm). Wollert et al. (2007) showed 

substitution of two amino acids in InlA, S192N and Y369N, significantly increased its binding 

affinity with mouse E-cadherin to the level that is similar to the binding between InlA and human 

E-cadherin. Compared to L. monocytogenes expressing the wildtype InlA, the ones expressing 

murinized InlA had increased in vitro invasion on human intestinal epithelial cells and caused 

more systemic infection three days post infection. However, one drawback is that InlAm strain also 
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showed increased interaction with N-cadherin and caused enhanced adherens junction disruption 

(Tsai et al. 2013).   

Internalin B (InlB) is another critical virulence factor located on the bacterial cell surface 

that binds to the hepatocyte growth factor receptor Met and mediates cellular invasion (Hamon et 

al. 2006). Compared to InlA, InlB is responsible for Listeria invasion in more types of cells since 

Met is more ubiquitously expressed whereas E-cadherin is typically expressed in epithelial cells 

(Bonazzi et al. 2009). Unlike InlA, InlB is anchored to wall lipoteichoic acid on the bacterial 

surface via GW modules at the C-terminal end (Bierne and Cossart 2007).     

The third method of infection showed that L. monocytogenes employs the Listeria 

Adhesion Protein (LAP) independently from InlA to translocate through the epithelial barrier 

independently from InlA (Drolia et al. 2018). LAP was initially found to help L. monocytogenes 

adhere to intestinal epithelial cells. Later, LAP binding to a host cell receptor, Hsp60 was also 

proved to mediate translocation through Caco-2 cells (Burkholder and Bhunia 2010). In the mice 

model, LAP was found to be capable of causing dysfunction in tight junction, which leads to 

changes in intestinal permeability, resulting in L. monocytogenes translocation across the epithelial 

barrier (Drolia et al. 2018; Drolia and Bhunia 2019).  

Once breaking through the intestinal barrier, L. monocytogenes causes listeriosis after 

being systemically disseminated to extraintestinal organs, including spleen, liver, mesenteric 

lymph node, gall bladder, brain, and placenta in pregnant women (Radoshevich and Cossart 2018). 

The special strategy of its dissemination is to hide in the cell cytosol and transmit to adjacent cells 

without being exposed to the extracellular environment. After InlA or InlB of L. monocytogenes 

bind to their corresponding cell receptors, E-cadherin or Met respectively, host cells phagocytosis 

is triggered and lets the pathogen break through the cell membrane. At this point, the pathogen is 

still packaged in a vacuole, where it starts to express a pore-forming toxin, Listeriolysin O (LLO) 

(encoded by gene hly), and bacterial phospholipases, PlcA and PlcB to escape from the vacuole. 

LLO belongs to the family of cholesterol-dependent cytolysins that attack cells by binding to the 

cell membrane (Mulvihill et al. 2015). Mulvihill and colleagues (2015), using electron microscopy 

and time-lapse atomic force microscopy and showed LLO oligomerized into “arc- or slit-shaped” 

assemblies in the membrane. Those assemblies then merged into large rings on membrane which 

could explain the LLO-mediated vacuole lysis. In vacuoles, LLO also helps L. monocytogenes to 

escape by the inactivation of phagocyte NOX2 (NADPH oxidase) which produces reactive oxygen 
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species as an antimicrobial strategy (Osborne and Brumell 2017). LLO helps L. monocytogenes to 

escape from the vacuole and enter the host cell cytosol where the bacteria can start replication 

(Henry et al. 2006). Berche et al. (1987) showed that the concentrations of hly deficient L. 

monocytogenes in mice spleens and livers were reduced by about 4 and 3 logs, respectively, 

compared to the concentrations of their parental wildtype strain (Berche et al. 1987). Furthermore, 

hly-deficient L. monocytogenes also induced much less T cell-mediated immunity in mice (Berche 

et al. 1987). Besides, phosphatidylinositol-specific phospholipase C (PI-PLC) and 

phosphatidylcholine-specific phospholipase (PC-PLC) are also expressed by L. monocytogenes in 

the endocytic vacuole to facilitate the escape from the phagosome (Camilli et al. 1991). Lm can 

also survives in the vacuole for an extended period, causing latent infection (Kortebi et al. 2017). 

In addition, L. monocytogenes also suppresses the cellular proinflammatory response using 

internalin C (InlC) and moves from cell-to-cell by polymerizing host actin protein (ActA) (Portnoy 

et al. 1992; Gouin et al. 2010; Camejo et al. 2011). ActA is expressed on the surface of L. 

monocytogenes which then triggers host cell cytoskeletal rearrangement and polymerization 

(Kocks et al. 1992; Lasa et al. 1997; Portnoy et al. 2002). ActA rearranges the host cell actin to 

form a comet-like tail which propels the bacterium into an adjacent cell without being exposed to 

the extracellular environment (Table 1.2) (Tilney and Portnoy 1989; Tilney et al. 1990). ActA 

together with PLC help avoid autophagy (Mitchell et al. 2015; Cheng et al. 2018) by stalling 

autophagosomal structures (Tattoli et al. 2013). 

The activation of these virulence genes is regulated under the positive control by the master 

regulator-PrfA (positive regulatory factor). More specifically, the PrfA regulon directly encodes 

genes in the Listeria pathogenicity island-1 (LIPI-1), including LLO, ActA, PlcA, PlcB, Mpl and 

PrfA, and three additional chromosomal loci, which are the inlAB operon and inlC and hpt 

monocistrons. Besides the core regulon, the expression of as many as 145 other L. monocytogenes 

genes may indirectly be regulated by PrfA (de las Heras et al. 2011). The selective activation of 

PrfA allows L. monocytogenes to convert from an environmental saprotroph to a pathogen by 

taking on many of environmental cues, such as temperature (Leimeister-Wächter et al. 1992), 

oxidative stress (Sokolovic et al. 1990), carbon sources (Freitag et al. 2009), and low pH (Behari 

and Youngman 1998) to modulate its virulence. The goal of such regulation is to prevent 

unnecessary production of PrfA-dependent virulence factors since these factors are not needed 

during the saprophytic life outside of a host (Kreft and Vázquez-Boland 2001). For example, PrfA-



 
 

26 

dependent genes were downregulated by sugar transported through the phosphoenolpyruvate-

sugar phosphotransferase system (PTS) (Scortti et al. 2007; Freitag et al. 2009), suggesting the 

presence of a carbon source-mediated modulation of the PrfA regulon. Another environmental 

condition that governs the expression of PrfA is a thermoswitch that obscures the ribosome binding 

site on prfA mRNA. When the temperature is below 30°C, a hairpin structure forms at the 5’ end 

of prfA mRNA which blocks the binding of the ribosome and resultant translation. When the 

temperature is at 37°C, translation of the prfA gene is enabled due to the destabilization of the 

secondary hairpin structure of prfA mRNA (de las Heras et al. 2011). PrfA also positively impacts 

the extracellular environment. Mutants lacking prfA were defective in surface-adhered biofilm 

formation (Lemon et al. 2010). How PrfA regulates biofilm formation is discussed in the following 

section. 

1.2.2 Biofilm and pathogenesis 

The ubiquitous existence of L. monocytogenes in nature gives it numerous routes to be 

introduced in a food-processing environment. For instance, L. monocytogenes can be introduced 

into food processing facilities with various fresh produce or raw materials. Prevalence screening 

of raw salad vegetables from Malaysia showed that 24.2%, 21.9%, and 21.9% of spinach, tomato, 

and cucumber samples were positive for the pathogen (Ponniah et al. 2010). Another report on 

vegetables, mushrooms, raw meat, aquatic products, and frozen products collected from multiple 

major cities in China revealed the total prevalence rate was about 20% (Wu et al. 2015). Once L. 

monocytogenes finds a niche in a food-processing facility, it can attach to several abiotic surfaces, 

like stainless steel, PVC, and polystyrene, and start to form biofilms, which can be resistant to 

sanitation and may lead to recurrent food contamination (Borucki et al. 2003; Di Bonaventura et 

al. 2008; Reis-Teixeira et al. 2017).  

Repeated sampling of multiple food processing environments showed that similar L. 

monocytogenes strains can persist for a few months, up to 12 years. Ragimbeau sampled both food 

and non-food contacting surfaces in a smoked herring plant six times throughout a year 

(Ragimbeau 2002; Carpentier and Cerf 2011). Results showed four out of ten pulsotypes of L. 

monocytogenes isolates were detected at least four times during sampling (Ragimbeau 2002; 

Carpentier and Cerf 2011). The persistence of certain L. monocytogenes isolates in the food 

processing environment maybe because that the same strains were consistently introduced by a 
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raw material, or because sanitation was not effective for some niches. Considering some isolates 

were collected on food-contacting surfaces, formation of biofilm could be a critical factor that 

helped L. monocytogenes to be persistent and resistant to routine cleaning. Multiple studies have 

revealed that the biofilm formation also effectively helps L. monocytogenes to colonize a surface. 

Pan and colleagues (2006) simulated how L. monocytogenes could go through cycles of incubation, 

sanitation, and starvation for three weeks in a food processing environment. They found the 

amounts of bacteria in biofilm were continuously decreasing till about the fifth day and then turned 

around to increase till the end of three weeks. The simulation results suggested that L. 

monocytogenes in the biofilms may be able to persist on a surface when the surface is repetitively 

exposed to nutrients from foods and insufficient sanitation.   

Virulence factors or regulators are also involved in biofilm formation. As stated above, 

PrfA of L. monocytogenes is a regulator for numerous virulence factors, including InlA, InlB, and 

LLO, and governs the transition from saprophytic to pathogenic life style (Freitag et al. 2009). 

Once L. monocytogenes infects host cells, PrfA switches to the active status and upregulates the 

transcription of virulence genes by binding to the promoter regions, referred to as the PrfA box 

(Lemon et al. 2010). Lemon et al. (2010) also found L. monocytogenes without PrfA formed 

significantly less biofilm than the WT strain did at room temperature, 30°C, and 36°C. Although 

they did not answer how PrfA is involved in biofilm formation, they excluded the involvement of 

flagella since both strains showed similar flagellar activities.  

Two years later, another research team reported that it was probably ActA which linked 

PrfA with biofilm formation. As described above, ActA has always been regarded as a critical 

virulence factor triggering the host cell cytoskeletal rearrangement to propel L. monocytogenes in 

the cytosol, yet Travier et al. (2013a) found that ActA also mediates bacterial aggregation and 

biofilm formation (Table 1.2). The researchers observed that the spontaneous sedimentation was 

always faster in L. monocytogenes (pathogen) than L. innocua (nonpathogen), and further 

investigation found that the sedimentation phenotype was absent in the prfA deficient strain. These 

results inspired the authors to suggest that the aggregation-mediating factor is possibly under the 

regulation of PrfA. By screening the phenotype of strains with a deficiency in PrfA-controlled 

genes, the actA knockout mutant showed no sedimentation phenotype, similar to the prfA mutant, 

suggesting that ActA is the molecule responsible for L. monocytogenes aggregation and 

sedimentation. Other virulence molecules, including InlA, InlB, and LLO, were not involved in 
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the bacterial aggregation. Since sedimentation allows the bacteria to contact surfaces, it is usually 

a prerequisite for adhesion and biofilm formation. The critical role of ActA in proper biofilm 

formation was established based on the results that the actA knockout mutant formed significantly 

less biofilm biomass than the wildtype did under both static and continuous flow conditions 

(Travier et al. 2013b). In vivo results showed that ActA helped L. monocytogenes to aggregate on 

the surfaces of intestinal epithelial cells and prolonged  persistence in mice intestine (Travier et al. 

2013b).  

Interestingly, a recent study found that recombinant Lactobacillus casei expressing LAP 

from L. monocytogenes on the bacterial surface had increased biofilm formation using the 

microtiter plate assay and improved colonization in the mouse intestine (Table 1.2) (Drolia et al. 

2018). Although the function of LAP in the pathogenesis of L. monocytogenes has been well 

characterized, results from the recombinant Lactobacillus casei highlighted the role of LAP in 

biofilm formation as well.  

1.3 Staphylococcus aureus pathogenesis and biofilm formation 

Staphylococcus aureus is a Gram-positive opportunistic pathogen and commonly found in 

natural water sources, earth, animal mucous membrane, and human skin (Miao et al. 2017). S. 

aureus has a remarkably high tolerance to salt under normal conditions at 37°C. Mannitol Salt 

Agar (MSA), a commonly used selective and differential medium for S. aureus, contains 7.5% 

sodium chloride. High salt tolerance is one of the features that make S. aureus a commensal 

bacterium existing on the skin of about 25% of the total population, which makes humans a 

common vehicle for the pathogen’s transmission to foods. The anterior nares are a common niche 

where S. aureus is commonly isolated (Archer et al. 2011).  

S. aureus is also a notorious foodborne pathogen that produces multiple heat-tolerant 

enterotoxins and causes food poisoning which generally causes symptoms like nausea, vomiting, 

and stomach cramps. Those symptoms usually develop in 30 min to hours after ingestion and are 

self-limited in most cases. Improperly handled foods is the most common reason for S. aureus 

contamination (Bennett et al. 2013). In the United States, an annual estimation of 241,000 cases 

of food poisoning were caused by S. aureus (Scallan et al. 2011). Since those symptoms in most 

cases are mild and self-limited, the number of actual infections could be significantly higher than 

the recorded number. Rarely, antibiotics are used for intoxication treatment because S. aureus does 
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not usually infect through the gastrointestinal tract. However, antibiotic treatment for skin 

infection caused by S. aureus has become a great challenge because of biofilm formation and 

widespread antibiotic resistance.  

In the food industry, S. aureus contamination is a worldwide challenge affecting multiple 

types of products. Between January 2000 and March 2012, about 14 S. aureus outbreaks were 

recorded in Australia, which affected 429 people including 25 hospitalizations and one death 

(Pillsbury et al. 2013). About a third of the victims were infected after eating at commercially 

catered buffet. In Italy, after two individuals suffered from S. aureus intoxication, a broad 

screening of dairy products showed 102 out of 971 samples were positive (Vitale et al. 2015). 

About 46% of the isolated S. aureus cultures contained at least one enterotoxin coding gene.  

The development of S. aureus biofilm is well programmed by a series of genes. After 

bacterial adherence to a surface, the next step for biofilm formation is cell-cell binding to form a 

multilayer structure. Polysaccharide intercellular adhesin (PIA) was initially discovered in S. 

epidermidis as a critical component responsible for cell-cell binding in biofilm formation (Mack 

et al. 1996). Chemically, PIA is linear β-1,6-linked glycosaminoglycans, and it is synthesized by 

products from the intercellular adhesion (ica) locus, including icaADB and icaC. Products from 

icaA and icaD are responsible for PIA synthesis using UDP-N-acetylglucosamine (Gerke et al. 

1998). Cramton et al. (Cramton et al. 1999) reported that the Ica proteins of S. aureus share 59-

78% identity with those proteins from S. epidermidis. Besides, deletion of the ica locus in S. aureus 

reduced its ability to form multilayer thick biofilms in microtiter plates, suggesting PIA of S. 

aureus has the same function for cell-cell adhesion. Later, the chemical nature of S. aureus PIA 

was identified to be poly-N-succinyl-β-1,6-glucosamine, yet antibodies generated against PIA of 

S. epidermidis can also probe the PIA of S. aureus, which also suggests that PIA has a conserved 

role in both species (McKenney et al. 1999). Based on the finding that PIA is expressed when S. 

aureus infects the lung of cystic fibrosis patients and partial oxygen pressure is low, Cramton et 

al. (2001) investigated how oxygen concentration affects the expression of the ica operon. In S. 

aureus and S. epidermidis, they found that the expression of both PIA and ica operon were 

upregulated. PIA is not only critical in biofilm formation but also plays a significant role in 

pathogenesis. In a mouse model, Rupp et al. (1999) reported that intravenous infection by S. 

epidermidis with deficience in the ica operon is significantly less likely to cause subcutaneous 

abscess and more likely to be eradicated than the infection caused by the parental strain.  
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However, another study about the influence of PIA in subcutaneous infection revealed 

different results. Francois et al. (Francois et al. 2003) studied the infection caused by both wild-

type and ica-negative S. aureus or S. epidermidis through subcutaneously implanted tissue cages 

in guinea pigs. Results showed that bacterial concentrations of either the wildtype or ica-mutant 

strain were similar in tissue fluids or cage-inserted plastic coverslips. Although intravenous 

infection is not usually caused by foodborne Staphylococcus, PIA provides another example of the 

connection between biofilm formation and virulence; however, the function of PIA in the pathogen 

during infection may vary based on different infection methods or models. In addition, multiple 

biofilm-related proteins have been identified as immunogens to the sera of S. aureus-infected 

rabbits (Brady et al. 2006).  

On the other hand, S. aureus can form biofilm independent of PIA under certain conditions. 

A two-component system, encoded by arlRS, has been found as a repressor for S. aureus biofilm 

formation in Hussain-Hastings-White Modified Medium (HHWm) (Toledo-Arana et al. 2005). 

After quantifying the biofilm formation in HHWm using the crystal violet staining method, the 

biofilm formation was doubled for the arlRS mutant strain when compared to the parental wildtype 

(Toledo-Arana et al. 2005). Furthermore, deleting the ica operon in the arlRS mutant strain did not 

affect S. aureus biofilm formation, suggesting a PIA-independent pathway is responsible for 

biofilm formation under the specific conditions.  

Later, protein A coded by gene spa was found to have a similar function for cell-cell adhesin 

in biofilm development (Table 1.2) (Merino et al. 2009). Researchers also reported protein A as 

an essential component in the biofilm formation by S. aureus after using mass spectrometry to 

analyze proteinaceous components in its biofilms. Consequently, they revealed that the spa mutant 

strain exhibited significantly weakened biofilm formation. Furthermore, an in vitro aggregation 

experiment showed that S. aureus cells lacking protein A precipitated much slower than the 

counterpart expressing protein A, suggesting protein A may be responsible for S. aureus cell-cell 

aggregation (Merino et al. 2009). Surprisingly, they also found that protein A was not required to 

be covalently anchored on the cell surface to function as an adhesin, since the supplemented 

exogenous protein A could also trigger the aggregation of a spa mutant strain (Merino et al. 2009).  

In addition to being a critical proteinaceous component in the biofilm matrix, Protein A also 

serves as an important virulence factor and helps the bacterium to evade the immune system during 

infection. Protein A is covalently bound to peptidoglycan through an LPXTG motif, and also binds 
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to the Fc region of antibodies, thus forcing antibody binding with the Fab portion facing outward 

from the cell, reducing the chance of opsonization and phagocytosis (Kobayashi and DeLeo 2013). 

Protein A is also considered a superantigen that binds to the Fab part of the B-cell receptor to 

induce B cell programmed cell death (apoptosis) (Kobayashi and DeLeo 2013).  

Another proteinaceous molecule that works as a cell-cell adhesin in biofilm formation is the 

biofilm-associated protein (Bap) (Table 1.2). Cucarella and colleagues (Cucarella et al. 2001), 

used random transposon insertion mutagenesis and found two mutants with reduced biofilm-

forming abilities. Molecular analysis of both mutant strains revealed an insertion in the bap gene 

that encodes Bap, anchored to the cell wall. In vivo biofilm formation showed Bap is responsible 

for adhesion to inert surfaces. A recent discovery found low pH and low cation concentration are 

the triggers for the self-assembly of Bap into amyloid aggregates (Taglialegna et al. 2016). A 

mouse foreign body infection experiment revealed that the S. aureus without Bap caused less 

persistent infection than the wildtype S. aureus, suggesting Bap is a virulence factor responsible 

for persistent infection (Cucarella et al. 2001).  

Extracellular DNA (eDNA) is another important component that is involved in biofilm 

formation independent of PIA in S. aureus. The role of eDNA in biofilm formation was first 

studied in P. aeruginosa (Whitchurch et al. 2002). Whitchurch et al. (2002) found that the addition 

of DNase I in the culture of P. aeruginosa could effectively reduce the biofilm forming abilities 

without affecting the bacterial growth. Furthermore, DNase I treatment for 150 min can 

significantly reduce a 60-h old biofilm by P. aeruginosa (Whitchurch et al. 2002).  

CidA (encoded by cidA operon), a protein produced by S. aureus has been shown to be 

indirectly involved in biofilm formation. CidA is a murein (bacterial peptidoglycan) hydrolase and 

facilitates the release of eDNA from cells. CidA shows structural similarity to bacteriophage holins 

involved in phage-induced cell lysis (Rice et al. 2003). Mutation in the cidA gene affected eDNA 

release and biofilm formation (Rice et al. 2007), suggesting eDNA, released by controlled cell 

lysis, as a critical component in S. aureus biofilm formation. In addition, the high density of 

bacteria in biofilms also increases the rate of gene exchange (Arciola et al. 2018). The frequency 

of conjugation happening in biofilms has been reported to be higher than the frequency between 

planktonic bacteria (Sørensen et al. 2005).  
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1.4 Pseudomonas aeruginosa pathogenesis and biofilm formation 

Pseudomonas aeruginosa is a Gram-negative, non-spore-forming, and aerobic rod-shaped 

bacterium. It is an opportunistic pathogen affecting mostly immunocompromised individuals who 

also suffering from other illnesses. Its metabolic activity is broad, and growth can occur in either 

nutrient rich or nutrient-poor conditions. The ability to utilize a wide range of substrates as carbon 

and nitrogen sources supports the ability of P. aeruginosa to colonize in a variety of natural niches, 

such as any water source and soil. Under laboratory conditions, the bacterium can grow well in a 

medium containing acetate and ammonium sulfate as carbon and nitrogen source, respectively 

(Tang and Sails 2014). The bacterium was also shown to grow in distilled water, suggesting a 

possible mechanism for nosocomial infection and spread in the hospital (Favero et al. 1971). P. 

aeruginosa produce a robust biofilm, which enhances its survival on different surfaces and protects 

the cells from other harsh conditions and treatments (Klausen et al. 2003). Another major challenge 

with P. aeruginosa is its resistance to multiple classes of antibiotics. In 2017, multidrug-resistant 

P. aeruginosa caused an estimated 32,600 infections among hospitalized patients and 2700 deaths 

in the U.S. (CDC 2019). In addition, the strong biofilm-forming ability of P. aeruginosa makes it 

even harder for antibiotics to access the cell embedded in biofilms, which significantly reduces the 

effectiveness of antibiotics to treat infections.  

Due to its ubiquity, persistency, and drug resistance, P. aeruginosa can be easily spread to 

humans, especially in a healthcare setting, and cau cause serious acute and chronic infections in 

immunocompromised people. For example, P. aeruginosa is the most important bacterial pathogen 

causing progressive lung infection in cystic fibrosis patients and causes various symptoms, like 

high fever, respiratory failure and death. P. aeruginosa can cause chronic urinary tract infections 

and ventilator-associated pneumonia in patients with permanent bladder catheters and intubation, 

respectively (Ciofu and Tolker-Nielsen 2019). Treatment of P. aeruginosa is challenging because 

it can form infective biofilms after infection, which functions like a barrier protecting bacteria 

from complement immunity and phagocytosis, and significantly decreases the accessibility of 

antibiotics (Donelli 2014). Therefore, comprehensive knowledge of P. aeruginosa biofilm 

formation is important for preventing and treating resistant infections. Though P. aeruginosa 

rarely cause foodborne infection, it is the model culture for Gram-negative bacterial biofilm 

research. Understanding its biofilm formation could help elucidate steps in the control and 

destruction of biofilms formed by other pathogens. In P. aeruginosa biofilms, the highest cell 
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density is arranged closest to the surface, and cells occupy only a minor fraction (around 2-28%) 

of the biofilm volume, while EPS occupies the rest. EPS contains mainly biomolecules, 

exopolysaccharides, extracellular DNA (eDNA), and polypeptides, which provide the architecture 

of the biofilms (Rasamiravaka et al. 2015). Scanning confocal laser microscopy (SCLM) analysis 

shows that Pseudomonas biofilms have an open and porous structure that may be designed for the 

transportation of nutrients and waste. Affected by the different rheological characteristics of the 

living environment, P. aeruginosa can form mushroom- or pillar-like matured biofilms (Lawrence 

et al. 1991). In this section, I will provide up-to-date knowledge of the steps involved in P. 

aeruginosa biofilm formation and associated virulence regulation. 

1.4.1 Bacterial surface structures aid in the initial attachment 

The biofilm formation process includes the following sequential steps: attachment to a 

surface, microcolony formation, and maturation of biofilms (Klausen et al. 2003). The polar 

flagellum on P. aeruginosa provides the swimming motility and the responses to chemotactic 

attractions and also mediates a mode of a social movement referred to as swarming (Rashid and 

Kornberg 2000; Déziel et al. 2001a). O’Toole et al. (1998) screened the biofilm-forming ability 

on a polyvinylchloride (PVC) surface of about 2400 random transposon mutants generated from 

P. aeruginosa PA14. From the surface attachment defective mutants, they identified two classes 

of mutants with a deficiency in the flagella mediated motility or biosynthesis of the type IV pili. 

Therefore it was concluded that both flagella and pili are necessary for initial attachment. 

Specifically, the pili-deficient mutants formed a bacterial monolayer but were unable to form 

microcolonies. The mutant strains with deficient flagella mediated motility were incapable of 

attaching to the surface (O'Toole and Kolter 1998). Later, Toutain (2007) confirmed the essential 

role of flagellar motility in biofilm formation by observing that P. aeruginosa with a deficiency in 

either flagellar stators, MotAB or MotCD, showed weakened biofilm formation using both static 

and flow cell models. Microscopic photos also revealed that surface attachment specifically 

happened at the polar end of P. aeruginosa cells with flagella, supporting the conclusion of 

flagella-mediated surface attachment.  

On the other hand, type IV pili provide twitching motility and, more importantly, type IV 

pili are considered the principal adhesin to both eukaryotic cells and most abiotic surfaces (Déziel 

et al. 2001b). In addition, the flagellum has been established as a key infection virulence factor in 
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several model animals. For instance, flagellum deficient P. aeruginosa showed less invasion using 

the mouse burn wound model and less colonization in the murine intestine (Drake and Montie 

1988; Pier et al. 1995). In a neonatal mouse model, P. aeruginosa without fliC caused no mortality 

whereas the mortality rate of the wildtype strain was around 30% (Feldman et al. 1998).  

Various types of filamentous appendages on the bacterial surface have been studied and 

classified as pili (Craig et al. 2019). Pili expressed by P. aeruginosa belongs to the type IV pilus 

family, which is assembled by the polymerization of the monomeric major pilin and minor pilin 

proteins encoded by pilAEWV (Craig et al. 2019). Pili-mediated twitching motility for bacterial 

cells is achieved by polymerization and depolymerization of pili (Clausen et al. 2009; Ellison et 

al. 2017). Pseudomonas pili have a helix structure made up of a single subunit pilin of 18 kDa 

(Frost and Paranchych 1977). Watts et al. (1982) used octyl-glucoside as a detergent and 

successfully disassembled purified pili into pilin monomers, and, after removing the detergent, 

found that the monomers can assemble spontaneously into filaments. They employed an X-ray 

diffraction study and showed that pili have a hollow cylindrical structure whose outer and inner 

diameters were approximately 5 nm and 1.2 nm, respectively. After removing the detergent octyl-

glucoside, pilins assembled into a filament of 10 to 200 nm in length.  

Neisseria gonorrhoeae type IV pili which have an adhesin protein located at the distal tip 

of the pili, while type IV pili from P. aeruginosa does not have a separated minor protein subunit 

attached to the end, which indicates that the pili themselves are responsible for the adhesion 

function in Pseudomonas (Hahn 1997). The binding specificity of pili is coherently related to their 

structure and amino acid sequence. The pilin genes identified in different P. aeruginosa strains 

indicate the great heterogeneity in pilin amino acid sequence (Hahn 1997). Without the leader 

peptide, the length of pilin varies from 145 to 150 amino acids. Genetic research showed that a 

stretch of 30 aa at the N-terminal end is highly conserved while the rest of the sequences are 

moderately conserved or highly variable (Hahn 1997). One common structural characteristic found 

in all P. aeruginosa pilin is an intrachain disulfide loop of 12 to 17 amino acids located at the far 

end of the C-terminal, which is considered to provide the site for specific binding (Hahn 1997).  

In addition to being responsible for twitching motility and involved in biofilm formation, 

pili are also a virulence factors for adhesion to and invasion of epithelial cells. Chi and colleagues 

(1991) showed around 14 P. aeruginosa cells adhered to each A549 cell, a human lung 

pneumocyte cell line, after 3 h incubation at a MOI of 50. Meanwhile, nonpilated mutants or 
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mutants with structurally modified or nonpiliated pili showed adhesion that were close to zero, or 

10-20 % of the wildtype strain’s rate, respectively (Chi et al. 1991). Later, glycosphingolipid 

asialo-GM1 was identified as the receptor for pili-mediated adhesion using MDCK as a model, 

and pili were also responsible for the subsequent invasion of the cells (Comolli et al. 1999).    

1.4.2 From microcolony formation to biofilm maturation  

Both flagella and pili of P. aeruginosa are involved in the formation of cell monolayers and 

the typical mushroom-like structures. By expressing fluorescent proteins of different colors in the 

wildtype and pili-deficient P. aeruginosa strains, researchers visualized the distribution of those 

two types of bacteria and found only the wildtype strain was located on the cap of the mushroom-

like structures, suggesting that functional pili-mediated motility is necessary for forming this type 

of biofilms (Barken et al. 2008). Similarly, the lack of normal biofilm structure was also observed 

with the strain expressing malfunctioning flagella (Klausen et al. 2003). 

Quorum sensing (QS) systems have a critical role in the organization of cells in biofilms and 

the formation of rigid biofilm structures, because they allows the bacterial community to globally 

regulate gene expression and coordinate biological processes in response to population density 

(Rumbaugh et al. 2000). QS is commonly applied by bacteria to direct a community’s behavior 

using various chemicals. This cell density-dependent cell-to-cell communication system regulates 

the phenotypic alterations at an early stage of biofilm formation after the attachment (González 

and Keshavan 2006). Currently, four types of quorum sensing systems have been identified in P. 

aeruginosa that regulate the expression of biofilm formation: the Las, Rhl, PQS, and IQS systems 

(Maurice et al. 2018). Each system contains at least two major functional elements, one category 

that is sensing critical concentration of a specific autoinducer (AI), and serves as a transcriptional 

activator for genes encoding the second category- the cognate AI synthases (Moradali et al. 2017). 

The Las and RhI systems are triggered by an increase in cell density during the early exponential 

growth phase, while PQS and IQS systems are activated at the late exponential growth phase (Thi 

et al. 2020). 

The Las system involves the production of an autoinducer N-(3-oxododecanoyl)-L-

homoserine lactone (3-O-C12-HSL), which is regulated by the AI synthases LasI, and sensed by 

the transcription factor LasR. The Rhl system uses the AI synthase RhlI to produce an autoinducer, 

N-butanoyl-L-homoserine lactone (C4-HSL), which uses RhlR as its cognate receptor. Research 
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showed that both Las and RhI are the essential regulating systems for the maturation of 

Pseudomonas biofilm. Davies et al. (1998) revealed that the depth of the cell cluster formed by 

wild-type P. aeruginosa PAO1 in biofilms on glass was significantly larger than the biofilm 

produced by mutant ΔlasI and double-deleted mutant ΔlasIΔrhlI. Epifluorescence and scanning 

microscopy analysis of the biofilm structure after Alcian blue staining (a polysaccharides stain) 

showed that cells of the lasI mutant were almost uniformly distributed on the surface and the height 

of the cell stack is almost consistent across the surface (Davies et al. 1998). Furthermore, 

microcolonies separated by water channels were observed only in the WT strain’s biofilm while 

the cells of mutants were spread in a flat-sheet manner. To further verify cell organizations due to 

the lack of autoinducer encoded by the lasl gene, Δlasl mutant cells were incubated on glass 

together with LasI autoinducer 3-O-C12-HSL, the mutant strain formed biofilms with the similar 

thickness as biofilms of the wildtype.  

To explore the relationship between quorum-sensing systems and biosynthesis of biofilm 

matrix, another research team focused on the expression of pel and the quorum sensing system las 

(Sakuragi and Kolter 2007). The pel cluster consists of seven genes that are responsible for the 

biosynthesis of polysaccharides, a major component making up the extracellular matrix (Vasseur 

et al. 2005). By screening P. aeruginosa transposon mutant strains that cannot form pellicles at the 

gas-liquid surface, Friedman et al. (2004a) identified the pel gene cluster to be responsible for 

producing and secreting glucose-rich extracellular matrix material. By comparing the biofilm-

forming ability of the wildtype and pel mutants, the later showed significantly weaker biofilm 

formation than the former, suggesting that the polysaccharides extracellular matrix is an essential 

part of biofilms. Later, the same group identified a second genetic locus, psl, responsible for 

producing mannose-rich extracellular materials. P. aeruginosa requires at least one of these loci, 

pel or psl, to form normal biofilms (Friedman and Kolter 2004b). The evidence that pel gene 

expression is regulated by the las quorum sensing system was reported by Sakuragi and Kolter 

(2007). A transcriptional fusion experiment was conducted to test the possible regulatory 

relationship between the las and pel loci. The 785-bp upstream sequence of pelA was fused to a 

promoterless lacZ reporter gene and cloned into a vector, which was then introduced in a single 

copy into the attB site of chromosome of the wildtype strain, ΔrhlR, and ΔlasRΔlasI mutants. After 

spot inoculation of these cultures and growth on agar plates, colonies were lysed, and the activity 

of each was tested. The β-galactosidase reporter activity of the wild-type strain colonies increased 
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linearly after one-day of incubation and remained stable after four days. A similar but lower 

activity level was observed for the ΔrhlR mutant strain. But the activity of β-Galactosidase from 

the colonies of ΔlasRΔlasI mutants remained at a negligible level after 6-days’ of incubation. 

Moreover, complementation with the lasI autoinducer restored the expression of pel in the las 

deficient mutant. These data suggest that the las quorum-sensing system induces the expression of 

pel genes to produce extracellular matrix, and the rhl quorum-sensing system may also be involved 

to a lesser extent in induction of pel genes. Later, it was identified that cationic exopolysaccharide 

Pel binding to negatively charged eDNA plays an essential role in maintaining the integrity of 

biofilms (Jennings et al. 2015; Flemming et al. 2016). 

The PQS, Pseudomonas quinolone signal, system is also involved in the release of eDNA 

and biosurfactants, which are essential for the development of matured biofilms at the late 

exponential phase (Davies et al. 1998; Tolker‐Nielsen 2014). The loci pqsABCDE, pqsL, phnAB, 

pqsE, and pqsR are needed to complete the synthesis of PQS, or 2-heptyl-3-hydroxy-4-quinolone 

(PQS), which is the AI that can be detected by PqsR. The general function of each operon is 

introduced to briefly explain the correlation between PQS system and biofilm formation. The 

connection between the PQS systems and biofilm formation was based on the finding that biofilms 

formed by the pqsA mutant contains less eDNA than biofilms formed by their wildtype counterpart 

(Allesen‐Holm et al. 2006). HHQ, 2-heptyl-4-quinolone, is generated through the function of 

PqsBCD as the precursor of PQS. Eventually, HHQ is transformed into PQS by PqsH (Lee and 

Zhang 2015). The finding that LasR regulates the expression of pqsH showed the interaction 

between the two quorum-sensing systems, Las and PQS (Schertzer et al. 2009). The function of 

PqsL was predicated to be a monooxygenase involved in the synthesis of alkyl-quinolones N-

oxides, and the lack of PqsL caused PQS to be overproduced (D'Argenio et al. 2002; Lépine et al. 

2004). PhnAB is responsible for producing anthranilic acid which is then turned into 4-hydroxy-

2-alkylquinolines (HAQs) including HHQ (Lépine et al. 2004). The full function of PqsE is still 

unknown, except that a pqsE mutation did not cause a deficiency in PQS biosynthesis, even though 

this mutant failed to respond to PQS (McKnight et al. 2002; Diggle et al. 2003; Farrow et al. 2008). 

PqsR, or MvfR (multiple virulence factor regulator), was also necessary for the synthesis of PQS 

as a positive regulator of pqsA expression by binding to the pqsA promoter (Farrow et al. 2008). 

The binding of PqsR to the promoter was further increased in the presence of PQS, suggesting that 

PQS may be a cofactor for PqsR. When the function of PqsR is disrupted by mutation, the 
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expression of phnAB and pqsABCDE operons were significantly affected, impacting the ability of 

P. aeruginosa to kill nematodes (Gallagher et al. 2002). PqsR controls the synthesis of more than 

60 types of secreted anthranilic acids derivatives (Lydon and Rahme 2011). Production of 

virulence factors, including pyocyanin and hydrogen cyanide (Xiao et al. 2006b), also requires 

PqsR, which gives PqsR play a key role in both pathogenicity and biofilm formation.  

The PQS system is important in virulence factors generation during biofilm development. 

PQS mutants showed reduced biofilm development and less production of virulence factors, such 

as pyocyanin, elastase, lectin, and rhamnolipids. The correlation between the PQS system and 

infection ability has been tested using several in vivo models. In burn-wound mouse models, the 

survival rate of mice infected with pqsA mutant strains was about 50% higher than infection with 

the parental WT (Xiao et al. 2006b). The survival rate of mice infected with pqsA mutant strains 

was about 50% higher than its parental WT (Xiao et al. 2006a). Since P. aeruginosa can also be 

an opportunistic plant pathogen, Cao et al. (2001) showed that a mutant strain with dysfunctional 

PQS production grew dramatically less than the wildtype strain in Arabidopsis, suggesting a 

critical role of PQS for overall pathogenicity of P. aeruginosa. 

The IQS (integrated quorum sensing) system is less studied compared to the other three 

systems. It produces 2-(2-hydroxyphenyl)-thiazole-4-carbaldehydte (aeruginaldehyde) as its 

cognate AI, while the receptor has not been found. A non-ribosomal peptide synthase gene cluster 

ambBCDE is responsible for IQS synthesis. The disruption led to a decrease in the production of 

PQS and BHL, along with other virulence factors such as pyocyanin, rhamnolipids, and elastase 

(Lee and Zhang 2015). However, Cornelis (2020) recently commented that amb gene cluster is not 

responsible for aeruginaldehyde production, since its production is also found in Pseudomonas 

strains lacking the cluster. The recent discovery also confirms the importance of IQS in 

contributing to the complete virulence of P. aeruginosa in animal models. For instance, mice 

infected by P. aeruginosa without ambB and lasI genes had higher survival rate than either the 

wildtype or lasI knockout mutant strain (Lee et al. 2013). The production of IQS has been found 

to be related to the availability of phosphate concentration in the host, suggesting IQS system may 

be responsible for adjusting virulence during infection (Wang et al. 2019). Under iron and 

phosphate-deficient conditions, both PQS and IQS systems could be enhanced, which will lead to 

increased virulence factor synthesis, causing increased mortality in the host organism.  
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In addition, study of mixed-culture biofilms by P. aeruginosa and S. aureus found that the 

existence of the latter organism in the biofilm can also increase the expression of exotoxin A 

(Goldsworthy 2008; Elias and Banin 2012), suggesting that expression of virulence genes by one 

species in biofilms can be altered by the presence of other species.   

1.5 E. coli pathogenesis and biofilm formation 

E. coli is a Gram-negative, facultatively anaerobic bacterium. Some strains, collectively 

termed STEC, can cause lethal foodborne diseases. These strains can produce Shiga toxin which 

might cause hemolytic uremic syndrome (HUS) and lead to kidney failure. On the list of notorious 

foodborne pathogens, pathogenic E. coli and Salmonella enterica are associated with the vast 

majority of outbreaks in fresh produce (Yaron and Romling 2014). For instance, organic fenugreek 

sprouts were contaminated by a novel Shiga-toxin-producing strain of enteroaggregative E. coli in 

northern Germany in 2011, which caused 3,816 cases of infection including 800 cases of HUS and 

53 cases of fatalities (Frank et al. 2011). Patients were identified from Switzerland, Poland, 

Sweden, and even North America, around whom 800 people had the hemolytic uremic syndrome. 

In a study investigating the survival of E. coli O157:H7 on lettuce (Islam et al. 2004), results 

showed that waterborne E. coli inoculated at a titer of approximately 105 CFU/mL can survive on 

lettuce for as long as 77 days. These findings further support the importance of biofilm control in 

the food processing environment to prevent contamination from happening.  

As one of the pathogens causing the most gastroenteritis cases around the world, E. coli is a 

model bacterium which forms biofilm after well-programmed production of various extracellular 

molecules. Curli and cellulose are two major components making up the extracellular matrix of 

both bacteria (Latasa et al. 2005). Curli fimbriae are proteinaceous extracellular fibers expressed 

by both E. coli and Salmonella that are responsible for cell-to-cell and cell-to-surface binding 

(Barnhart and Chapman 2006). Those amyloid nanofibers are made with repeated protein subunits 

and encapsulate bacteria in a complex network (Nguyen et al. 2014). The signature phenotype of 

curli-producing bacteria is that their colonies are stained red while growing on a medium 

containing Congo red (Collinson et al. 1993).  

Curli fimbriae of E. coli are composed of self-assembled CsgA nucleated by CsgB which is 

also anchors curli to the bacterial surface (Nguyen et al. 2014). Including the major subunit (CsgA) 

and nucleation (CsgB), expression of curli fimbriae is achieved by genes in two operons, csgBAC 
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and csgDEFG, which are responsible for secretion (CsgC and CsgG), transcription regulation 

(CsgD), and processing (CsgE and CsgF) (Chapman et al. 2002). The assembly of curli fimbriae 

requires precipitation of CsgA monomer with CsgB as the nucleator protein (Bian and Normark 

1997). The transcription of the two operons for curli biosynthesis is regulated by CsgD (Hammar 

et al. 1995), OmpR (Vidal et al. 1998), and sigma factors σ70 and σS (Arnqvist et al. 1994) in 

response to a variety of environmental signals. Under laboratory conditions, the expression of curli 

is optimal during the stationary phase in an environment with low nutrients and low medium 

osmolarity at temperature ≤30°C (Olsén et al. 1989). Prigent-Combaret et al. (Prigent‐Combaret 

et al. 2000) acquired electron microscopic images of curli-deficient and WT E. coli and showed 

that curli are required for initial bacterial adhesion to inert surfaces and the development of 

biofilms. The CsgA-made nanofibers are very resistant to heat and detergents (Nguyen et al. 2014), 

which may enhance persistence of biofilm in the food processing environment. Analysis of  sludge 

samples from several wastewater treatment plants showed that the biovolume of amyloid fimbriae 

could make up to 10-40% of biofilm volume (Larsen et al. 2008). During intestinal colonization, 

curli may not play an essential role in adhesion to the epithelial cells. E. coli with csgA and csgD 

mutants showed similar adhesion rates on both HeLa and HT-29 cells as the WT counterparts 

(Saldaña et al. 2009). The authors suggested that it may be because that E. coli employs a variety 

of virulence factors for adhesion to epithelial cells. On the other hand, when CsgD, the curli 

biosynthesis regulator, was overexpressed, the adhesion of E. coli was increased by about five-

fold, suggesting curli may still be one of these redundant adhesion factors.  

The major exopolysaccharide that E. coli secrete in biofilms is cellulose (Zogaj et al. 2001). 

Cellulose is a (1-4)-β-linked linear glucose chain molecule, and it is the most abundant organic 

polymer found in nature, which can be produced by plants, microorganisms, and some animals. 

The role of cellulose in biofilm formation was not discovered until 2001. After screening thirteen 

thousand mutants, Zogaj et al. (2001) reported that an unknown substance secreted by E. coli was 

closely connected with several genes that are homologous with bacterial cellulose synthesis (bcs) 

genes from Acetobacter xylinus. Enzymatic digestion and chemical staining further identified the 

previously unknown substance in E. coli and Salmonella biofilm as cellulose. Interestingly, the 

regulator of the bcs operon is AgfD which is homologous with the curli regulator CsgD (Chirwa 

and Herrington 2003). However, not all E. coli biofilm formation depends on curli and cellulose. 

Enteroaggregative E. coli (EAEC) can form thick aggregating biofilm on the intestinal mucosal 
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surface and cause diarrheal disease (Vial et al. 1988). Upon adhesion to epithelial mucosa, EAEC 

secretes toxins, including Shigella enterotoxin, plasmid-encoded toxin, and enteroaggregative ST-

like toxin, that can directly cause cell death and trigger intestinal inflammation (Czeczulin et al. 

1999). In the absence of curli, EAEC forms a unique type of biofilm in which cell-to-cell adhesion 

is solely mediated by aggregative adherence fimbriae (AAF/I and AAF/II). AAF mediates the 

biofilm formation of EAEC in cell culture medium on two abiotic surfaces, glass and plastic 

(Sheikh et al. 2001). In addition to their role in interaction with the MUC1 receptor and binding 

EAEC to epithelial cells, AAF were also identified as a virulence factor in human infection 

(Czeczulin et al. 1997; Boll et al. 2017). Moreover, the binding between MUC1 and AAF also 

triggers upregulation of MUC1 in the cells (Boll et al. 2017).  

1.6 Salmonella pathogenesis and biofilm formation 

Salmonella is Gram-negative rod bacterium which is closely related to E. coli in evolution. 

Based on genetic prediction, Salmonella diverged from E. coli around 100 million years ago 

(Baker 2018). Like E. coli, Salmonella enterica also causes outbreaks via contaminated fresh 

produce (Yaron and Romling 2014). While the whole world was focusing on addressing the 

COVID-19 pandemic in 2020, an outbreak of foodborne Salmonella was happening at the same 

time. Since the beginning of July 2020, the CDC has reported 1,127 cases of Salmonella Newport 

infection including 167 hospitalizations from 48 states (CDC 2020). What was unique about the 

outbreak was that a very uncommon produce, red onions, was identified as the primary vehicle for 

the pathogen, suggesting pathogens very possibly can be adapted to culture new niches, and that 

it is important not to overlook the safety of any produce. 

Not only fresh produce can be contaminated; contamination can occur at any step along the 

food supply chain, because the bacterium can also survive for an extraordinarily long time on the 

produce. By studying the pathogen transmission from contaminated water, Kisluk et al. (2012) 

found S. Typhimurium can persist on parsley for at least four weeks when the concentration of the 

pathogen was above 108.5 CFU/mL. Like E. coli, curli fimbriae are also a major proteinaceous 

extracellular fibers expressed by Salmonella for cell-to-cell and cell-to-surface binding (Barnhart 

and Chapman 2006). Two unique phenotypes which helped researchers to identify a curli-

expressing Salmonella strain are bacterial aggregation and fibronectin binding (Collinson et al. 

1993). The adherent fimbriae produced by Salmonella Enteritidis can be classified into four types, 
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SEF14, SEF17, SEF18, and SEF21, according to different molecular weights (Collinson et al. 

1993). Specifically, the fimbrial subunits of SEF14, SEF17, SEF18, and SEF21 are expressed from 

genes sefA, agfA, sefD, and fimA, respectively (Collinson et al. 1991). Austin et al. (1998) showed 

SEF17 is critical for stabilizing cell-to-cell interaction in biofilm formation as the SEF17-deficient 

mutant cannot form thick cell aggregates on the surface of either polytetrafluoroethylene or 

stainless steel. Fimbriae are one of the organelles that not only play a critical role in biofilm 

formation, but also are an important factor for pathogenicity. Collinson et al. (1993) found SEF17 

fimbriae but not SEF14 and SEF21 can bind to human fibronectin. Furthermore, SEF17 has been 

identified as a factor significantly affecting the association and invasion rate of Salmonella 

Enteritidis on epithelial cells. Fuller et al. (1999) showed association and invasion rates of SEF17-

deficient mutant were significantly reduced to about 13.7% and 4.2% of the WT strain.  

In summary, multifunctional molecules involved in both bacterial pathogenesis and biofilm 

formation demonstrate a close connection between the two aspects. Although pathogenesis of 

multiple foodborne pathogens has been comprehensively studied, most of the results were 

generated using planktonic cultures under laboratory conditions. The actual risk of consuming 

pathogens in biofilms has not been well characterized. Here, I used L. monocytogenes as a model 

foodborne pathogen to investigate the virulence of the bacteria in biofilms. This study aimed to 

supplement the understanding about bacterial pathogenesis and biofilm, and also benefit the 

accurate evaluation of the risks of biofilms in the food processing environment.  
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Table 1.2 Bacterial factors involved in biofilm formation and pathogenesis 
Bacteria Factors Function 

Biofilm formation Pathogenicity 
Listeria 
monocytogenes 

ActA (Actin 
polymerization 
protein) 

Bacterial aggregation  Rearrange host cytoskeletal and 
mediate cell-to-cell spread 

LAP (Listeria 
adhesion protein) 

Expression in recombinant 
Lactobacillus enhanced biofilm 
formation  

Epithelial adhesion and 
translocation through epithelial 
barrier  

PrfA Regulate the expression of 
ActA that is necessary for 
biofilm formation 

Regulatory protein that 
regulates synthesis of multiple 
virulence factors 

Staphylococcus 
aureus 

BAP Adhesion to inert surfaces and 
intercellular adhesion in the 
development of biofilm 
formation 

Establish persistent infection on 
a mouse infection model  

Protein A Cell-cell adhesion in biofilm 
development; a major 
proteinaceous component in S. 
aureus biofilms 

Help S. aureus to evade 
immune system in vivo 

PIA Cell-cell binding in biofilm 
formation  

Establish persistent in vivo 
infection  

Pseudomonas 
aeruginosa 

PqsR A key component of 
Pseudomonas quinolone signal 
system  

Regulate the production of 
virulence factors, pyocyanin 
and hydrogen cyanide. 

Salmonella 
enterica 

Fimbria (SEF17) Cell-to-cell interaction in 
biofilm formation 

Bind to human fibronectin and 
facilitate cell invasion 

E. coli Curli made with 
CsgA and CsgB 

Adherence to abiotic surfaces Adhere to epithelial cells when 
over expressed  

Enteroaggregative 
E. coli (EAEC)  

Aggregative 
Adherence Fimbriae 
(AAF) 

Mediate biofilm formation on 
abiotic surfaces 

Bind to MUC1 on epithelial 
cells  
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 BIOFILM-ISOLATED LISTERIA MONOCYTOGENES 
EXHIBITS REDUCED SYSTEMIC DISSEMINATION AT THE EARLY 

(12-24 H) STAGE OF INFECTION IN A MOUSE MODEL*  

2.1 Abstract  

Environmental cues promote microbial biofilm-formation and physiological and genetic 

heterogeneity. In food production facilities, biofilms produced by pathogens are a major source 

for food contamination; however, the pathogenesis of biofilm-isolated sessile cells is not well 

understood. I investigated the pathogenesis of sessile Listeria monocytogenes (Lm) using cell-

culture and mouse models. Lm sessile cells express reduced levels of the lap, inlA, hly, prfA, and 

sigB and show reduced adhesion, invasion, translocation, and cytotoxicity in the cell culture model 

than the planktonic cells. Oral challenge of C57BL/6 mice with food, clinical or murinized-InlA 

(InlAm) strains reveals that at 12 and 24 h post-infection (hpi), Lm burdens are lower in tissues of 

mice infected with sessile cells than those infected with planktonic cells. However, these 

differences are negligible at 48 hpi. Besides, the expressions of inlA and lap mRNA in sessile Lm 

are about 6.0 and 280-fold higher than the planktonic cells, respectively, suggesting sessile Lm can 

still upregulate virulence genes shortly after ingestion (12 h). Similarly, exposure to simulated 

gastric fluid (SGF, pH3) and intestinal fluid (SIF, pH7) for 13 h shows equal reduction in sessile 

and planktonic cell counts, but induces LAP and InlA expression and pathogenic phenotypes. Our 

data show that the virulence of biofilm-isolated Lm is temporarily attenuated and can be 

upregulated in mice during the early stage (12-24 hpi) but fully restored at a later stage (48 hpi) of 

infection. Our study further demonstrates that in vitro cell culture assay is unreliable therefore an 

animal model is essential for studying the pathogenesis of biofilm-isolated bacteria.  

2.2 Introduction 

Listeria monocytogenes (Lm) is a Gram-positive facultative intracellular pathogen causing 

listeriosis, notorious for its high fatality (20-30%) among immunocompromised individuals, such 

as the elderly (65 and older), pregnant women, infants, and the AIDS patients (Swaminathan and 

*This article was published in NPJ Biofilm and Microbiome in Feb 2021. (Bai, X., Liu, D., Xu, L., Drolia, R., 
Gallina, L.F., Cox, A.D., and Bhunia, A.K. 2021. Biofilm-isolated Listeria monocytogenes exhibits reduced systemic 
dissemination at the early (12-24 h) stage of infection in a mouse model. Npj Biofilm and Microbiome 7:18).  
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Gerner-Smidt 2007). A recent study also showed individuals with damaged intestinal microbiota 

due to antibiotics or chemotherapy are at higher risk since the commensal microbes are considered 

the first line of defense against Lm infection (Becattini et al. 2017). During foodborne infection, 

Lm crosses the gut barrier utilizing the Listeria adhesion protein (LAP), Internalin A (InlA), and 

M cells (Drolia et al. 2018; Drolia and Bhunia 2019). Lm LAP interacts with its cognate epithelial 

receptor, heat shock protein 60 (Hsp60) (Wampler et al. 2004a; Kim et al. 2006; Jagadeesan et al. 

2011), and activates NF-κB and myosin light chain kinase (MLCK) to disrupt the epithelial tight 

junction barrier for bacterial passage into the lamina propria during the early stage (24-48 h) of 

infection (Drolia et al. 2018; Drolia et al. 2020). The pathogen also uses InlA for epithelial cell 

invasion and gut barrier crossing by transcytosis (Nikitas et al. 2011) which plays a significant role 

possibly at the later stage of infection (72-96 h) on a mouse model of infection (Wollert et al. 2007; 

Drolia and Bhunia 2019). Another invasion protein, InlB also promotes Lm invasion of hepatic 

and intestinal epithelial cells (Dramsi et al. 1995). After cell invasion, the vacuole-trapped 

bacterium escapes into the cytoplasm with the aid of listeriolysin O (LLO, encoded in hly) and 

phospholipases (PlcA and PlcB), suppresses cellular proinflammatory response using internalin C 

(InlC) and moves from cell-to-cell by polymerizing host actin protein (ActA) (Portnoy et al. 1992; 

Gouin et al. 2010; Camejo et al. 2011). Lm also survives in the vacuole for an extended period 

prompting latent infection (Kortebi et al. 2017). The protein regulatory factor (PrfA) regulates 

expression of virulence genes (hly, plc, actA) located on the Listeria pathogenicity island necessary 

for intracellular survival and spread (de las Heras et al. 2011), while the stress response regulator, 

SigB regulates virulence genes and other accessory genes required for bacterial survival in the 

harsh environment of food and the host gut (Kazmierczak et al. 2006; Horn and Bhunia 2018). 

Lm existence is ubiquitous in water and earth and can form biofilm on the food-contact 

surfaces and the food production environment thus biofilms serve as a potential source for 

contamination and threatens public food safety (Moltz and Martin 2005; Ferreira et al. 2014; Yaron 

and Romling 2014; Galié et al. 2018; Rodríguez-López et al. 2018). Evolutionarily, Lm is well 

equipped to make the transition from soil/plant/environment-living saprophytic lifestyle to an 

infective intracellular lifestyle in the human host (Freitag et al. 2009).    

Biofilm formation is an essential survival strategy for bacteria by which they manage to 

colonize on a solid surface, absorb nutrients, proliferate, and communicate with other species 

through quorum sensing (Weigel et al. 2007; Carpentier and Cerf 2011; Renier et al. 2011). 
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Furthermore, biofilm formation is also associated with the majority of human infections (Costerton 

et al. 1999; Hall-Stoodley et al. 2004). Biofilm is generally made up of bacterial cells and 

extracellular polymeric substances composed of polysaccharide, protein, eDNA, and other 

inorganic molecules (Donlan 2002; Harmsen et al. 2010). In a biofilm, bacteria are physically 

protected from harmful environmental factors, for instance, antibiotics, acid or alkali, UV radiation, 

and osmotic stress (Kokare et al. 2009; Luque-Sastre et al. 2018). Not only surviving in the niche, 

but bacteria could also be released from biofilms after they are matured (Donlan 2002). Therefore, 

as long as Lm forms a biofilm on a food-contact surface, it could become a consistent 

contamination source. It has been reported that Lm strains with the same pulsotypes have been 

isolated from a food processing plant multiple times throughout a year (Carpentier and Cerf 2011). 

Previously, multiple studies have observed significant differences in gene expression between 

sessile and planktonic Lm cells (Tremoulet et al. 2002; Lourenço et al. 2013a; Mata et al. 2015) 

especially, the reduced expression of InlA, InlC, and LLO in biofilm cells (Lourenço et al. 2013b; 

Gilmartin et al. 2016). However, none of them examined the pathogenicity of biofilm cells using 

cell-culture or animal models. Therefore, the question arose - how infective are these Lm sessile 

cells from the biofilm, if a food is consumed immediately after being contaminated with these cells? 

In addition, can a conventional mammalian cell culture model (Bhunia 2018) that is used routinely 

in the laboratory predict the nature of infectivity of biofilm isolates accurately? Is there any direct 

correlation of in vitro infectivity data for biofilm-isolated cells with in vivo animal experimental 

data?   

To date, various studies have reported the persistence and resistance of Lm cells in biofilms 

to environmental stress and significant change in global gene expression (van der Veen and Abee 

2010; Ibusquiza et al. 2011); however, the exact virulence attributes of Lm isolated from biofilm 

has not been fully elucidated. The objective of this study was to assess and compare the 

pathogenicity of biofilm-isolated and planktonic Lm cells using an in vitro intestinal epithelial cell 

culture model and an in vivo mouse (C57BL/6) model at different stages of infection (12, 24 and 

48 h). Besides, I also analyzed the expression of key virulence proteins (LAP and InlA) that are 

involved during the early stage of infection (Drolia and Bhunia 2019) and the regulatory genes, 

prfA and sigB. The knowledge gained would help understand the pathogenesis and develop an 

intervention strategy for controlling biofilm-forming bacterial pathogens from causing infection. 
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2.3 Methods  

2.3.1 Bacterial strains  

Food (64) and clinical (46) isolates and several mutant Lm strains were used in this study 

(Table 2.1). Cultures were stored in brain heart Infusion broth (BHIB, Acumedia) with 25% 

glycerol at -80°C. To revive cells, the frozen stock cultures were first streaked on a tryptic soy 

agar plate containing 0.6% yeast extract (TSAYE; Becton Dickinson, Franklin Lakes, NJ), and 

incubated at 37°C overnight. Then a single colony was inoculated into 4 mL tryptic soy broth 

supplemented with 0.6% yeast extract (TSBYE), which was further incubated at 37°C for 16 to 18 

h to obtain fresh cultures. The cultures of Lm 10403S ΔprfA and F4244 ΔinlA were prepared in the 

same way, while lap– strain in a medium containing erythromycin (10 µg/ml) (Jagadeesan et al. 

2010) (Table 2.2). 

Table 2.1. Listeria monocytogenes cultures used in the study 
Food-isolates 

L. monocytogenes  Serotype Ribotype Sourcea 

F1 1/2b DUP-19165 Ground beef, Goias, Brazil, 1990 
F2  1/2b DUP-1042 Chicken, Goias, Brazil,1992 
F3 1/2b DUP-1042 Chicken, Goias, Brazil, 1992 
F4 1/2b DUP-1042 Chicken, Goias, Brazil, 1992 
F5 1/2a DUP-1042 Chicken, Goias, Brazil, 1992 
F6 4b DUP-1042 Chicken, Goias, Brazil, 1992 
F7 4b DUP-18627 Chicken, Goias, Brazil, 1992 
F8 4b DUP-18627 Chicken, Goias, Brazil, 1992 
F9 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F10 1/2b DUP-1042 Chicken, Goias, Brazil, 1993 
F11 4b DUP-1038 Chicken, Goias, Brazil, 1993 
F12 4b DUP-1038 Chicken, Goias, Brazil, 1993 
F13 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F14 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F15 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F16 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F17 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F18 4b DUP-1042 Chicken, Goias, Brazil, 1993 
F19 1/2b DUP-1042 Chicken, Goias, Brazil, 1993 
F20 1/2b DUP-1042 Chicken, Goias, Brazil, 1993 
F21 1/2b DUP-1042 Chicken, Goias, Brazil, 1993 
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F22 1/2b DUP-1042 Chicken, Goias, Brazil, 1993 
F23 4b DUP-1038 Chicken, Goias, Brazil, 1993 
F24 1/2b  DUP-1042 Chicken, Goias, Brazil, 1993 
F25 1/2b DUP-1042 Chicken, Goias, Brazil, 1993 
F26 ND DUP-1065 Smoked loin, Sao Paulo, Brazil, 2001 
F27 1/2b DUP-18603 Smoked loin, Sao Paulo, Brazil, 2001 
F28 4b DUP-1042 Pizza, Sao Paulo, Brazil, 2001 
F29 1/2c DUP-1051 Sausage, Sao Paulo, Brazil, 2001 
F30 4b DUP-1042 Cooked ham, Minas Gerais, Brazil, 2001 
F31 1/2c DUP-19175 Chicken raw sausage, Minas Gerais, Brazil, 2001 
F32 4b DUP-1042 Pork raw sausage, Minas Gerais, Brazil, 2001 
F33 4b DUP-1042 Mozzarella, Rio Grande do Sul, Brazil, 2002 
F34 4b DUP-18598 Colony cheese, Rio Grande do Sul, Brazil, 2002 
F35 4b DUP-1042 Yellow cheese, Rio Grande do Sul, Brazil, 2002 
F36 1/2a DUP-19174 Frozen cooked beef, Mato Grosso, Brazil, 2005 
F37 1/2b DUP-1046 Cream cheese, Rio de Janeiro, Brazil, 2005 
F38 1/2a DUP-1051 Cheese, Parana, Brazil, 2005 
F39 1/2a DUP-1034 Cheese, Parana, Brazil, 2005 
F40 4b DUP-1042 Ground beef, Sao Paulo, Brazil 
F41 1/2a DUP-19187 Sausage, Sao Paulo, Brazil 
F42 1/2c DUP-1039 Ham, Sao Paulo, Brazil 
F43 ND DUP-15209 Salami, Sao Paulo, Brazil 
F44 3c DUP-1042 Sausage, Sao Paulo, Brazil 
F45 1/2b DUP-1042 Sausage, Sao Paulo, Brazil 
F47 1/2c DUP-19165 Sausage, Sao Paulo, Brazil 
F48 3c DUP-1039 Sausage, Sao Paulo, Brazil 
F49 3b DUP-1042 Ground beef, Sao Paulo, Brazil 
F50 4b DUP-18598 Ground beef, Sao Paulo, Brazil 
V7 1/2a DUP-1039 Raw milk, Massachusetts, USA 
V37CE 4b DUP-1039 Raw milk, Massachusetts, USA 
101M 4b DUP-1044 Salami, USA 
103M 1/2a DUP-1039 Sausage, USA 
F4393 4b DUP-1038 Cheese, USA 
ATCC 51414 4b DUP-1006 Raw milk, Massachusetts, USA 
F1057 4b DUP-1044 Raw milk, USA 
F1109 4b DUP-1044 Raw milk, USA 
ATCC 43257 4b ND Cheese, California, USA 
ATCC 15313 1/2a ND Rabbit, Cambridge, England 
ATCC 19116 4c DUP-1061 poultry, USA 
ATCC 19118 4e DUP-1038 poultry USA 
ATCC 19114 4a DUP-1059 bovine brain, USA 
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Table 2.1 continued 

ATCC 19117 4d DUP-1042 sheep, USA 
ATCC 19111 1/2a ND Poultry, England 

Clinical-isolates 

CHLR1 1 DUP-1023 Blood, newborn female, 1984 
SLCC 2482 7 DUP-1042 Patient, feces, Copenhagen, Denmark 
ATCC 7644 1/2c DUP-1039 Patient, CSF, Edenborough, Scotland 
ATCC 19112 1/2c DUP-1039 Patient, CSF 
Scott A 4b DUP-1042 Patient, blood, Massachusetts, USA 
CHLR10 4 DUP-1038 23-day old female child, meningitis 
CHLR8 1 DUP-1053 A 14-day old black female child, meningitis 
F4233 1/2b DUP-1042 CDC, patient, CSF/Blood, USA 
C12-S(L) 4 ND Bovine, feces, Nebraska, USA 
CHLR6 1 DUP-1042 CHRL, female, meningitis 
171 1/2a DUP-1023 Patient, blood, USA 
CHLR9 4 DUP-1038 CSF 
CAP 4b DUP-1038 Patient, CSf, USA 
F4260 1/2b DUP-1042 Patient, Blood, USA 
ATCC 19115 4b DUP-1042 Patient, CSF, Germany 
F4244 4b DUP-1044 Patient, CSF, USA 
CHLR2 1 DUP-1042 CSF, 2-week-old female child 
10403S 1/2a ND Human skin lesion, USA 
ATCC 2540 3b DUP-1052 Patient, CSF, New Orleans, USA 
CHLR7 4 DUP-1024 Human 
H6 4b DUP-18604 CSF, 26-year-old patient, Sao Paulo, 2001 
CHLR5 4 DUP-1042 CSF, 11-day old male child 
CHLR3 4 DUP-1038 CSF, 2-week-old female child 
H11 1/2b DUP-19175 Blood, 72 years old patient, Sao Paulo, 2005 
H9 4b DUP-1038 Blood, 48 years old patient, Sao Paulo, 2004 
H1 4b DUP-1038 Aorta prosthesis, 69 years old patient, Sao Paulo, 2001 
Murray B 4ab DUP-1042 Patient, Massachusetts, USA 
H5 1/2a DUP-1023 CSF, 71 years old patient, Sao Paulo, 1995 
H8 4b DUP-1042 Blood, 61 years old patient, Sao Paulo, 2003 
H16 ND ND Blood, 6 days old patient, Sao Paulo, 1998 
F4243 4b ND Patient, CSF, USA 
H12 4b DUP-1038 CSF, Sao Paulo, 2005 
H14 ND DUP-1042 CSF, Sao Paulo, 2002 
H10 1/2a DUP-19173 CSF, 55 years old patient, Sao Paulo, 2004 
H13 ND DUP-1042 CSF, 16 years old patient, Sao Paulo, 2002 
F4263 1/2a DUP-1060 Patient, CSF/Blood, USA 
F4264 4b DUP-1038 Patient, CSF/Blood, USA 
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Table 2.1 continued 

H7 4b DUP-1042 Blood, 5 days old patient, Sao Paulo, 2004 
SLCC 2482 7 DUP-1042 VICAM, patient, feces, Copenhagen, Denmark 
H15 1/2b DUP-1042 CSF, Sao Paulo, 2005 
F4262 4b DIP-1051 CDC, patient, CSF/Blood, USA 
H4 4b DUP-1042 Blood, 34 years old patient, Sao Paulo, 1998 
H3 4b DUP-19191 CSF, 60 years old patient, Sao Paulo, 1998 
ATCC 19113 3a DUP-1030 Patient, Copenhagen, Denmark 
H2 4b DUP-18604 CSF, 73 years old patient, Sao Paulo, 2000 
ATCC 19115 4b DUP-1042 VICAM, patient, CSF, Germany 

aCSF, Cerebrospinal fluid; ATCC, American Type Culture Collection; CHLR, Children’s Hospital at Little Rock, 
Arkansas, USA. ND, not determined. Serotypes and ribotypes were identified by Bueno et al. (2010), Jaradat et 
al. (2002), and Lathrop et al. (2003).  
 
 

Table 2.2 L. monocytogenes mutant strains and growth conditions 

L. monocytogenes  Incubation conditions Source 

F4244 (WT, 4b) 37°C Our Lab  

BL520 (F4244 inlAm) 37°C This study 

KB208 (F4244 lap¯) Erythromycin (10 μg/mL), 42°C Our Lab (Jagadeesan et al. 2010) 

AKB301 (F4244 ∆inlA) 37°C Our Lab (Burkholder and Bhunia 2010) 

10403S (WT, 1/2a) 37°C Dr. Daniel Portnoy, UC Berkley, USA 

10403S ∆prfA 
37°C 

Dr. Nancy Freitag, University of Illinois, Chicago, 

USA 

10403S ∆hly 37°C Dr. Daniel Portnoy, UC Berkley, USA 

2.3.2 Development of Lm F4244 expressing murinized Internalin A (InlAm) 

Murinization of InlA in F4244 (4b) was accomplished by following a method described 

before (Wollert et al. 2007) and outlined in Fig 2.14. Briefly, the sequence between nucleotide 494 

and 1485 of the inlA gene in Lm F4244 (GenBank: CP015508.1) (Bailey et al. 2017) including 

mutations for the two amino acids substitution was synthesized by GenScript and amplified using 

Q5 high-fidelity polymerase (New England BioLabs). The other two fragments, upstream 800 base 

pairs to inlA nt 493 and inlA nt 1486 to downstream 800 base pairs, were individually amplified 

using Lm F4244 gDNA as the template. Then, a mixture of the three segments was used as the 

templates, amplified, and combined into a whole fragment by PCR. The whole fragment and a 

temperature-sensitive suicide plasmid, pHoss1 (Addgene), were digested by NcoI and SalI and 
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ligated using T4 ligase (New England BioLabs). Ligated pHoss1::inlAm was transformed and 

maintained in E. coli DH5α (Invitrogen). Purified pHoss1::inlAm was electroporated into 

electrocompetent Lm F4244 ∆inlA at 2,000V (BTX Electroporation System), and transformants 

were selected on BHI agar plates supplemented with 10 μg/mL erythromycin (Rychli et al. 2014). 

The inlAm knock-in mutant strain was selected as before (Abdelhamed et al. 2015) and the specific 

mutation in inlAm ORF was confirmed by Sanger sequencing (Eurofin) using four primers of both 

directions (Fig. 2.14). Colony PCR to screen the knock-in mutant was conducted using the 

Platinum II Hot-Start PCR Master Mix (Invitrogen). The expression of InlAm in the whole-cell 

extract was verified in Western blot by using anti-InlA mAb-2D12(Mendonca et al. 2012). The 

surface expression of InlAm was also confirmed by whole-cell ELISA as before (Kim et al. 2006). 

2.3.3 Mammalian cells 

Caco-2 cell line (ATCC, Manassas, VA) was seeded and incubated in T-25 tissue culture 

flasks (TPP, Switzerland) with high glucose Dulbecco's' modified Eagles' medium (DMEM: 

HyClone, Logan, UT) and 10% (vol/vol) fetal bovine serum (D10F: Atlanta Biologicals) at 37°C 

with 7% CO2, and 95% relative humidity until the confluence was achieved (Burkholder and 

Bhunia 2010). The cell monolayer in the flask was trypsinized (Hyclone) and about 1-2 x 104 cells 

were seeded in each well of 24-well tissue culture plates (TPP, Switzerland) or Transwell inserts 

with 3.0 μm pores, respectively, for 14-21 days until 95% confluence and polarization were 

achieved (Burkholder and Bhunia 2010; Drolia et al. 2018). HCT-8 (ATCC) human ileocecal cell 

line was prepared with the same procedures with minor adjustments. Cells (4.5 ×104/ 500 μl) were 

seeded in each well of a 48-well tissue culture plate (TPP, Switzerland) and incubated for 4 to 5 

days (Jagadeesan et al. 2011). Ped-2E9 cell line, a B cell hybridoma(Bhunia et al. 1994), was 

cultured in the same conditions and incubated in the 75-cm2 flask (TPP, Switzerland) for 3 to 4 

days before being used for experiments (Bhunia et al. 1994; Gray et al. 2005). 

2.3.4 Biofilm assay and the preparation of biofilm and planktonic culture  

The microtiter plate biofilm assay (Djordjevic et al. 2002). was followed to quantify 

biofilm formation with slight modification. Optical density (OD) of overnight grown Lm TSBYE 

culture was measured at 595 nm and standardized to 1.2. Then, the culture was diluted with 
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Modified Welshimer’s Medium (MWB, Himedia) by 1 to 40 and 150 µL MWB was aliquoted into 

six wells on a 96-well tissue culture-treated microtiter plate (Corning, NY) and incubated at 30°C 

for 48 h (Borucki et al. 2003). To quantify the formation of biofilm in each well, supernatant media 

was removed and each well was washed thrice with 10 mM sterile phosphate-buffered saline (PBS) 

to remove loosely attached cells. After air-drying the microtiter plate for 15 min, 150 μl of 0.1% 

crystal violet (CV) solution was added to each well to stain the biofilm cells and incubated for 45 

min at room temperature. Further, each well was washed three times with sterile water to remove 

residual CV stain, and, after air-drying wells for 15 min, an aliquot of 200 μL of 95% ethanol was 

added into each well and incubated for 15 min under ambient temperature to destain the biofilms. 

Finally, the ethanol solution from each well was transferred to a fresh flat-bottom microtiter plate 

to measure absorbance at 595 nm. 

To collect sessile bacteria, the MWB culture (40 ml) was prepared in the same way but 

inoculated into a tissue culture treated petri dish with 60.1 cm2 growth surface area (TPP, 

Switzerland). After growth at 30ºC, each plate was rinsed with 5 mL sterile PBS twice and 5 mL 

PBS was added before detaching biofilm by 15 min sonication in a water bath (iSonic, Chicago, 

IL). Planktonic bacteria were prepared by incubating the MWB culture in test tubes under the same 

conditions (at 130 rpm for 24 h). 

2.3.5 In vitro bacterial adhesion, invasion, translocation and cytotoxicity assays   

Bacterial adhesion and invasion were examined using Caco-2 (colon) and HCT-8 (ileocecal) 

cell lines. Lm planktonic and biofilm cultures were prepared as described above, washed thrice 

with sterile PBS and diluted in D10F (Burkholder and Bhunia 2010) to proper concentrations. Both 

sessile and planktonic bacteria in D10F were diluted and added to epithelial cell monolayers in a 

well at a multiplicity of infection (MOI) 10. For adhesion assays, monolayers were washed once 

after 30 min infection(Wampler et al. 2004b) and bacteria were released from mammalian cells 

into 500 µl sterile 0.1% Triton X-100, serially diluted and enumerated by plating on BHI agar 

plates (BHIA). For invasion assays, cells were incubated for 2 h (Yamada et al. 2006), washed, 

and then monolayers were incubated with D10F containing 50 µg/ml gentamicin to eliminate 

extracellular bacteria before lysing mammalian cells by 0.1% Triton X-100. The amount of 

invaded Lm was enumerated by plating on BHIA. Adhesion and invasion rates were calculated by 

dividing bacterial cell numbers from lysed cells by the number of inoculums. 
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Translocation assays were performed using Caco-2 cells seeded in a Transwell set up for 

14-21 days as described before (Burkholder and Bhunia 2010; Drolia et al. 2018). Briefly, washed 

bacterial cells were added to the apical well at an MOI of 100 and incubated at 37ºC for 4 h in a 

CO2 incubator. The liquid (500-µl aliquot) from the basal well was removed, diluted and plated on 

BHIA for enumeration. The transepithelial electrical resistance (TEER) values of each well were 

measured before and after translocation experiments to monitor the integrity of cell monolayers. 

The wells with TEER values between 400-600 (200 Ω/cm2) were used for experiments. 

For cytotoxicity assays, freshly grown Ped-2E9 cells were counted by Trypan blue staining 

and resuspended in 500 µl D10F with the final cell concentration of approx. 106 cell/ml. Bacteria 

were added to achieve an MOI of 10 and incubated at 37ºC for 2 h (Bueno et al. 2010). Ped-E9 

cells were stained with Annexin V-PE and 7-AAD (BD, Franklin Lakes, NJ) following the 

vendor's protocol. The Ped-2E9 cells which were viable, in the early apoptosis phase or dead were 

recognized as both Annexin V and 7-AAD negative, Annexin V positive and 7-AAD negative, 

and both positive Annexin V and 7-AAD positive, respectively. Labeled cells were analyzed by 

BD Accuri™ C6 that detects Annexin V-PE in FL-2 and 7-AAD in FL-3, and at least 10,000 

events were collected from each sample. As blank controls, two samples of Ped-2E9 cells went 

through all the labeling procedures the same as the testing samples but without bacterial infection. 

The percentage of Annexin V positive events of each sample was calculated by subtracting the 

average percentage of Annexin V positive events in blank controls from the same experiment. To 

confirm proper labeling, bacteria-treated Ped-2E9 cells were also examined under a fluorescence 

microscope (Leica, Buffalo Grove, IL) after staining with Annexin V-FITC and 7-AAD, 

respectively(Bueno et al. 2010; Mannarreddy et al. 2017).  

Cytotoxicity was also tested on a Caco-2 cell line by assessing intracellular LDH release 

(Singh et al. 2018). Caco-2 cells in 24-well plates were incubated with sessile or planktonic Lm at 

MOI of 10 for 2 h at 37ºC. Released LDH in the supernatant was quantified using Pierce LDH 

Cytotoxicity Kit (Thermo Scientific, Frederick, MD). Supernatant from non-treated cell 

monolayers and cells lysed with 0.1% Triton X-100 were used as negative and positive controls to 

determine 0 and 100% cytotoxicity, respectively.  
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2.3.6 Protein extraction and Western blotting 

The whole-cell protein, secreted protein, cell wall protein, and intracellular proteins were 

extracted and analyzed separately using Western blot to compare the expression of key virulence 

genes in biofilm-isolated and planktonic Lm (Burkholder et al. 2009). Briefly, to extract whole-

cell protein, approximately 1×108 to 1× 109 biofilm-isolated or planktonic Lm cells were harvested, 

washed and resuspended into 100 μl PBS. Then, the bacterial cultures were kept in ice and 

sonicated for three 15s cycles. After centrifugation (14,000 g for 10 min at 4°C), whole-cell protein 

in the supernatant was collected. Protein from the cell wall, intracellular and supernatant fractions 

were also extracted (Burkholder et al. 2009) and quantified using BCA (Thermo Scientific) to 

standardize loading amount. To collect supernatant protein secreted by Lm in biofilms, biofilms 

were incubated in tissue culture-treated Petri dish (TPP) for 24 h, rinsed to remove loosely attached 

bacteria and replenished with the same volume of fresh MWB medium for another 16 h at 30ºC. 

Secreted protein in the supernatant from biofilm cells was extracted from the MWB medium after 

48 h while from planktonic cells after 24 h at 30ºC. After standardizing the loading amount, quality 

and quantity of protein samples were analyzed using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE;10% acrylamide). Proteins were transferred to a hydrophobic 

membrane (PVDF) and immunoprobed with antibodies to LAP, and InlA, (all from our lab, Table 

2.2) and LLO (Cat # ab200538; Abcam, Cambridge, UK). All blots/gels derive from the same 

experiment and were processed in parallel. See supplementary information for original blots. 

2.3.7 RNA extraction and quantitative reverse transcription PCR  

Isolation and quantification of mRNA from biofilm-isolated Lm from the intestinal chymus 

were performed as described before (Oozeer et al. 2005) with some modifications. Chymus from 

the ileum, cecum, and colon were collected into a 2 mL screw-cap tube (BioSpec) pre-filled with 

1 mL cold PBS and 2 glass beads (5 mm diameter) (BioSpec), and homogenized using FastPrep 

5G (2 cycles of 6 m/s treatment for 40s; MP Biomedicals) to release bacteria. The homogenate 

was then combined into 9 mL of cold PBS and centrifuged (250 g, 5 min) and the supernatant 

containing bacteria was filtered through a sterile cell strainer (mesh size 40 μm, Fisher), diluted, 

and plated on MOX to quantify Lm. The filtrate was centrifuged (8,000 g, for 5 min at 4°C), rinsed 

twice with cold PBS, resuspended into 1 mL TRIzol, and stored at -80°C. RNA was extracted and 
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purified using Direct-zol™ RNA Miniprep Plus kit (Zymo Research), treated with DNase and 

purity was assessed using NanoDrop™ 2000 (Thermo Fisher Scientific). cDNA was synthesized 

using RNA (2-500 ng, A260/ A280~2.0, A260/ A230>2.0) and Maxima H Minus Reverse Transcriptase 

(Thermo Scientific) and random hexamer primers. To quantify the copy number of target genes in 

cDNA, I first constructed standard curves of gene copy numbers and Ct values. DNA with known 

copy numbers of each gene was prepared by PCR (Table 2.3, Fig 2.8), purified, quantified using 

NanoDrop, serially diluted (about 10 to 109 copy/μL) and used as templates for quantitative PCR 

(qPCR) using PowerUp SYBR® Green Master Mix (Applied Biosystems) and qPCR-specific 

primers (Table 2.3) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems). The qPCR 

primers were all self-designed, and their potential secondary structures were predicted using the 

OligoAnalyzer Tool (IDT). The relative expressions of virulence (inlA and lap) and regulator (prfA 

and sigB) genes in biofilm-isolated Lm from intestinal chymus 12 or 48 hpi were compared with 

those expressed in the same culture before oral infection using the following equation:  
Relative		expression = !"#$%	'"()#	"+	#$,-.#	-./.0	1/	'2)340	(67	",	89	2(1)	

;<=	"+	>3	1/	'2)340		(67	",	89	2(1)
∗ ;<=	"+		?1"+1%3
!"#$%	'"()	#	"+	#2.	#$,-.#	-./.	1/		?1"+1%3

          (1) 

where “biofilm” denotes biofilm-isolated Lm before infection.  

To compare virulence gene expression between biofilm-isolated and planktonic Lm from 

non-intestinal samples, cultures were prepared as described above and approximately 108 CFU 

was collected after washing twice with PBS (8,000g for 3 min at 4°C) and resuspended in 1 mL of 

TRIzol® reagent. Then, RNA extraction and cDNA quantification were carried out as above. The 

relative expression of lap, inlA, prfA, and sigB in biofilm-isolated cells compared to planktonic 

cells were calculated using the following equation: 

Relative		expression = !"#$%	'"()	#	"+	#$,-.#	-./.	0/		10"+0%2
345	"+		10"+0%2

∗ 345	"+		(%$/6#"/0'
!"#$%	'"()	#	"+	#7.	#$,-.#	-./.	0/		(%$/6#"/0'

        (2) 

where, “biofilm” and “planktonic” denote biofilm-isolated and planktonic cells.  
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Table 2.3 Plasmid, primers, and antibodies used in the study 

qPCR 
Oligonucleotides 
Primers Sequence Source 
pHoss1 Available at Addgene.org Addgene 

inlAm5 AGACCCGCTTAAAAACCTAACAAATTTAAATCGGCTAGAACTATCT This study 
inlAm3 GAAACTTAGCATTAAAAATTGCCTTAAGTGGCTGCGTCACTGT This study 
inlA.up.5 (NcoI) cacaagggtttgaatcattagatcccatggATCCGATTATTGTAGTGGCTT This study 
inlA.up.3 ATAGTTCTAGCCGATTTAAATTTGTTAGGTTTTTAAGCGGGTCT This study 
inlA.down.5 CGCAGCCACTTAAGGCAATTTTTAATGCTAAGTTTCA This study 
inlA.down.3 (SalI) gatatcggatccatatgacgtcgacCTAAACAATTCTAAAACA This study 
InlA_3(RT)a GCATTATAGCTATCGCCAGT              This study 
inlA_5(RT)a ACAAAACTAACTGAGTTAAAACTGG         
qInlA_3b   GTTGTTACACCGTCATTATCCAAGGTTGCTG   This study 
qInlA_5b   ATTGACTGAACCAGCTAAGCCTGTAAAAGAAGG 
Lap_3(RT)a TCAAACACCTTTGTAAGCTT      This study 
Lap_5(RT)a GAACGCGTATTTATCGTAACT     
qLap_3b   CGCATTTGCAAACGCCATACCAGC  

This study 
qLap_5b   CCAGATGTTGCGATTGTCGATGCAC 
prfA_3(RT)a TTTTCCCCAAGTAGCAGG             This study 
prfA_5(RT)a ATGAACGCTCAAGCAGAA             
qprfA_3b   GCTAGGCTGTATGAAACTTGTTTTTGTAGG This study 
qprfA_5b   AGAAGTCATTAGCGAACAGGCTACCGC    
SigB_3(RT)a TTACTCCACTTCCTCATTCTG               This study 
SigB_5(RT)a ATGCCAAAAGTATCTCAACC                
qSigB_3b   CCCATTTCCATTGCTTCTAAAACTTCTTCCTCC   This study 
qSigB_5b   AATTAGGTCCGAAAATTAAAAATGCCGTAGAAGAG 
inlA-Fc GAACCAGCTAAGCCCGTAAAAG (Werbrouck et 

al. 2006) inlA-Rc CGCCTGTTTGGGCATCA 
prfA-Fc  TCATTAGCGAGCAGGCTACC (Camejo et al. 

2009) prfA-Rc  GCAAATAGAGCCAAGCTTCC 
   
Antibodies  Description Source 
mAb-H7  Mouse monoclonal anti-LAP antibody Our lab 

mAb-2D12  Mouse monoclonal anti-InlA antibody 
(Mendonca et 
al. 2012) 

pAb anti-LLO  Rabbit polyclonal anti-LLO pAb 
Abcam (Cat # 
ab200538) 

 IgG (HRP-linked)  Goat anti-rabbit IgG (HRP-linked) 
Cell Signaling 
(Cat # 7074) 

 IgG (HRP-linked) Horse anti-mouse IgG (HRP-linked) 
Cell Signaling 
(Cat # 7076) 

aPrimers used to generate amplicons for generating qPCR standard curves. bqPCR primers used for quantifying 
gene copy numbers. cqPCR primers are used for detecting the presence or absence of Lm in mouse tissues. 
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2.3.8 Mouse pathogenicity assay 

The animal experiment protocol (No. 1201000595) was approved by the Purdue University 

Animal Care and Use Committee. C57BL/6 male and female mice (8-10 weeks old) from our 

breeding colony were used. To characterize the in vivo pathogenicity of InlAm strain, mice (n = 5-

6/treatment) were orally gavaged with 100 µl of freshly prepared cultures (5 × 109 CFU in PBS) 

of Lm F4244 WT, InlAm, or ∆inlA using a stainless steel ball-end needle (Popper) (Drolia et al. 

2018) and sacrificed 96 hpi.  

To determine the pathogenicity of sessile and planktonic Lm strains, F4244 (WT), InlAm 

or F45, each mouse was orally challenged with 100 µl of freshly prepared cultures (1 × 109 CFU 

in PBS/mouse). In a separate experiment, mice were pretreated with streptomycin (5 mg/mL) in 

the drinking water for 32 h followed by 16 h without antibiotics until bacterial gavage (Becattini 

et al. 2017; Louie et al. 2019). Food was withdrawn 8 h before gavage. Mice (n = 4-9/treatment) 

were sacrificed 12, 24 and 48 h after infection by CO2 asphyxiation. Blood was collected through 

cardiac puncture and 100 μL of blood was mixed with 400 μL 0.4% sodium citrate solution as an 

anticoagulant and further diluted to enumerate by plating. Extra-intestinal organs were collected 

and homogenized in 4.5 ml (mesenteric lymph node, spleen, and kidney) or 9 mL (liver) buffered 

Listeria enrichment broth (BLEB: Neogen) supplemented with 0.1% Tween-20 and antimicrobial 

supplement (Neogen). After sectioning the intestine into jejunum, ileum, cecum, and colon, 

internal contents were removed, and the intestinal sections were split open before washing (2X) 

and incubation in sterile D10F containing 50 μg/ml gentamicin at ambient temperature for 2 h to 

eliminate extracellular bacteria. Then, each part of the intestine was individually homogenized in 

1 ml BLEB, diluted in PBS, and plated on Modified Oxford plates (MOX; Neogen) to enumerate 

invaded bacterial load.  

Since the viable bacterial counts in most organs from 12 h infected mice were lower than 

the detection limit by a standard plating method, the presence of Lm in these samples was 

determined by culture enrichment followed by quantitative PCR. Homogenized samples in BLEB 

were incubated at 37ºC overnight and 100-μL of each culture was plated on MOX plates. Colonies 

producing black pigment on MOX plates were transferred into 4 mL BHI broth incubated at 37ºC 

overnight for the final enrichment. DNA was extracted from cultures using the boiling method, 

and qPCR using SYBR® Green Master Mix (Applied Biosystems) and targeting two specific 

virulence genes (prfA and inlA) (Table 2.3) were performed to determine the presence of Lm. For 
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the samples that did not form colonies on MOX plates, DNA was directly extracted from enriched 

BLEB samples before qPCR. 

For histopathology analysis, a small section of the spleen, liver, and parts of the intestine 

was fixed in formalin (10%) and stained with hematoxylin and eosin to be microscopically 

examined and scored by a board-certified veterinary pathologist, Dr. Abigail Cox from Purdue 

University, as before (Drolia et al. 2018).   

2.3.9 Bacterial survival and virulence after exposure to simulated gastrointestinal fluids 

To assess the survival of biofilm-isolated and planktonic Lm in gastrointestinal conditions, 

simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) was prepared as before (Mathipa 

and Thantsha 2015) with an exception. Luria-Bertani (LB) was substituted with distilled water as 

the solvent for SIF. Biofilm-isolated and planktonic bacteria were rinsed once with sterile 

deionized (DI) water, resuspended in SGF (pH 2), and incubated at 37°C with the agitation of 120 

rpm for 1 h. Viable bacterial counts were enumerated at 0- and 60-min post-SGF treatment by 

diluting and plating on BHIA. After SGF treatment, bacterial cultures were rinsed once with sterile 

DI water, resuspended in SIF (pH 7) for another 12 h incubation at the same conditions, and 

enumerated after SIF treatment.  

Adhesion, invasion, and transepithelial translocation of SGF and SIF-treated or non-treated 

sessile and planktonic bacteria were tested on Caco-2 cell monolayers as above. At the same time, 

whole-cell proteins were extracted from treated and non-treated cultures to assess the expression 

of LAP and InlA using immunoblotting. Instead of SGF (pH 2), bacteria for in vitro virulence tests 

and immunoblotting were treated with SGF (pH 3) to ensure the availability of an adequate number 

of viable cells for the experiment. Other conditions remained the same as the survival test. 

2.3.10 Statistical analysis  

Experimental data were analyzed using GraphPad Prism (La Jolla, CA) software. P values 

and the type of statistical analysis performed are described in the figure legends. The Mann-

Whitney test was used to determine statistical significance for mouse microbial counts and data 

are presented as median. In other experiments, comparisons between treatment and control were 

performed using the unpaired Student t-test, or by one-way or two-way analysis of variance with 
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Tukey’s multiple-comparison test, and data are presented as the mean ± standard error of the mean 

(SEM). 

2.4 Results 

2.4.1 Food-isolated L. monocytogenes strains have higher biofilm-forming capability than 
clinical isolates 

The biofilm-forming capability of over 100 Lm isolates of food and clinical origin on 

polystyrene surface was assessed after 48 h using crystal violet staining (Djordjevic et al. 2002) to 

choose for representative food and clinical strains to investigate the pathogenic potential in in vitro 

cell culture and in vivo mouse models. Biofilm-forming capacity varied widely among the strains 

at 48 h. I found food isolates (65 strains) had significantly (P < 0.05) higher biofilm-forming 

capability than the clinical isolates (45 strains) (Fig. 2.1a-c). Furthermore, isolates of serotype 1/2a 

and 1/2c (Lineage II) had greater biofilm-forming capabilities than serotypes 1/2b or 4b (Lineage 

I) (Fig. 2.1a,c). Isolates were arbitrarily grouped into high, moderate, and low biofilm-producing 

groups (Fig. 2.1b) and representative strains with high (F40 and F45) or moderate (F33, F4244, 

and 10403S) biofilm-forming capabilities were chosen for further characterization. These isolates 

(two clinical; F4244 (4b) and 10403S 1/2a) and three food; F40 (4b), F45 (1/2b) and F33 (4b) 

represent serotypes 4b, 1/2b and 1/2a (Table 2.1) which are responsible for a majority of human 

listeriosis cases (Doumith et al. 2004; Swaminathan and Gerner-Smidt 2007). Light microscopic 

images revealed the formation of typical honeycomb-like structures of biofilms consistent with the 

previous observation (Guilbaud et al. 2015) with varying sizes of the biofilm clusters (Fig. 2.2a). 

Furthermore, there is no apparent difference in individual cell lengths between sessile and 

planktonic cells (Fig. 2.2b). Collectively, these data reveal that food-isolated Lm strains have 

higher biofilm-forming capabilities than clinical isolates. 
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Figure 2.1. Quantification of L. monocytogenes (Lm) biofilm formation and morphological 
analysis. (a) The biofilm-forming capabilities of over 100 food-(top-panel) or clinical-isolated 
(bottom panel) Lm strains were tested using crystal violet staining assay. Arrows indicate the 
strains selected for further characterization. (b) Assemblage (strong, moderate and weak) of 

isolates based on their ability to form biofilms. (c) Comparison of biofilm formation by food and 
clinical isolates and isolates of lineage I and II. Food isolates have significantly higher biofilm-
forming capability than the clinical isolates, and isolates of lineage II also have a significantly 
higher capacity than isolates of lineage I. Mann-Whitney test was used for statistical analysis. 

**P < 0.005; *P < 0.05. 
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Figure 2.2. (a) Visualization of biofilm formation by high (Lm F45 and F40) and moderate 
(F4244, F33, and 10403S) biofilm forming strains of L. monocytogenes isolates on glass slides 

after crystal violet staining. (b) Morphological comparison of biofilm-isolated and planktonic Lm 
F4244, F45, F40, F33, and 10403S cells using phase-contrast microscopy shows no significant 

difference in cell length. Scale bars represent 5 μm. 

2.4.2 Biofilm-isolated L. monocytogenes has attenuated adhesion, invasion, and 
translocation capability to intestinal epithelial cell lines in vitro 

To compare the bacterial adhesion, invasion and transmigration characteristics of 48 h-old 

biofilm-isolated sessile and 24 h-old planktonic Lm cells, two human intestinal epithelial cell lines, 

Caco-2 (colonic cells) and HCT-8 (Ileocecal junctional cells) were used. Sessile cells of all five 

strains (F40, F45, F33, F4244, and 10403S) tested showed a significantly (P < 0.05) decreased 

adhesion to Caco-2 (Fig. 2.3a) and HCT-8 (Fig. 2.3b) cells than that of their planktonic 

counterparts. Likewise, sessile cells showed significantly lower invasion than the planktonic cells 
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into Caco-2 (Fig. 2.3c) and HCT-8 (Fig. 2.3d) cells. Sessile cells also showed significantly (P < 

0.05) lower transepithelial translocation than the planktonic cells in a Transwell setup (Fig. 2.3e). 

Altogether, reduction in adhesion, invasion and transepithelial migration between sessile and 

planktonic cultures was over 50%. Additionally, planktonic cells of wild-type (WT) Lm F4244 

strain showed significantly higher adhesion and invasion than that of the planktonic cells of an 

isogenic lap─ or ∆inlA mutant strains used as controls (Fig. 2.3). Note, during this experiment, the 

growth of both sessile and planktonic Lm cells were negligible in mammalian cell culture medium 

(D10F; Dulbecco’s modified Eagles medium with 10% fetal bovine serum) after 3 h and there is 

no significant difference (P < 0.05) between two cultures (Fig. 2.4), suggesting the differences in 

bacterial interaction with mammalian cells are not influenced by their growth during the assay 

period. Taken together, these in vitro results suggest that the biofilm-isolated Lm strains have 

impaired ability to adhere, invade, or translocate across the epithelial cells than that of their 

planktonic counterparts thus possibly have reduced virulence potential.  
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Figure 2.3. Adhesion, invasion and translocation characteristics of biofilm-forming sessile and 

planktonic cells on the cultured cell line.  Comparison of adhesion (a and b) and invasion (c and 
d) in Caco-2 and HCT-8 cells and transepithelial translocation across Caco-2 cells (e) between L. 

monocytogenes biofilm-isolated sessile and planktonic cells on Caco-2 and HCT-8 cells. The 
percentage was calculated by dividing the amounts of adhered, invaded, or translocated bacteria 

by the amounts of bacteria in the inoculum. Data are the average of at least three independent 
experiments performed in triplicate. All error bars represent SEM. Pairwise Student’s t-test was 

used for statistical analysis. ****P < 0.0001; ***P < 0.0005; **P < 0.005; *P < 0.05. 
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Figure 2.4. Counts of biofilm-isolated or planktonic Lm F4244, F45, and 10403S cells in 
mammalian cell culture medium (D10F; Dulbecco’s modified Eagles medium containing 10% 

fetal bovine serum) remained no significantly different over 3 h period. 

2.4.3 Biofilm-isolated L. monocytogenes were less cytotoxic to Ped-2E9 and Caco-2 cells 
than the planktonic bacteria 

To characterize pathogenic attributes of biofilm-isolated cells, Ped-2E9 (a hybrid murine 

B lymphocyte line)-based in vitro cytotoxicity assay was conducted (Bhunia et al. 1994; Banerjee 

and Bhunia 2010). Ped-2E9 has been established to be a sensitive model to respond to the apoptosis 

triggered by Lm (Bhunia and Feng 1999a; Gray et al. 2005; Bueno et al. 2010). I used Annexin V 

and 7-AAD labeling method to distinguish Ped-2E9 cells in the early or late apoptosis and analyzed 

them using flow cytometry and fluorescence microscopy. Biofilm-isolated and planktonic cells of 

Lm strains F4244 and 10403S and their corresponding isogenic mutant strains were analyzed (Fig. 

2.5a). The damage caused by bacteria to Ped-2E9 cells was quantitatively compared by the sum 

percentage of Annexin V positive events, which include cells in the early and the late stage (dead) 

of apoptosis (Fig. 2.6). Firstly, all planktonic WT strains (F45, F4244 and 10403S) caused 

significantly more cell damage than the corresponding biofilm-isolated cells (Fig. 2.5a,b). 

Secondly, the microscopic analysis confirmed that the planktonic strains (F4244, 10403S and F45) 

are responsible for more apoptotic or dead Ped-2E9 cells than the sessile cells. Thirdly, as expected, 

planktonic 10403S cells caused significantly more damage than the isogenic ∆prfA mutant strain 

whose virulence cannot be upregulated by the major regulator, PrfA (de las Heras et al. 2011) (Fig. 

2.5a,b). I used the ∆prfA mutant as a negative control since hly, plcA and plcB are regulated by 

PrfA and whose gene products are responsible for Ped-2E9 cell membrane damage and 

cytotoxicity (Menon et al. 2003b; Bueno et al. 2010)  Fourthly, F4244 ∆inlA and lap─ mutant 

strains did not show a significant difference in cell death than that of the WT planktonic cultures, 
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suggesting the cytotoxicity reduction in biofilm-isolated bacteria was not affected by InlA or LAP 

(Fig. 2.5a,b). Finally, L. innocua F4248, a nonpathogenic strain, did not induce any cytotoxicity 

(Fig. 2.5a,b). In addition, using Caco-2 cells as a second model, I observed planktonic cultures of 

five WT Lm strains (F45, F4244, F40, F33 and 10403S) to induce a significantly more lactate 

dehydrogenase (LDH) release than the sessile cultures, suggesting that planktonic Lm cells are 

more cytotoxic than the sessile cells (Fig. 2.5c). In sum, Ped-2E9 and Caco-2-based in vitro 

cytotoxicity data were consistent with the observation that biofilm-isolated bacteria have 

attenuated virulence compared to the planktonic bacteria on cultured cell lines.  
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Figure 2.5. Cytotoxicity assessment of biofilm-forming sessile and planktonic L. monocytogenes. 
(a) Flow cytometric analysis of Ped-2E9 (B cell hybridoma) cells treated with biofilm-isolated 
(B) and planktonic (P) cells of L. monocytogenes (Lm) F4244 and 10403S and corresponding 
mutant strains at MOI of 10. Annexin V-PE positive and 7-AAD negative events (Q3) were 

identified as cells in the early phase of apoptosis. Events with both Annexin V-PE and 7-AAD 
positive (Q2) or both negative (Q4) were identified as dead or live cells, respectively. L. innocua 
(Lin) F4248 was also tested as a nonpathogenic negative control. (b) Quantitative comparison of 
overall damage of Ped-2E9 caused by bacteria. Each bar represents the percentage of Annexin 
V-PE positive events, which included early apoptosis (Q3) or dead (Q2) cells. Biofilm-isolated 
bacteria of both strains were significantly less cytotoxic than their planktonic counterparts. Bars 
marked with different letters are significantly different at P < 0.05. (c) Lactate dehydrogenase 
(LDH) released from Caco-2 cells (a colorectal adenocarcinoma) treated with both sessile or 

planktonic cells. Bacteria were incubated with cells at MOI of 10 at 37°C for 2 h. Data are the 
average of at least three independent experiments performed in triplicate. All error bars represent 

SEM. A pairwise student t-test was used for statistical analysis. *P < 0.05. 

Lm F4244 lap–

Lm 10403S ΔprfA

Lm F4244 (P)Lm F4244 (B)

Lin F4248 

Lm F4244 ΔinlA

Lm 10403S (P)Lm 10403S (B)

a

b c

B
io

fil
m

P
la

nk
to

ni
c

Δ
in
lA

la
p–

B
io

fil
m

P
la

nk
to

ni
c

Δ
pr
fA

Li
nF

42
48

0

20

40

60

80

%
A

nn
ex

in
 V

-P
E

 ±
 S

E
M

Lm F4244 Lm 10403S

a

c

b,c

c

b,c

a a a

F45
F42

44 F40 F33

10
40

3S
-10

0
10
20
30
40
50
60

C
ac

o-
2 

LD
H

 R
el

ea
se

 (%
)

Biofilm
Planktonic

*
*

*

*

*



 
 

67 

 

Figure 2.6. Representative merged fluorescence photomicrograph of Ped-2E9 cells showing pro-
apoptotic and apoptotic cells. Live (white arrows) cells, early apoptotic (green arrows), or dead 

(red arrows) cells were observed after Annexin V-FITC and PI staining.  

2.4.4 Key virulence factors were downregulated in biofilm-isolated bacteria on both 
transcription and translation levels 

Next, to unravel the underlying reduced in vitro adhesion, invasion, translocation and 

cytotoxic phenotypes in sessile cells, I assessed the expression of mRNA and protein of key 

virulence factors using reverse transcriptional PCR and Western blot in two representative strains: 

F4244 (clinical) and F45 (food). Western blot data showed that in biofilm-isolated cells, LAP, and 

InlA levels were all downregulated in the whole cells (Fig. 2.7a). Proteins in bacterial cells could 

be asymmetrically distributed in cytosol and cell wall, and the virulence molecules expressed on 

cell surface are responsible for interacting with epithelial cells. Therefore, I specifically compared 

the amount of those proteins in different cellular fractions. In cell wall (CW) and intracellular (IC) 

fractions, the amount of InlA and LAP were all significantly reduced in biofilm-isolated cells 

compared to those in the planktonic cells (Fig. 2.7b). At the same time, biofilm-isolated cultures 

also secreted significantly (P < 0.05) lower LLO in the supernatant compared to the planktonic 

cultures for strains F4244 and F45 (Fig. 2.7c). As a control for the anti-LLO antibody, the 
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planktonic culture of 10403S showed a positive reaction with secreted LLO while an isogenic ∆hly 

strain was negative (Fig. 2.7c). The protein samples were standardized with Bicinchoninic acid 

assay method before loading onto the SDS-PAGE gel (Fig. 2.8a). 

To quantify the transcription of the major virulence genes, I first generated the standard 

curves for each gene’s copy number and Ct values and validated the specificity of qPCR primers. 

Standard curves for genes with copy numbers of approximately 101 – 109 copy/μL and Ct values 

were generated with each qPCR primer sets (Table 2.3). All the standard curves had R2 values 

greater than 0.99 and a similar slope between -3.04 and -3.40 (Fig. 2.8b,c). Besides, each primer 

pairs amplicon showed a sharp and single-peak melting curve (Fig. 2.8d) suggesting that the qPCR 

primers are suitable for quantifying the target genes.   

The gene-specific mRNA expression analysis in F4244 and F45 strain showed dramatic 

downregulation of both lap and inlA (~95-99%) in biofilm-isolated cells than that of the planktonic 

cells while both regulatory genes, prfA, and sigB, were downregulated by about 25% in the biofilm-

isolated cells, except for the prfA in F45 (Fig. 2.7d). Compared to planktonic F45 cells, the amount 

of prfA mRNA is almost similar in biofilm-isolated F45 cells (Fig. 2.7d). These data suggest that 

the attenuated adhesion, invasion, transepithelial translocation and cytotoxicity of biofilm-isolated 

Lm cells were possibly due to low expression of corresponding virulence genes at both mRNA and 

protein levels. 
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Figure 2.7. Comparison of virulence protein expression in biofilm-isolated (B) and planktonic 
(P) L. monocytogenes cells. (a and b) Immunoblot (top-panel) and densitometry (bottom panels) 
of InlA, LAP, and InlB in the whole cell (a), cell wall, and intracellular fractions (b) of biofilm-
isolated and planktonic cultures of Lm F4244 and F45. Immunoblots are representative of three 
independent experiments. (c) Immunoblot of LLO in the secreted protein fraction of biofilm-

isolated and planktonic Lm F4244 and F45.  Immunoblots are representative of three independent 
experiments. (d) Relative mRNA expression of virulence genes (inlA and lap) and virulence 

regulators (prfA and sigB) in biofilm-isolated and planktonic cells of F4244 and F45 by RT-PCR. 
The student’s t-test was used for statistical analysis. ***P < 0.0005; **P < 0.005; *P < 0.05. 
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Figure 2.8. (a) Coomassie-stained gels loaded with the same protein samples used in Fig. 4a, 4b, 
and 4c, respectively. (b) Agarose gel showing PCR amplicons of gene inlA (1,436 bp), lap (1,136 
bp), prfA (705 bp), and sigB (780 bp) that were extracted from the gel (Thermo Fisher Scientific) 

and used as templates for (c) qPCR standard curves. (d) Melting curves of respective qPCR 
amplicons.  
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2.4.5 In mouse bioassay, biofilm-isolated Lm showed reduced tissue burden at the early 
stage of infection (12-24 h), but similar to planktonic bacteria after 48 h post-infection  

In vitro cell culture experiments suggest that biofilm-isolated Lm irrespective of food or 

clinical sources have a significantly lower capacity to adhere, invade and translocate across the 

intestinal epithelial cells and lower cytotoxicity on B-lymphocytes and Caco-2 cells than the 

planktonic bacteria. However, the actual virulence of Lm in these two physiological states (sessile 

vs planktonic) cannot be accurately compared without observing their pathogenicity in vivo. 

Therefore, I orally infected 8-10 weeks old male and female C57BL/6 mice with both biofilm-

isolated or planktonic Lm strains representing clinical (F4244) and food (F45) isolates with 1×109 

CFU/mouse and analyzed intestinal and extra-intestinal tissues for bacterial dissemination at 12, 

24 and 48 h post-infection (hpi).  

At 12 hpi, the bacterial burden in mice tissues was below the detection limit when a 

standard plating method was used. Therefore, I enriched the tissue samples in buffered Listeria 

enrichment broth (BLEB for 24 h) followed by isolation on the Modified Oxford (MOX) agar plate 

to determine the presence or absence of Lm in mice tissues. The select isolates were further verified 

by qPCR assay (Table 2.4). To test the sensitivity of the detection method, I inoculated Lm (F4244 

or F45) at 1.4 ± 0.2 or 1.2 ± 0.2 CFU/mL BLEB, respectively and incubated at 37°C for 24 h. 

Aliquots (10 µl) of each culture was streaked on MOX plates, and colonies with the black center 

were further verified by PCR, suggesting the two-step selective enrichment combined with PCR 

can detect approximately 1 CFU/mL of Lm in BLEB (Fig. 2.9). None of the jejunal or ileal tissues 

of mice (n = 4-6) were positive for Lm after challenge with the sessile or planktonic cells (Table 

2.5). However, only one of five (20%) cecum or colonic tissues were positive when mice were 

challenged with F4244 sessile cells compared to 50-100% positive when mice were challenged 

with the planktonic cells (Table 2.5). Likewise, no Lm cells were detected from the cecum and 

colon of mice when challenged with F45 sessile bacteria, whereas 80% (4/5) and 100% (5/5) were 

positive when challenged with planktonic bacteria, respectively (Table 2.5). Analysis of extra-

intestinal organs/tissues; mesenteric lymph nodes (MLN), liver and spleen of mice revealed that 

all the animals (n = 5) receiving F4244 sessile cells were negative while 16-50% mice (n = 6) were 

positive when infected with the planktonic cells (Table 2.5). Similarly, all mice receiving F45 

sessile cells were negative in extra-intestinal organs, while 20-60% mice were positive when 

receiving planktonic cells (Table 2.5). None of the blood or kidney samples were positive when 



 
 

72 

infected with either sessile or planktonic cells for both Lm strains at this early stage of infection. 

Nevertheless, these data indicate that bacterial intestinal invasion and subsequent systemic 

dissemination was lower for sessile cells than the planktonic cells for both Lm strains in mice after 

12 hpi. 

 

Table 2.4. Confirmation of mouse tissue/organ (12 hpi) for L. monocytogenes by qPCR 
  Ct values, Biofilm-isolated Lm F4244 Ct values, Planktonic Lm F4244  

Mouse # 1 2 3 4 5 1 2 3 4 5 6 

Target 

gene 
inlA 

prf

A 
inlA prfA inlA 

prf

A 
inlA 

prf

A 
inlA 

prf

A 
inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA 

Jejunum 
31 

(-) 

32 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

33 

(-) 

31 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

32 

(-) 

31 

(-) 
NT NT NT NT 

Ileum 
33 

(-) 

32 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

32 

(-) 

31 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

33 

(-) 

32 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

29 

(-) 

32 

(-) 
NT NT NT NT 

Cecum 
31 

(-) 

33 

(-) 

13 

(+) 

13 

(+) 

31 

(-) 

31 

(-) 

30 

(-) 

32 

(-) 

32 

(-) 

30 

(-) 

13 

(+) 

13 

(+) 

12 

(+) 

13 

(+) 

13 

(+) 

12 

(+) 

13 

(+) 

12 

(+) 
NT NT NT NT 

Colon 
33 

(-) 

32 

(-) 

12 

(+) 

13 

(+) 

32 

(-) 

31 

(-) 

29 

(-) 

30 

(-) 

29 

(-) 

30 

(-) 

11 

(+) 

13 

(+) 

33 

(-) 

30 

(-) 

13 

(+) 

12 

(+) 

31 

(-) 

31 

(-) 
NT NT NT NT 

MLN 
31 

(-) 

31 

(-) 

32 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

30 

(-) 

32 

(-) 

31 

(-) 

30 

(-) 

29 

(-) 

32 

(-) 

11 

(+) 

12 

(+) 

13 

(+) 

12 

(+) 

11 

(+) 

12 

(+) 

31 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

Spleen 
31 

(-) 

32 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

32 

(-) 

29 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

32 

(-) 

31 

(-) 

29 

(-) 

12 

(+) 

13 

(+) 

32 

(-) 

30 

(-) 

31 

(-) 

32 

(-) 

31 

(-) 

31 

(-) 

Liver 
32 

(-) 

32 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

29 

(-) 

31 

(-) 

30 

(-) 

12 

(+) 

13 

(+) 

31 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

32 

(-) 

11 

(+) 

12 

(+) 

13 

(+) 

13 

(+) 

Kidney 
32 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

32 

(-) 
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Table 2.4 continued 

  Ct values, Biofilm-isolated Lm F45 Ct values, planktonic Lm F45  

Mouse # 1 2 3 4 5 1 2 3 4 5 

Target 

gene 
inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA 

Jejunum 
29 

(-) 

28 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

29 

(-) 

30 

(-) 

29 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

29 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

Ileum 
30 

(-) 

32 

(-) 

29 

(-) 

30 

(-) 

28 

(-) 

30 

(-) 

31 

(-) 

29 

(-) 

31 

(-) 

30 

(-) 

29 

(-) 

31 

(-) 

30 

(-) 

32 

(-) 

31 

(-) 

29 

(-) 

29 

(-) 

31 

(-) 

30 

(-) 

29 

(-) 

Cecum 
30 

(-) 

29 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

31 

(-) 

28(-

) 

28(-

) 

30 

(-) 

29 

(-) 

17 

(+) 

19 

(+) 

31 

(-) 

30 

(-) 

19 

(+) 

14 

(+) 

19 

(+) 

19 

(+) 

15 

(+) 

16 

(+) 

Colon 
29 

(-) 

29 

(-) 

32 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

15 

(+) 

15 

(+) 

18 

(+) 

18 

(+) 

16 

(+) 

16 

(+) 

15 

(+) 

14 

(+) 

11(+

) 

11(+

) 

MLN 
32 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

30 

(-) 

30 

(-) 

29 

(-) 

30 

(-) 

16 

(+) 

17 

(+) 

29 

(-) 

30 

(-) 

28 

(-) 

30 

(-) 

14 

(+) 

15 

(+) 

Spleen 
31 

(-) 

31 

(-) 

31 

(-) 

28 

(-) 

29 

(-) 

32 

(-) 

30 

(-) 

28 

(-) 

30 

(-) 

32 

(-) 

17 

(+) 

19 

(+) 

31 

(-) 

30 

(-) 

16 

(+) 

16 

(+) 

37 

(-) 

33 

(-) 

12 

(+) 

11 

(+) 

Liver 
30 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

29 

(-) 

29 

(-) 

29 

(-) 

30 

(-) 

13 

(+) 

15 

(+) 

30 

(-) 

29 

(-) 

29 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

13 

(+) 

14 

(+) 

Kidney 
31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

33 

(-) 

31 

(-) 

32 

(-) 

33 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

 
  Ct values, Biofilm-isolated Lm F4244 InlAm Ct values, planktonic Lm F4244 InlAm  

Mouse # 1 2 3 4 5 1 2 3 4 5 

Target 

gene 
inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA inlA prfA 

Jejunum 
30 

(-) 

28 

(-) 

30 

(-) 

28 

(-) 

30 

(-) 

30 

(-) 

12 

(+) 

15 

(+) 

14 

(+) 

15 

(+) 

30 

(-) 

31 

(-) 

15 

(+) 

15 

(+) 

29 

(-) 

30 

(-) 

14 

(+) 

15 

(+) 

31 

(-) 

30 

(-) 

Ileum 
28 

(-) 

28 

(-) 

29 

(-) 

29 

(-) 

29 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 

15 

(+) 

14 

(+) 

31 

(-) 

29 

(-) 

29 

(-) 

31 

(-) 

15 

(+) 

16 

(+) 

Cecum 
31 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

29 

(-) 

28 

(-) 

30 

(-) 

30 

(-) 

17 

(+) 

16 

(+) 

31 

(-) 

30 

(-) 

17 

(+) 

14 

(+) 

18 

(+) 

19 

(+) 

15 

(+) 

15 

(+) 

Colon 
30 

(-) 

29 

(-) 

31 

(-) 

29 

(-) 

29 

(-) 

30 

(-) 

32 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

14 

(+) 

15 

(+) 

17 

(+) 

17 

(+) 

16 

(+) 

17 

(+) 

31 

(-) 

29 

(-) 

31 

(-) 

29 

(-) 

MLN 
31 

(-) 

28 

(-) 

31 

(-) 

31 

(-) 

28 

(-) 

30 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

30 

(-) 

16 

(+) 

15 

(+) 

30 

(-) 

31 

(-) 

29 

(-) 

29 

(-) 

30 

(-) 

30 

(-) 

15 

(+) 

15 

(+) 
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Table 2.4 continued 

Spleen 
32 

(-) 

32 

(-) 

30 

(-) 

32 

(-) 

32 

(-) 

32 

(-) 

30 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

14 

(+) 

15 

(+) 

30 

(-) 

30 

(-) 

15 

(+) 

15 

(+) 

32 

(-) 

32 

(-) 

13 

(+) 

13 

(+) 

Liver 
30 

(-) 

28 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

29 

(-) 

29 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

29 

(-) 

13 

(+) 

13 

(+) 

14 

(+) 

15 

(+) 

16 

(+) 

16 

(+) 

29 

(-) 

32 

(-) 

Kidney 
31 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

29 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

32 

(-) 

31 

(-) 

29 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

Mouse # 6 7 8 9  6 7 8 9  

Target 

gene 
inlA prfA inlA prfA inlA prfA inlA prfA   inlA prfA inlA prfA inlA prfA inlA prfA   

Jejunum 
29 

(-) 

28 

(-) 

15 

(+) 

15 

(+) 

30 

(-) 

30 

(-) 

29 

(-) 

30 

(-) 
  

16 

(+) 

16 

(+) 

16 

(+) 

15 

(+) 

30 

(-) 

30 

(-) 

14 

(+) 

14 

(+) 
  

Ileum 
31 

(-) 

31 

(-) 

33 

(-) 

30 

(-) 

15 

(+) 

14 

(+) 

30 

(-) 

29 

(-) 
  

31 

(-) 

32 

(-) 

29 

(-) 

29 

(-) 

29 

(-) 

31 

(-) 

30 

(-) 

29 

(-) 
  

Cecum 
30 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

15 

(+) 

16 

(+) 
30(-) 28(-)   

13 

(+) 

14 

(+) 

14 

(+) 

14 

(+) 

29 

(-) 

31 

(-) 
29(-) 28(-)   

Colon 
28 

(-) 

29 

(-) 

30 

(-) 

30 

(-) 

13 

(+) 

15 

(+) 

14 

(+) 

14 

(+) 
  

30 

(-) 

29 

(-) 

30 

(-) 

29 

(-) 

14 

(+) 

14 

(+) 

14 

(+) 

15 

(+) 
  

MLN 
32 

(-) 

32 

(-) 

32 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

32 

(-) 

31 

(-) 
  

30 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 
  

Spleen 
31 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

32 

(-) 

30 

(-) 

30 

(-) 
  

14 

(+) 

15 

(+) 

15 

(+) 

15 

(+) 

30 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 
  

Liver 
31 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

13 

(+) 

14 

(+) 

14 

(+) 

15 

(+) 
  

31 

(-) 

31 

(-) 

30 

(-) 

31 

(-) 

14 

(+) 

14 

(+) 

15 

(+) 

14 

(+) 
  

Kidney 
31 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

30 

(-) 
  

31 

(-) 

31 

(-) 

30 

(-) 

30 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 

31 

(-) 
  

 *Each Ct value is the average of two replicate qPCR. +, positive; -, negative 
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Table 2.5. Listeria monocytogenes strains (F45, F4244, and F4244 InlAm) translocation in 
C57BL/6 mice organs/tissues 12 h after oral infection. 

a Mice (both male and female) were orally gavaged with 1×109 CFU/mouse. Mouse tissue samples 
were enriched in buffered Listeria enrichment broth for 24 h, plated on modified Oxford agar plate 
for 48 h, and 1-2 colonies per sample were verified by qPCR (see supplementary Table 2.3). 
b These animals received streptomycin (5 mg/ml) in water for 32 h, followed by 16 h antibiotic-
free water before oral gavage with Lm. 

 

 

Figure 2.9. Verification of detection of low levels of Lm. Lm F4244 or F45 were inoculated into 
BLEB and incubated at 37°C for 24 h. The cultures were inoculated on MOX from where 

colonies with black centers were verified by PCR using primers targeting InlA (inlAm5 and 
inlAm3, see Table 2.3) as Lm. 

 

At 24 hpi, I was able to enumerate Lm in most mice organs and tissues by a standard plating 

method. In the intestinal tissues, there were no significant differences in bacterial counts between 

sessile and planktonic cells-challenged mice with the exception of the cecum, where sessile cells 

had significantly (P < 0.05) higher colonization than the planktonic cells (Fig. 2.10a-d). However, 

in the extra-intestinal organs (MLN, spleen, and liver) planktonic cells exhibited significantly (P 

Source Tissues Number of mouse tissues positive for L. monocytogenes/# mouse tested (%)a 

  F4244 (WT) F45 (WT) F4244 (InlAm)b 
  Biofilm Planktonic Biofilm Planktonic Biofilm Planktonic 

Intestinal  

Jejunum 0/5 (0) 0/4 (0) 0/5 (0) 0/5 (0) 3/9 (33) 5/9 (56) 

Ileum  0/5 (0) 0/4 (0) 0/5 (0) 0/5 (0) 1/9 (11) 2/9 (22) 

Cecum 1/5 (20) 4/4 (100) 0/5 (0) 4/5 (80) 1/9 (11) 6/9 (67) 

Colon 1/5 (20) 2/4 (50) 0/5 (0) 5/5 (100) 2/9 (22) 5/9 (57) 

Extra-Intestinal  

MLN 0/5 (0) 3/6 (50) 0/5 (0) 2/5 (40) 0/9 (0) 2/9 (22) 
Liver 0/5 (0) 3/6 (50) 0/5 (0) 2/5 (40) 2/9 (22) 5/9 (56) 

Spleen 0/5 (0) 1/6 (16) 0/5 (0) 3/5 (60) 0/9 (0) 5/9 (56) 
Kidney 0/5 (0) 0/6 (0) 0/5 (0) 0/5 (0) 0/9 (0) 0/9 (0) 
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< 0.05) higher bacterial burdens than the sessile cells (Fig. 2.10e-g). In fact, F4244 sessile cells 

were undetectable in these organs as determined by a plating method suggesting that the sessile 

cells were either unable or translocated and/or disseminated in blood/lymphatic circulation at 

levels that are below our detection limits at 24 hpi. In the kidney, counts for both sessile and 

planktonic cells were below the detection limit with the exception of one mouse, which was 

showing the planktonic burden of about two logs (Fig. 2.10h). Altogether, planktonic F4244 cell-

challenged mice had significantly (P < 0.005) higher total Lm burden than the sessile cell-

challenged mice in the extra-intestinal organs while there was no significant difference in total 

bacterial burden in whole intestinal tissues combined at 24 hpi (Fig. 2.10i). Likewise, total Lm 

burdens in the intestine and extraintestinal organs of mice challenged with sessile or planktonic 

cells of strain F45 are similar to F4244-challenged mice. I did not observe any significant 

difference in intestinal Lm counts for F45 strain; however, significantly (P < 0.05) more planktonic 

cells were found in extra-intestinal organs than the sessile cells (Fig. 2.10j). In particular, 

significantly (P < 0.05) more planktonic F45 than biofilm-isolated bacteria were detected in the 

cecum, but not in other sections of the intestine (jejunum, ileum and colon) (Fig. 2.10a-e). Whereas 

in the extraintestinal organs, infection by planktonic F45 resulted in significantly (P < 0.05) more 

Lm counts in MLN and spleen than in the liver (Fig. 2.10e-g). Furthermore, the presence of 

biofilm-isolated Lm in MLN of three mice and spleen of one mouse could not be detected even 

after culture enrichment followed by qPCR (Fig. 2.10e,g). Comparing the overall Lm burden in 

the intestine or extra-intestinal organs between F4244 (clinical isolate) and F45 (food isolate) 

indicates that F4244 had 1-2 log higher counts, hence it is more invasive than F45 in a mouse 

model of infection (Fig. 2.10i,j). These data further reveal that while biofilm-isolated cells are in 

the process of translocating through the intestinal tissues, planktonic Lm cells have already 

disseminated to the extra-intestinal sites at 24 hpi.  

At 48 hpi, F4244 cell burden in both intestinal and extra-intestinal tissues for both sessile 

cell- and planktonic cell-challenged mice were alike (Fig. 2.10a,b,d,e,h) except for the cecum (Fig. 

2.10c) and spleen (Fig. 2.10f) where planktonic counts were significantly (P < 0.05) higher than 

the sessile cells. Comparing the total bacterial burden in the whole intestine and extra-intestinal 

tissues, no significant difference in total bacterial burden in extra-intestinal tissues was observed 

between planktonic or sessile bacteria-challenged mice (Fig. 2.10i). Likewise, in F45 infected 
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mice, the burden of planktonic or sessile cells had no significant difference in all intestinal or extra-

intestinal organs examined at 48 hpi (Fig. 2.10a-j).  

Collectively these data demonstrate that the biofilm-isolated Lm has temporarily attenuated 

capacity to translocate across the gut barrier and/or to disseminate in the blood/lymphatic 

circulation during the early phase of infection (12-24 h), while both planktonic and biofilm-

isolated Lm were able to disseminate to extra-intestinal tissues similarly at 48 hpi. 

 

Figure 2.10. Mouse bioassay to compare the pathogenesis of biofilm-isolated sessile and 
planktonic L. monocytogenes cells. Lm burden in intestinal (a, b, c, and d) and extra-intestinal 
tissues (e, f, g, and h) after oral inoculation of mice (C57BL/6, male-female, 8-10 weeks old) 

with 1×109 CFU/mouse of sessile (B) and planktonic (P) cells of F4244 or F45 at 24 and 48 hpi. 
(i and j) Comparison of the number of bacteria in all intestinal and extra-intestinal tissues at 24 

and 48 hpi. Bars represent the median values of each group (B or P). Dashed lines indicate 
detection limits by a plating method. Mann-Whitney test was used for statistical analysis. **P < 

0.005; *P < 0.05 
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2.4.6 Histopathology shows the increased inflammatory response for planktonic cells than 
the sessile cells 

At 24 hpi, histopathological analysis of planktonic F4244 infected intestinal tissues revealed more 

polymorphonuclear and mononuclear cells infiltrating villi in mice than the sessile bacteria-

infected tissues (Fig. 2.11a). At the same time, an increased amount of single-cell necrosis and 

higher inflammation scores were observed in the liver and spleen of planktonic F4244 challenged 

mice, suggesting planktonic bacteria caused more inflammatory lesions in extra-intestinal organs 

than the sessile bacteria at 24 hpi (Fig. 2.11a,b). At 48 hpi, a similar inflammatory lesion was 

observed in both intestinal and extra-intestinal organs of mice challenged with either planktonic 

or sessile cells of F4244 (Fig. 2.11a). The sessile and planktonic cells of the F45 strain also showed 

similar results as F4244 but the overall inflammatory response was much lower than F4244 (Fig. 

2.12). Overall inflammation scores showed that sessile bacteria caused much more lesions in the 

spleen and liver at 48 hpi compared to 24 hpi, which is consistent with the increased bacterial 

burdens in these organs (Fig. 2.11).  
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Figure 2.11. Histopathology analysis of mouse tissues for inflammation. Representative images 
of hematoxylin and eosin-stained tissue sections of mice challenged with 1×109 CFU of F4244 

sessile (B) or planktonic (P) cells at 24 and 48 hpi (a) and a graph representing histopathological 
inflammation scores at 24 hpi (b, left panel) and 48 hpi (b, right panel). Scale bars represent 50 

μm. 
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Figure 2.12. Representative images of hematoxylin and eosin-stained tissue sections of mice 
challenged with Lm F45 sessile (B) or planktonic (P) cells @ 1×109 CFU/mouse at 24 and 48 hpi 
(A) and a graph representing histopathological inflammation scores at 24 hpi (B, left panel) and 

48 hpi (B, right panel). Scale bars represent 50 μm. 
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2.4.7 Sessile and planktonic Lm with murinized internalin A (InlAm) showed similar 
pathogenicity and systemic dissemination as the wild type strain 

To verify the role of InlA in Lm pathogenesis in biofilm-isolated sessile cells in the mouse model, 

I created murinized inlA (InlAm) in F4244 by substituting two specific amino acids, S192N and 

Y369S (Fig. 2.13) (Wollert et al. 2007). The inlAm gene sequencing (Fig. 2.14a-d, Fig. 2.13a), 

Western blotting (Fig. 2.13b) and ELISA (Fig. 2.13c) confirmed the expression of InlA in the 

InlAm strain. Besides, InlAm strain also showed significantly (P < 0.05) higher invasion into 

intestinal epithelial HCT-8 cells than the WT (F4244) strain (Fig. 2.13d) consistent with the results 

reported for Caco-2 cells (Wollert et al. 2007). In the mouse experiment, InlAm strain also showed 

significantly (P < 0.05) higher invasion of large intestinal tissues and translocation to the liver after 

96 hpi compared to the WT strain (Fig. 2.13e) as observed before (Wollert et al. 2007).    

We then examined adhesion and invasion of planktonic (PM) and biofilm-forming sessile 

cells (BM) of InlAm strain in vitro, and the planktonic cells showed significantly higher adhesion 

and invasion into HCT-8 cells than the sessile cells (Fig. 2.13f) similar to WT F4244 cells (Fig. 

2.2). Next, aiming to observe increased invasion and Lm tissue burdens in the mouse model of 

infection, I pretreated the mice with streptomycin (5 mg/ml) for 32 h in drinking water(Louie et al. 

2019) before oral challenge with sessile and planktonic InlAm strains at 1 × 109 CFU/mouse. The 

sensitivity of InlAm strain to streptomycin was tested before animal administration and was 

determined to be 2.5 µg/ml (Fig. 2.14e).  

At 12 hpi, as before, Lm could not be enumerated by the plating method hence the tissue 

samples were tested for the presence or absence of Lm. In the intestinal tissue samples, only 11-

33% of mice (n = 9) were positive when challenged with sessile cells while 22-67% of mice (n = 

9) were positive for planktonic cells. In the extraintestinal tissues, sessile cells were isolated only 

from the liver of two mice (22%) while all other tissues (MLN & spleen) were negative. In contrast, 

22-56% of mice were positive when challenged with planktonic cells (Table 2.4).  

At 24 hpi, planktonic cells showed significantly (P < 0.05) higher invasion into the cecum and 

spleen than the sessile cells. While in the colon and liver there were no differences (Fig. 2.13g). 

These data further demonstrate that even though InlA-dependent invasion was restored in the 

mouse model, the sessile cells still showed delayed invasion and tissue distribution.   

At 48 hpi, there was no statistical difference in planktonic and sessile cells of InlAm strain 

in the mouse intestinal and extraintestinal tissues (Fig. 2.13h). I also compared the tissue 
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distribution patterns of sessile and planktonic cells of both WT (data from Fig. 5) and InlAm strain 

(data from Fig. 7h) at 48 hpi and no significant differences were observed between these two 

strains in the spleen and liver except for planktonic cells of InlAm strain in the liver which showed 

higher (P < 0.05) invasion (Fig. 2.13i). Overall, these data show a consistent trend in tissue 

invasion for sessile and planktonic cells of InlAm and the WT strain confirming the attenuation of 

translocation of biofilm-forming sessile cells during the early stage (12-24 h) of infection. 
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Figure 2.13. In mouse bioassay, biofilm-isolated and planktonic L. monocytogenes with 

murinized InlA (InlAm) display differential tissue distribution. (a) PCR confirmation of the 
insertion of inlAm gene in the chromosome of Lm F4244 ∆inlA using primers inlA.up.5 and 

inlA.down.3 (Table 2.3). WT (F4244) was used as a positive control. (b) Immunoblots showing 
expression profile of InlA, and LAP in whole-cell extracts of WT, inlAm and ∆inlA. (c) ELISA 

showing the positive reaction of anti-InlA mAb to whole-cell preparation of WT, inlAm and 
reduced reaction with ∆inlA. (d) Percent invasion of WT, inlAm and ∆inlA to HCT-8 cells. Bars 
represent mean, and a pairwise student t-test was used for statistical analysis. (e) Lm WT, inlAm 

and ∆inlA strain burdens in the large intestine, MLN, spleen, and liver of mice (n=5-6) 96 h after 
oral challenge (5 x 109 CFU/mouse). Mann-Whitney test was used for statistical analysis. (f) 

Percent adhesion and invasion of biofilm-isolated and planktonic cells of InlAm strain to HCT-8 
cells. Bars represent mean, and a pairwise student t-test was used for statistical analysis. (g and 
h) Lm burdens in tissues of mice (C57BL/6, male and female, 8-10 weeks old) challenged with 

murinized InlAm (1×109 CFU/mouse) strain of biofilm-isolated (BM) or planktonic (PM) cells at 
24 (g) or 48 (h) hpi. Mice were pretreated with streptomycin (5 mg/ml) in drinking water for 32 

h followed by 16 h in antibiotic-free water before the Lm challenge. (i) Comparison of tissue 
(spleen and liver) burden between WT and InlAm strain for biofilm-isolated (BWT vs BM) and 

planktonic (PWT vs PM) cells at 48 hpi. Data for WT was taken from Fig 5. Bars represent median 
values, and the Mann-Whitney test was used for statistical analysis in (e, g, h). ****P < 0.0001; 

***P < 0.0005; **P < 0.005; *P < 0.05; ns, no significance.  
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Figure 2.14. The molecular approach in generating Lm F4244 expressing InlAm. (a) Schematic 
showing the construction of inlAm knock-in fragment. Segment ii (yellow), located between 

nucleotide 494 and 1485 of Lm F4244 inlA ORF and contains three mutated nucleotides (green), 
was synthesized by GenScript and amplified using primers inlAm5 and inlAm3 (Table 3). The 

mutations resulted in the substitution of amino acids 192 and 369 of InlA from S and Y to N and 
S, respectively. A XapI cutting site was created after the mutation and used for rapid 

identification. Segment i, the upstream (gray) and beginning regions (blue) of inlA ORF, was 
amplified using WT Lm F4244 gDNA as templates and primers inlA.up.5 and inA.up.3 (Table 
2.3). Segment ii, the ending (blue) and downstream (gray) region, was amplified with primers 

inlA.down.5 and inlA.down.3 (Table 2.3). The three segments were mixed and used as the 
template to amplify the complete knock-in fragment with NcoI and SalI sites added to 5’ and 3’ 
ends, respectively, using primers inlA.up.5 and inlA.down.3. The knock-in fragment was ligated 
into pHoss1 and electroporated into Lm F4244 ΔinlA to insert inlAm gene in the chromosome. (b) 

Schematic showing the selection of chromosomal inlAm knock-in mutant through two-step 
homologous recombination. (c) Confirmation of mutation in nucleotide sequence (boxed areas, 

arrows) by Sanger sequencing using four primers of two directions. Red and gray arrows 
represent the four sequencing results of inlAm and sequence of WT. SnapGene program was used 
to generate this schematic. (bottom) Nucleotides marked with green represent the mutation site in 

inlAm gene. (d) Confirmation of nucleotide sequence showing a mutation in inlAm gene. (e) 
Analysis of the sensitivity of Lm F4244 InlAm and 10403S (as reference strain) to streptomycin 

and tetracycline (as control). Two-hundred microliter BHI containing approx. 1×106 CFU/mL of 
Lm 10403S or InlAm in 96-well microtiter plates were added with serial diluted streptomycin 

(0.25-1,000 μg/mL) or tetracycline (0.0025-10 μg/mL) and incubated at 37°C for 48 h. Bacterial 
growth was measured using a microtiter plate reader. Lm 10403S was able to grow in 1,000 
μg/mL streptomycin (black arrow) while Lm F4244 InlAm can grow 1 μg/mL (red arrow), 

suggesting InlAm is significantly more sensitive to streptomycin than Lm 10403S. Meanwhile, 
the same strains were sensitive to tetracycline when used as a control. 
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2.4.8 LAP and InlA expression were significantly upregulated in planktonic cells than the 
sessile cells after exposure to simulated gastrointestinal fluids for 13 h 

In vivo data revealed late dissemination of sessile cells to extra-intestinal tissues, therefore, I 

hypothesized that the sessile cells are either more susceptible to intestinal conditions than that of 

the planktonic cells or the intestinal condition may suppress the expression of key virulence factors 

in sessile cells. To verify the first event, I tested the survivability of both biofilm-isolated and 

planktonic Lm cells exposed to simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). 

Both sessile and planktonic cell viability was decreased by about three logs after 60 min of 

exposure to SGF and there was no significant difference in cell viability between the two (Fig. 

2.15a). I then examined the adhesion, invasion, and translocation properties of these bacterial cells 

through Caco-2 cells and analyzed the expression of LAP and InlA proteins. Interestingly, SGF 

and SIF-exposed sessile cells of both F4244 and F45 strains showed significantly increased 

adhesion, invasion, and transepithelial translocation through Caco-2 cells compared to the sessile 

cells that are not exposed to simulated gastrointestinal fluids (Fig. 2.15b-d). These results further 

indicate that exposure to gastrointestinal conditions increased virulence attributes in Lm sessile 

cells. In contrast, planktonic cells showed mixed results showing slightly decreased or the same 

levels of adhesion, invasion, and translocation with or without exposure to SGF and SIF (Fig. 

2.15b-d). Overall, planktonic cells displayed significantly higher adhesion, invasion and 

translocation than that of the sessile cells thus supporting the hypothesis that virulence of 

planktonic bacteria is significantly higher in the gastrointestinal environment than the sessile 

bacteria at the very early (12-24 h) stage of infection (Fig. 2.15c,d).  

Immunoblot analysis confirmed a significant increase (2-3 fold) in the expression of LAP 

and InlA in sessile cells in both F4244 and F45 strains after exposure to SGF and SIF (Fig. 2.15e,f). 

Furthermore, significantly increased expression of these proteins was also observed in planktonic 

cells of the F4244 strain but not in the F45 strain.  Overall, the expression of these proteins was 

significantly higher in planktonic cells than in the sessile cells in F4244 strains (Fig. 2.15f). Taken 

together, these data show that overall reduced expression of LAP and InlA in sessile cells relative 

to the protein expression by planktonic cells may be responsible for decreased adhesion, invasion, 

and transepithelial migration during the very early stage (12-24 h) of infection.  

To validate the hypothesis that sessile cells upregulate virulence genes after oral infection, 

I quantified the transcriptional expression of virulence genes in sessile InlAm cells from mice 
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intestinal chymus 12 and 48 hpi and compared them with the expression in the same cells before 

infection. I observed a 5-fold higher inlA expression in InlAm at both 12 hpi and 48 hpi compared 

to that of control (InlAm cells before infection) (Fig. 2.15g). Interestingly lap expression was 250-

fold and 70-fold higher at 12 hpi and 48 hpi, respectively (Fig. 2.15g). The sigB expression was 

10-fold higher at 12 hpi and maintained at a similar level at 48 hpi (Fig. 2.15g). In contrast, prfA 

expression remained unchanged at 12 hpi, and it was below the detection limit at 48 hpi (Fig. 

2.15g). These data indicate that the delayed invasion of sessile cells in mice at 24 hpi was possibly 

because of their lower expression of virulence factors, LAP and InlA, than their planktonic 

counterparts. Besides, the intestinal environment positively upregulates lap and inlA expression in 

sessile cells in the intestine, which could allow the sessile cells to be as invasive as planktonic cells 

at 48 hpi.  
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Figure 2.15. Survival and virulence of biofilm-isolated and planktonic L. monocytogenes strain 
suspended in simulated gastrointestinal fluid. (a) Survival of sessile and planktonic Lm F4244 
and F45 after sequential exposure to simulated gastric fluid (SGF, pH 2) for 1 h and simulated 
intestinal fluid (SIF, pH7) for 12 h. (b, c, and d) Comparison of adhesion (b), invasion (c) and 

translocation (d) rates on Caco-2 cells of SGF (pH 3) and SIF (pH7)-treated biofilm-isolated and 
planktonic Lm F4244 and F45. (e and f) Immunoblot showing LAP and InlA expression in 
sessile and planktonic cells after exposure to SGF (pH 3) and SIF (pH7). Immunoblots are 

representative of three independent experiments. (g) Relative mRNA expression of virulence 
genes (inlA and lap) and virulence regulators (prfA and sigB) in biofilm-isolated InlAm from 
mice intestinal chymus at 12 or 48 hpi and the same cells before infection using RT-PCR. A 

pairwise student t-test was used for statistical analysis.  ***P < 0.0005; **P < 0.005; *P < 0.05. 

  



 
 

90 

 

 

g

a b

c d

Lm F4244

LAP

InlA

Planktonic
SGF & SIF- + - +

Biofilm
- + - +

Lm F45
PlanktonicBiofilm

e f

SGF SGF SIF

Lm F45
Biofilm
Planktonic

0 h 1 h 12 h

ns

SGF SGF SIF
-4

-3

-2

-1

0

1

Lo
g1

0 
(S

ur
vi

va
l%

) Lm F4244 

0 h 1 h 12 h

ns

0

2

4

6

8

10

%
A

dh
es

io
n 
± 

S
E

M

SGF & SIF - - - -+ + + +
Lm F4244 Lm F45

***

*

*
ns

ns

***
PlanktonicBiofilm

0

2

4

6

8

10

%
In

va
si

on
 ±

 S
E

M

PlanktonicBiofilm

***

**

SGF & SIF - - - -+ + + +
Lm F4244 Lm F45

***ns

ns
ns

0.000

0.005

0.010

0.015

%
Tr

an
sl

oc
at

io
n 

± 
S

E
M

***

*

SGF & SIF - - - -+ + + +

Lm F4244 Lm F45

ns
ns

ns**
PlanktonicBiofilm

- + - + - + - +
0

1

2

3

4

LA
P

R
el

at
iv

e 
Le

ve
l

B P B P
*** ** ***

SGF & SIF

ns

- + - + - + - +
0

1

2

3

4

In
lA

R
el

at
iv

e 
Le

ve
l

***
***

Lm F4244 Lm F45

**

SGF & SIF

ns

12 48 12 48 12 48 12 48
0
5

10
15
20
70

90
250

300

R
el

at
iv

e 
G

en
e 

E
xp

re
ss

io
n 

of
 

B
io

fil
m

 L
m

 in
 G

ut
 ±

 S
E

M

NT

inlA lap prfA sigB

0.95

hpi



 
 

91 

2.5 Discussion 

The biofilm-forming ability gives Lm the advantage of persistence even for many years on 

various surfaces in a food processing/production environment, which presumably serves as a 

primary source for food contamination (Moltz and Martin 2005; Ferreira et al. 2014; Yaron and 

Romling 2014; Galié et al. 2018). Lm has been routinely isolated from meat and dairy(Charlton et 

al. 1990) processing plants. The persistence of pathogens on the abiotic surface is facilitated by 

their ability to form a biofilm, in which cells experience a wide range of stress thus show 

physiological and genetic heterogeneity allowing them to be more resistant to antimicrobials, and 

to survive in limited nutrient and oxygen tensions(Stewart and Franklin 2008; Renier et al. 2011; 

Luo et al. 2013). Although several studies have reported reduced expression of virulence genes in 

sessile cells, the pathogenic potential of these cells hasn’t been tested using either in vitro or in 

vivo models. Therefore, I studied the virulence of biofilm-isolated sessile cells of Lm using both 

cell culture and animal models, and the expression of virulence genes to support the observed 

phenotype, especially between 12 - 48 hpi. 

The biofilm-forming capability of over 100 Lm strains was screened and all formed biofilms 

of varying degrees on a polystyrene surface; and food isolates in general, had significantly higher 

biofilm-forming capacity than the clinical isolates (Fig. 2.1). These observations agree with the 

previous studies (Borucki et al. 2003; Renier et al. 2011; Barbosa et al. 2013). Among the different 

serotypes examined, isolates of serovar ½a and ½c (Lineage II) are stronger biofilm formers than 

the isolates of ½b and 4b (Lineage I), which are in accordance with another study (Borucki et al. 

2003). I also observed that many strains were weak biofilm-former and their persistence on 

surfaces may be doubtful; however, studies have demonstrated that mixed-species biofilms 

possibly facilitate the persistence of such weak biofilm-forming pathogens (Carpentier and 

Chassaing 2004; Pan et al. 2009).  

Biofilm–forming cells experience stress and exhibit physiological and genetic heterogeneity 

(Stewart and Franklin 2008), thus I were curious about their dynamics of infectivity in cell culture 

and mouse models. Five Lm strains of food and clinical origins representing the major outbreak 

causing serotypes with diverse biofilm-forming phenotypes were selected for in vitro cell culture 

experiments. All biofilm-isolated cells I tested irrespective of food or clinical origins were less 

adhesive, invasive and cytotoxic and showed reduced ability to traverse across the Caco-2 

epithelial barrier than the planktonic cells suggesting these cells are less virulent compared to the 
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planktonic cells (Figs. 2.3 and 2.5). I analyzed the expression of key virulence proteins (LAP, InlA 

and LLO) that are responsible for Lm invasion, paracellular translocation, and intracellular 

persistence. I observed significantly reduced expression of these proteins in sessile cells at the 

transcriptional and translational levels (Figs. 2.5 and 2.7), which may explain the reason for 

reduced virulence of sessile cells in in vitro cell culture experiment. However, the contribution of 

other virulence factors including ActA cannot be ignored. ActA, a PrfA and SigB regulated protein 

known to contribute to biofilm formation and intestinal colonization (Tiensuu et al. 2013; Travier 

et al. 2013b) may also be affected in sessile cells for the delayed invasion and tissue distribution 

in mice. Furthermore, reduced inlA expression in sessile cells is in agreement with others who also 

observed similar reduced InlA expression in biofilm-isolated cells(Mata et al. 2015; Gilmartin et 

al. 2016). Besides, mRNA of gene sigB, coding a stress response regulator, was also 

downregulated to around 25% in sessile cells of both Lm strains compared to their planktonic 

counterparts (Fig. 2.7). SigB has been implicated in Lm biofilm formation (van der Veen and Abee 

2010) and it also regulates InlA expression (McGann et al. 2007). The observed suppression of 

SigB and consequent InlA expression in sessile cells possibly is responsible for reduced Lm 

adhesion and invasion into the intestinal epithelial cells, which was further supported by a 

proteomic analysis that indicated downregulation of SigB-regulated proteins (Mata et al. 2015).  

Interestingly, prfA mRNA in Lm F45, a strong biofilm-former, was expressed at a similar 

level for both sessile and in planktonic cells; however, its level was down-regulated by 25% in Lm 

F4244 (a moderate biofilm-former) sessile cells than that of the planktonic cells (Fig. 2.7). These 

observations differ from a previous study where PrfA is reported to positively regulate biofilm 

formation(Lemon et al. 2010) and a strain (Lm10403S) overexpressing prfA showed higher 

biofilm-forming ability than the WT. Our data further imply that PrfA-regulated biofilm formation 

may vary from strain to strain which requires further investigation. Although PrfA is a key 

regulator for the expression of multiple virulence factors including InlA (Scortti et al. 2007), our 

qRT-PCR results further suggest that decreased expression of inlA in sessile cells is not always 

coupled with decreased expression of prfA (Figs. 2.5 and 2.7) since InlA can be expressed 

independently of PrfA regulation (Lingnau et al. 1995).   

To confirm in vitro cell culture results in a mouse model, I challenged mice orally with 48 

h-old sessile cells or 24 h-old planktonic cells of moderate biofilm-forming clinical strain (F4244) 

and a strong biofilm-forming food isolated strain (F45). At 12-24 hpi in mice, sessile cell burden 
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in intestinal and extra-intestinal tissues was undetectable or very low while the planktonic burden 

was significantly high and infectivity was comparable to the in vitro cell culture data indicating 

sessile cells are less invasive. However, at 48 hpi, burdens of both sessile and planktonic cells in 

mouse tissues were comparable suggesting that sessile cells are equally invasive as planktonic 

cells after the early stage (12 – 24 hpi) of the gastrointestinal phase of infection; however, the rate 

of bacterial tissue distribution and disease progression was variable (Figs. 2.10 and 2.11). To 

explain such discrepancy in intestinal epithelial cell invasion in the early stage (12-24 hpi) of 

infection, I hypothesized that possibly sessile cells are highly susceptible to antimicrobials present 

in intestinal fluids or expression of adhesion and invasion-related proteins are suppressed in 

intestinal fluids. Therefore, I examined survival and protein expression in sessile cells suspended 

in SGF (pH 3) and SIF (pH 7.0) that contain HCl, enzymes and bile salts (Mathipa and Thantsha 

2015). In SGF+SIF, I did not observe any significant difference in Lm viability between sessile 

and planktonic cells but observed differential expressions of LAP and InlA, the two key virulence 

factors that are responsible for Lm translocation across the gut epithelial barrier (Nikitas et al. 2011; 

Drolia et al. 2018; Drolia and Bhunia 2019). Though the expression of both LAP and InlA were 

significantly upregulated in sessile cells in SGF and SIF, overall expression in planktonic cells was 

significantly higher than the sessile cells (Fig. 2.15e). These findings suggest that the 

gastrointestinal environment may help the sessile cells to quickly transition to a fully virulent state 

and may also explain the observed similar intestinal and extra-intestinal tissue burdens for both 

biofilm and planktonic cells at 48 hpi.  

Our hypothesis is also supported by the observation that inlA and lap mRNA in sessile cells 

were upregulated after they arrive in the mouse intestine for 12 h (Fig. 2.15g). However, the 

expression of inlA mRNA maintained at a similar level and the expression of lap even decreased 

at 48 hpi (Fig. 2.15g), suggesting the expression of the virulence genes may not continue to 

increase with increasing residence time in the intestine. During this period, expression of 

regulatory genes, prfA was unaffected while the sigB level increased several-fold consistent with 

a previous report which showed SigB-mediated upregulation of several virulence genes, including 

inlA, is critical for Lm to switch global transcription from saprophytism to virulence while residing 

in the intestine (Toledo-Arana et al. 2009). This study further reinforces the importance of sigB in 

virulence gene expression in sessile cells during the intestinal phase of infection. Although the 

gastrointestinal environment is known to upregulate both LAP (Santiago et al. 1999; Jaradat and 
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Bhunia 2002; Burkholder et al. 2009) and InlA expression (Sue et al. 2004; Mata et al. 2015; 

Gilmartin et al. 2016), here, I provide evidence for the expression of these two proteins in biofilm-

isolated cells. 

In mice, InlA-mediated transcytosis is absent due to a lack of interaction between InlA and 

its cognate receptor, E-cadherin (Lecuit et al. 1999a), thus LAP-mediated Lm translocation is 

considered the predominant gut-barrier crossing mechanism in mice during the early (12-24 h) 

stage of infection (Drolia et al. 2018; Drolia and Bhunia 2019; Drolia et al. 2020). Hence, the 

observed reduction in LAP expression in sessile cells is considered a major contributory factor 

towards impaired Lm translocation in the intestinal and extra-intestinal tissues early in the infection 

process (12-24 h) (Fig. 2.10).  

To further investigate the role of InlA in sessile cell infection in the mouse model, I 

generated InlAm strain (Wollert et al. 2007) and the intestinal and extra-intestinal tissue distribution 

of sessile and planktonic cells of InlAm, surprisingly followed the same trend as the WT strain at 

12, 24 and 48 hpi (Table 2.4, Fig. 2.13). The InlAm strain still did not show increased tissue 

distribution of either sessile or planktonic cells at 48 hpi compared to the WT. This result was 

expected since previous studies have shown that differential tissue distribution of InlAm and WT 

strains occur only after 72-96 h infection in mice (Wollert et al. 2007; Monk et al. 2010) and this 

was again verified in our study (Fig. 2.13e). 

Furthermore, this experiment was conducted with mice that were even pretreated with 

streptomycin for 32 h in the drinking water to disrupt resident microflora (Becattini et al. 2017) 

and I still did not observe increased tissue distribution of either sessile or planktonic cells of InlAm 

strain at 48 hpi compared to the WT (Fig. 2.13i). The failure to observe increased tissue 

distribution is believed to be due to increased sensitivity of F4244 strain to streptomycin (MIC, 

2.5 µg/ml) (Fig. 2.14e) used in the drinking water thus possibly affected its survival and tissue 

distribution. On the other hand, the previous study (Becattini et al. 2017), used the 10403S strain 

which is highly resistant to streptomycin (~1 mg/ml) (Fig. 2.14e), thus ensuring its survival and 

increased tissue dissemination (2-4 log) in the animal pretreated with streptomycin. To study 

bacterial invasiveness in an antibiotic-pretreated animal model, it is imperative to use a pathogen 

that is resistant to the same antibiotic used for microbiota disruption. For example, van der Waaij 

et al (van der Waaij et al. 1972) demonstrated that the dissemination and persistence of infectious 

E. coli in mice was facilitated only when the bacterium is resistant to the pre-exposed antibiotics. 
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Similarly, Hentges et al (Hentges et al. 1985) reported that the burdens of clindamycin sensitive 

Pseudomonas aeruginosa in MLN and liver of clindamycin-treated mice were lower than the 

burdens in untreated mice. Further experiments may be necessary to validate the antibiotic effect 

of our Lm strain (F4244) invasion by using a streptomycin-resistant strain which I plan to 

investigate in the future.  

LLO is an important virulence factor required for Lm persistence during intracellular 

lifestyle (Schnupf and Portnoy 2007) and is also responsible for epithelial and lymphocyte 

apoptosis (Rogers et al. 1996; Bhunia and Feng 1999b; Menon et al. 2003a; Gray et al. 2005). In 

addition, LLO has been implicated to aid Lm dissemination from the gastrointestinal tract to extra-

intestinal tissues (Roll and Czuprynski 1990). In this study, I observed reduced LLO expression in 

sessile cells (Figs. 2.5 and 2.7), which agrees with one study (Mata et al. 2015), but contradicts 

with another (Arevalos-Sánchez et al. 2012), where researchers report that biofilm formation does 

not affect bacterial ability to produce LLO. Interestingly, in another pathogen (Bacillus cereus), 

researchers (Arevalos-Sánchez et al. 2012) observed reduced expression of Hemolysin BL and 

other enterotoxins (CytK and EntC) in biofilm cells and consequently reduced cytotoxicity on both 

HeLa and MDA cells (Caro-Astorga et al. 2020). Collectively, these data imply that impaired toxin 

synthesis in biofilm cells affects bacterial virulence.   

In summary, our data indicate that sessile cells are less invasive in cultured cell lines and 

during the early stage (12-24 h) of infection in an animal model possibly due to reduced expression 

of regulatory proteins (PrfA and SigB) and virulence factors (LAP, InlA, and LLO). However, 

both sessile and the planktonic cells showed similar extra-intestinal tissue burdens at 48 hpi and 

sessile cells are equally infective as planktonic cells but the dynamics of infection may vary 

between sessile and planktonic cells with possible differential disease onset or incubation period. 

Furthermore, in vitro cell culture experiment routinely used for virulence potential determination 

was found to be unreliable for assessing the pathogenic potential of biofilm-forming cells because 

it measures the pathogenic event over a short period (1-2 h). On the other hand, an animal model 

provides comprehensive pathogenic events over a prolonged period in physiologically relevant 

conditions and thus, is most reliable for studying the pathogenesis of biofilm-isolated cells. 
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 INACTIVATION OF MULTI-PATHOGEN BIOFILMS 
USING FOOD-GRADE NANOPARTICLE-CONJUGATED 

ANTIMICROBIALS 

3.1 Abstract 

Capacities of foodborne pathogens to form a mixed culture biofilm help their persistence in 

the food processing environment and consequent repeated product contamination. Inactivation and 

eradication of biofilms from food processing environments are achieved by using harsh 

disinfectants, but their toxicity and environmentally hostile characteristics make them undesirable. 

This study aims to use food-grade natural antimicrobials to control mixed-culture biofilms. I used 

chitosan, a natural antimicrobial biopolymer (polysaccharide) from crustaceans and derivatized it 

to produce chitosan nanoparticles (ChNP) for improved accessibility of biofilm architecture and 

as a carrier for other active molecules. ChNP was conjugated to another broad-spectrum 

antimicrobial agent, ε-poly-L-lysine (PL) and the ChNP-PL activity was tested against mixed-

culture biofilms. ChNP-PL dimension was estimated to be around 100 nm and it exhibited a 

synergistic antimicrobial and anti-biofilm effect against five foodborne pathogens, including 

Listeria monocytogenes, Staphylococcus aureus, Salmonella enterica serovar Enteritidis, 

Escherichia coli O157:H7 and Pseudomonas aeruginosa. ChNP-PL, not only prevented the 

biofilm formation but also inactivated pre-formed biofilms when analyzed by crystal violet 

staining and plate counting. In vitro mammalian cell-based cytotoxicity analysis (LDH and WST-

based assay) indicated ChNP-PL to be non-toxic. In conclusion, our results show ChNP-PL has 

strong potential to prevent the formation or inactivation of preformed polymicrobial biofilms of 

foodborne pathogens in the food processing environment. 

3.2 Introduction 

A major public health concern for the food industry is foodborne illnesses and the 

associated recalls of food products leading to loss of food and economic burden. To prevent 

foodborne disease outbreaks, the US government has passed the Food Safety Modernization Act 

(FSMA) in 2011 which emphasizes critical preventive measures through five broad focus areas: 

Prevention, Inspection and Compliance, Response, Imports, and Enhanced partnership. One key 



 
 

97 

element is science-based preventive control across the food supply chain. Intervention strategies 

to eliminate or reduce pathogen load in food processing environments and on products is an 

integral step for implementing FSMA.  

Globally, foodborne pathogens are responsible for two billion illnesses and over one 

million deaths annually (Kirk et al. 2015), while in the US, about 48 million illnesses, 128,000 

hospitalizations, and 3,000 deaths happen annually with an estimated economic burden of about 

78 billion dollars (Scallan et al. 2011; Scharff 2012). The top five foodborne pathogens responsible 

for most fatalities include Listeria monocytogenes, Salmonella enterica, Toxoplasma gondii, 

Norovirus, and Campylobacter spp. In the US, L. monocytogenes alone is responsible for nearly 

1,600 illnesses, and 250 deaths each year (Scallan et al. 2011). Numerous Listeria fatal outbreaks 

were associated with ready-to-eat meat, dairy, fish, and fruits and vegetables (Silk et al. 2012). S. 

enterica can cause severe gastrointestinal diseases and is a major foodborne pathogen of concern 

(Hendriksen et al. 2011) and is responsible for about 1 million illnesses and 378 (12.6%) deaths 

annually in the US (Scallan et al. 2011; Jackson et al. 2013). S. enterica is frequently transmitted 

through poultry products (Vandeplas et al. 2010) or products containing raw eggs, unpasteurized 

milk, beef, nuts, sprouted seeds, fruits, and unpasteurized fruit juices. Shiga-toxin producing 

Escherichia coli (STEC) strains are regarded as serious foodborne pathogens, and meat is the 

common source for E. coli O157:H7, a major STEC serovar (Mathusa et al. 2010). In addition, ice 

cream, milk, sprouts, lettuce, and cucumber are also involved in the outbreak. Although STEC 

O157 is the most widely recognized, other serogroups including O26, O45, O103, O111, O121 

and O145 have been increasingly implicated in cases of foodborne human diseases (Mathusa et al. 

2010; Valilis et al. 2018). 

The persistence of pathogens in food processing facilities has been treated as the single 

most critical factor in product contamination (Ferreira et al. 2014; Wang 2019). Persistence is 

facilitated by biofilm formation (Carpentier and Cerf 2011). In a sessile physiological state, 

pathogens tend to form biofilms that is more recalcitrant to antimicrobials compared to the 

suspension or planktonic cells (Bonsaglia et al. 2014). From raw or undercooked food materials, 

pathogens find a harborage site or niche in food production facilities or product surfaces and form 

biofilms (Srey et al. 2013), which then serves as a source for foodborne outbreaks especially in 

cafeterias, hospitals, cruise ships, and commercial food processing facilities (Hall-Stoodley et al. 

2004). 



 
 

98 

Biofilm formation is common strategy of bacteria to survive in nature when they encounter 

a solid surface in an effort to compete efficiently with other microbial cells for space and nutrients, 

and to resist any unfavorable environmental conditions (Flemming and Wingender 2010). Bacteria 

produce an extracellular polymeric substance (EPS) forming a three-dimensional biofilm scaffold 

on solid surfaces in the development of biofilms (Flemming and Wingender 2010). Biofilms can 

be comprised of single or mixed bacterial species. On solid surfaces, microbial attachment and 

biofilm formation provide significant protection to the cells living in the structure against 

desiccation, resistance to antibiotics or biocides (sanitizers), ultraviolet radiation, metallic cations, 

and physical removal of the cells by washing and cleaning.  

Biofilm formation is comprised of several stages: (i) attachment, (ii) microcolony 

formation, (iii) maturation, and (iv) detachment or dispersion. In a biofilm, microorganisms 

express fimbriae, curli, flagella, adhesion proteins, and capsules to firmly attach to the surface 

(Flemming and Wingender 2010). The cells grow in close proximity and cell-to-cell 

communication (quorum sensing) occurs through the production of autoinducers such as N-acyl 

homoserine lactone or other molecules, which also regulate gene expression for survival, growth, 

cell density, resistance to antimicrobials, and tolerance to desiccation. As the microcolony 

continues to grow, cells accumulate forming a matured biofilm with three-dimensional scaffolds. 

Loose cells are then sloughed off from the matured biofilm and are converted into planktonic cells, 

which attach to a new surface preconditioned by food particles or substrates, completing the life 

cycle of a biofilm. The cells from biofilms become a continuous source for food contamination 

during food preparation.  

Therefore, suitable intervention methods must be applied to develop anti-biofilm agents 

for food processing environments with food-compatible technologies. Chemical sanitizers are 

routinely used, but their toxicity to the handlers, potential residue in finished products, and 

environmentally hostile characteristics make them not a perfect solution to all application (Simões 

et al. 2010). Thus, alternative food-grade safe approaches are routinely being investigated. 

Chitosan, a natural biopolymer from crustaceans (shrimp, crab), is a polysaccharide, and has 

shown no negative health effects; therefore it has been proposed as an effective alternative 

bioactive polymer in the food industry (Rampino et al. 2013). It is a polycationic polymer (from 

about 10,000 to 1 million kDa) and possesses broad-spectrum antimicrobial effect at certain 
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molecular and in a different configuration, such as nanoparticles and films, against both Gram-

positive and Gram-negative bacteria (Tsai et al. 2004; Luo and Wang 2013; Yang et al. 2016). 

Chitosan is an inexpensive, nontoxic polycationic natural biopolymer industrially produced 

by alkaline (40-50% NaOH) deacetylation of chitin from shrimp and crab shells (Rabea et al. 2003). 

It is a technologically important and ubiquitous polysaccharide biopolymer and contains more than 

5000 glucosamine units (N-acetyl glucosamine polymer). Previous studies have reported that 

binding of chitosan to cell wall teichoic acids, follwed with a potential extraction of membrane 

lipids (mainly lipoteichoic acid) leading to bacterial inactivation (Raafat and Sahl 2009). The 

antimicrobial effect of chitosan nanoparticles (ChNP) has been studied on Streptococcus mutans 

biofilm, where low molecular weight chitosan nanoparticles were more effective than the high 

molecular weight nanoparticles as an antibacterial agent (Chavez de Paz et al. 2011).  

Nanoparticles with an overall dimension of <100 nm are shown to have characteristics that 

are desirable for the delivery of antimicrobial agents, drugs, functional bioactive molecules in the 

field of medicine, agriculture and food (Luo and Wang 2013). Though the antimicrobial activity 

of ChNP against certain bacterial species is reported (Mu et al. 2014; Fang et al. 2015), their 

effectiveness against pre-formed biofilms or prevention of biofilms of mixed culture foodborne 

pathogens is not known. Furthermore, I also explored, if the antibiofilm activity of ChNP could be 

augmented with the addition of another broad-spectrum food-grade antimicrobial peptide, such as 

ε-poly-L-lysine (Ye et al. 2013).  

ɛ-Poly-L-lysine (PL) is water-soluble, biodegradable, edible, and nontoxic homo-poly-

amino acids (25 - 35 lysine residues, 2.85-3.98 kDa), characterized by the peptide bond between 

the carboxyl and ɛ-amino groups of L-lysine (Yoshida and Nagasawa 2003). It is produced by 

Streptomyces albulus and inhibitory against both Gram-positive and Gram-negative bacteria, yeast 

and fungi (Hyldgaard et al. 2014). PL has been generally recognized as safe (GRAS) by the FDA 

at levels of up to 50 mg/kg in food (GRAS No. 000135). A recent study showed that the 

combination of both chitosan and PL as a coating on Pacific white shrimp is more effective than 

using each separately in extending the shelf life (Na et al. 2018). Besides, another study also found 

applying the combination of ChNP and nisin can effectively inhibit the white blush of fresh-cut 

carrots (Song et al. 2017).  

However, the effectiveness of ChNP with PL conjugates on inactivation of multi-pathogen 

biofilms is not known thus it was investigated in this study. Data show ChNP-PL with an average 
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dimension of 100 nm showed synergistic antimicrobial effect against polymicrobial biofilms of 

Listeria monocytogenes, Staphylococcus aureus, Salmonella enterica serovar Enteritidis, 

Escherichia coli O157:H7 and Pseudomonas aeruginosa.   

3.3 Materials and Methods 

3.3.1 Bacterial and mammalian cell lines used in this study  

Bacteria used in this study are listed in Table 3.1. Before experiments, bacteria were inoculated in 

Tryptic Soybean Broth supplemented with 0.6% yeast extract (TSBYE) from glycerol frozen 

stocks in -80°C and incubated at 37°C for overnight. A human ileocecal cell line, HCT-8 (ATCC), 

was used for assessing cytotoxicity of antimicrobial components. HCT-8 cells were recovered 

from frozen stocks in liquid nitrogen and seeded in T-25 flasks (TPP, Switzerland) with high 

glucose DMEM (HyClone, Logan, UT) supplemented with 10% (v/v) fetal bovine serum (Atlanta 

Biologicals). Cells were kept at 37°C with 7% CO2 and 95% relative humidity. Medium in the T-

25 flasks was changed for every three day until about 95% confluence, then the cell monolayers 

were trypsinized, counted, and seeded in microtiter plates for experiments.  

3.3.2 Synthesis of chitosan nanoparticles (ChNP) and nanoconjugates of chitosan and ε-
poly-L-lysine (ChNP-PL) 

Chitosan (0.1% or 1 mg/mL) (low molecular weight, Sigma-Aldrich) dissolved in an 

aqueous solution of acetic acid (1% v/v) in deionized (DI) water was adjusted to pH 4.6 with NaOH 

and stored in an autoclaved glass bottle at 4°C. Solution of 1 mg/mL sodium tripolyphosphate 

(TPP) (Fisher Chemical) in DI water was also added with 1% acetic acid, adjusted to pH 4.6, filter 

sterilized through a 0.22 µm nitrocellulose filter membrane (Fisherbrand) and stored in the same 

conditions as chitosan solution. ChNP was synthesized using the ionic gelation method (de Paz et 

al. 2011; Joseph et al. 2018) with modifications. The chitosan solution (15 mL) and a magnetic stir 

bar were added into a sterile petri dish which was placed on a magnetic stirrer (Thermolyne 

Cimarec) operating at speed level 8. TPP solution (5 mL) was added into the petri dish from a 

funnel at an approximate rate of one drop per 25s. The final weight ratio of chitosan and TPP was 

3:1. After all TPP was added, ChNP solution was stirred for another 30 min and then transferred 

into a 50 mL conical tube (Fisherbrand) on ice to be sonicated (Branson Sonifier) for 10 cycles of 
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30s with 30s break between each cycle. Then, ChNP solution was filtered through a 0.45 µm filter. 

To conjugate ε-poly-L-lysine (PL) to the ChNP, 0.1 or 0.2% PL was added into the 0.1% TPP 

solution and used for ChNP synthesis. After filtration through a 0.45 µm filter, free unbound PL 

was separated by ultrafiltration (30 kDa cut-off membrane, Amicon Ultra-15) and the retentate 

containing ChNP-PL was reconstituted to the volume before ultrafiltration with H2O adjusted to 

pH4.6 with HCl (Fig. 3.1e). The size of nanoparticles was characterized using photo correlation 

spectroscope, Malvern Zetasizer. 

3.3.3 Characterization of antibacterial activity of chitosan and PL 

Bacterial inhibition zone tests were carried out on brain-heart infusion (BHI) medium soft 

agar plates. BHI (Thermo Scientific, Frederick, MD) soft agar plates were prepared by dissolving 

vendor-suggested amount of BHI medium and 0.8% (w/v) agar (Thermo Fisher Scientific) in DI 

water and autoclaved. After cooling down the soft agar in a 50°C water bath, 30 mL of the soft 

agar was transferred into a 50 mL sterile conical tube (Fisherbrand) and kept at ambient 

temperature for approximately 3 min. Then, 10 μL of fresh overnight bacteria cultures grown in 

BHI was added into the tube which was immediately shaken and poured into a sterile petri dish 

(10 cm X 10 cm, round, Fisher). After the soft agar in the petri dish solidified, wells were made 

using a cork borer and filled with 10 μL non-solidified soft agar to seal the bottom. Eight microliter 

of test samples were added into a well, and the whole plate was incubated at 37°C for 24 h.   

To specifically quantify the minimal inhibition concentration (MIC) of a sample, I adopted 

the method described by Zhu et al. (2018). Briefly, bacterial cultures were incubated in BHI at 

37°C for overnight and diluted in 2X Mueller Hinton Broth (MHB, Beckton Dickinson). One 

hundred microliter MHB containing approximately 103 CFU/mL bacteria were added in each well 

on a 96-well microtiter plate. A serially diluted antibacterial substance and sterile DI water were 

added into each well to make up to 200 μL. Bacterial growth was determined by a spectrometer 

(BioTek) at wavelength 595 nm or plating. 

3.3.4 Cell proliferation and cytotoxicity tests of ChNP-PL on HCT-8 cells 

HCT-8 cells (ATCC, Manassas, VA) cultured in D10F were trypsinized (HyClone) and 

seeded into tissue culture treated 96-well microtiter plates (TPP, Switzerland). The cells were 
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incubated at 37°C with 7% CO2 and 95% relative humidity for a week with one medium change 

after three days. Before the experiment, cells in three wells were detached by trypsinization and 

counted using a hemocytometer. Cells had medium was changed with 100 μL fresh D10F and 

added with 10 μL ChNP-PL and/or fresh Lm F4244 at MOI of 1:10 (Lm:HCT-8). Non-treated cells 

and cells only treated with Lm F4244 were used as negative and positive controls, respectively. 

After incubating cells for 13 h, and 10 μL of WST-8 substrate (Millipore Sigma) for 2 h, the optical 

density of the wells was measured at 450 nm using a spectrometer. For cytotoxicity assay, 100 μL 

of cell supernatant after the 13-h incubation was collected and subjected to lactate dehydrogenase 

(LDH) assay (Thermo Scientific, Frederick, MD) following the vendor’s instruction. 

Measurements from the supernatant of cells lysed by 0.1% Triton-X and non-treated cells were 

used as 0% and 100% cytotoxicity for calculation (Singh et al. 2018).  

3.3.5 Formation and Assessment of single and mixed culture biofilms 

Bacterial cultures were recovered from frozen stocks in -80°C, inoculated into Tryptic Soy 

Broth (TSB), and incubated under 37°C for 24 h. The cultures were standardized to 1.2 at OD595nm 

and diluted by 1:200 into 45 ml TSB. Then, the cultures were transferred to a tissue culture-treated 

petri dish (TPP, Swizerland) to provide enough surface area for biofilm formation and incubating 

for 24 h at 30°C. To detach bacteria in biofilm after incubation, the medium was removed, and 

biofilm was washed once with 5 ml sterile PBS to remove loosely attached cells. Another 5 ml 

PBS was added to the biofilm, and the petri dish was sonicated for 15 min in a cold-water bath. To 

detach high biofilm formers, S. aureus ATCC25923 or P. aeruginosa PRI99, a sterile cell scraper 

was used. The bacteria in PBS were further diluted and plated on appropriate agar plates. Samples 

of mixed culture biofilms were plated on BHI agar and Modified Oxford medium (MOX) agar 

plates. The Listeria counts were determined by subtracting counts on MOX plates from the total 

counts on BHI. The remaining counts represent either S. aureus or P. aeruginosa.  

3.3.6 Prevention of biofilm formation and inactivation of preformed biofilms 

L. monocytogenes F4244, S. aureus ATCC25923, P. aeruginosa PRI99, S. Enteritidis 

18ENT1344, and E. coli EDL933 were inoculated into tryptic soy broth (TSB, Thermo Scientific, 

Frederick, MD) at 37°C for about 18 h before use. Each culture was diluted to about 103 CFU/mL 
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in fresh TSB, and three wells on a 24-well tissue culture-treated microtiter plate (TPP, Switzerland) 

were added with 800 μL of the diluted culture. For mixed culture biofilms, about 103 CFU/mL of 

each culture contained 800 μL TSB were added in a well. For the biofilm prevention test, 200 μL 

antimicrobial substance, ChNP or ChNP-PL, was added to each well. After incubating the plates 

at 30°C for 24 h, TSB medium was removed, and each well was rinsed twice with 500 μL PBS to 

remove loosely attached bacteria. To detach sessile bacteria from biofilm, 200 μL PBS was added 

into each well, then the plate was sealed with parafilm and sonicated for 15 min in a water bath 

sonicator (iSonic, Chicago, IL). Sessile bacteria in the PBS were diluted and plated on BHI agar 

plates for quantification. For mixed culture biofilms, the dilution was plated on both MOX and 

BHI agar plates to enumerate the concentration of L. monocytogenes and total bacteria, 

respectively. The concentration of the non-L. monocytogenes bacteria was calculated by 

subtracting the amount of L. monocytogenes from the count of total bacteria.  

In addition, biofilms were stained by crystal violet assay (Djordjevic et al. 2002)  to visually 

present the prevention effect. The same procedures were followed in 96-well tissue culture treated 

microtiter plates (TPP, Switzerland) except the volumes of TSB and antimicrobial substance 

applied in each well were reduced to 200 and 50 μL, respectively. After 24 h incubation at 30°C, 

biofilms were rinsed twice with 100 μL PBS, air-dried for 15 min, and stained with 200 μL 0.1% 

crystal violet (CV) solution for 45 min at room temperature. After staining, CV solution was 

removed, and the CV residue was removed by rinsing twice with 100 μL PBS. For the biofilm 

inactivation test, bacteria were inoculated in 24-well microtiter plates as mentioned above except 

ChNP-PL was not added. After incubation at 30°C for 24 h to form biofilms, wells were gently 

rinsed once with 500 μL PBS to remove loosely attached bacteria. Then, 800 μL MHB and 200 

μL antibacterial substance (ChNP or ChNP-PL) were added to the wells, and the plates were 

further incubated at 30°C for another 24 h. After incubation, biofilms were gently rinsed twice 

with 500 μL PBS, and sessile bacteria in biofilms were quantified as above mentioned.  

3.4 Results 

3.4.1 Synthesis of chitosan nanoparticles conjugated with ε-poly-L-lysine (ChNP-PL) 

In acetic acid (1%) solution, chitosan forms a positively charged chain-like structure, thus 

negatively charged tripolyphosphate (TPP) is added as an anionic linker to crosslink chitosan 
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molecules by binding to their positively charged amino groups to form chitosan nanoparticle 

(ChNP) (Carvalho et al. 2009). After testing various combinations of chitosan and TPP, I 

determined that 1 volume of 0.1% TPP solution with 3 volumes of 0.1% chitosan solution (final 

weight ratio of Ch:TPP equals 3:1) produced ChNP with a dimension of about 100-200 nm 

measured by Malvern Zetasizer (Fig. 3.1a). After passing the preparation through a 0.45 µm filter, 

ChNP with uniform size (164 nm) was achieved (Fig. 3.1a and b). Interestingly, application of a 

sonication step (10 cycles, 30s each) before filtration, reduced ChNP dimension from about 164 

nm to 91 nm (Fig. 3.1c) which were used for further studies. Note, a weight ratio of 4:1 or 6:1 

(Ch:TPP) using 0.2% chitosan did not yield a desirable dimension rather it produced particles that 

are greater than 1000 nm (Fig. 3.2a), thus this approach was no longer pursued. 

Next, ε-poly-L-Lysine (PL, 2%) was dissolved in TPP and the mixture was used for 

synthesizing ChNP-PL, however, the size of the complex increased from about 96 nm to 370 nm 

(Fig. 3.1d), suggesting complexation of PL with ChNP produced larger nanoconjugates (ChNP-

PL). Consequent, sonication treatment, however, reduced the median size of ChNP-PL to 330 nm 

(Fig. 3.1d). To further reduce the dimension of ChNP-PL, the PL concentration was reduced from 

2% to 1%, which helped lower the median size from 330 nm to 220 nm (Fig. 3.1d and f). Next, 

the extra unbound PL was removed by ultrafiltration (30 kDa cut-off membrane) (Fig. 3.1e), which 

resulted in a dimension that was close to our desirable size of 100 nm in the retentate (Fig. 3.1f). 

While the average diameter of the molecules in the filtrate was determined to be 5 nm, which was 

mostly consisted of free PL further indicating that a larger ChNP-PL complex was retained in the 

retentate and did not pass through the 30 kDa cut-off membrane (Fig. 3.1f).  

Antimicrobial activity testing by well diffusion assay against a lawn of L. monocytogenes 

F4244 on an agar plate demonstrated that the activity (zone of inhibition) of ChNP-PL in retentate 

was about 1.96-fold of the activity observed for the filtrate, which consisted of mostly the free PL. 

To verify the antimicrobial activity of the filtrate, I tested the antimicrobial activity of 1% PL 

solution after passing through the membrane, and the activity of free PL molecules in the filtrate 

was observed to be higher than the retentate (Fig. 3.1g). Furthermore, by comparing the 

antimicrobial activity of ChNP-PL and free PL, I estimated that ChNP is bound to about 64% of 

PL (Fig 3.1g) which was used in our subsequent experiments. Because I found ChNP alone did 

not inhibit the growth of L. monocytogenes F4244 in soft BHI agar (Fig. 3.2c). I used the inhibition 

zone method to estimate the amount of PL in ChNP-PL after ultrafiltration. According to the 
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correlation function (R2=0.995) between the PL concentration and the size of inhibition zone on 

L. monocytogenes F4244 (Fig. 3.2d), I estimated the concentration of PL in the retentate after 

filtering ChNP-PL, compared it with the original concentration of PL before ultrafiltration, and 

found about 63.7% of PL was still remained in the ChNP-PL preparation (Fig. 3.2g). 

 
Figure 3.1. Synthesis and characterization of chitosan nanoparticles (ChNP) and chitosan 

nanoparticles with ε-poly-L-Lysine (ChNP-PL). (a) Zetasizer measurement of ChNP synthesized 
with TPP (Ch:TPP 3:1). Zetasizer measurement of ChNP after filtration through 0.45 μm syringe 

filters (b) and after 10 cycles of 30s sonication (c). (d) Size comparison of ChNP synthesized 
with or without 0.2% PL. (e) Removing unbound PL after ChNP-PL synthesis by ultrafiltration 
(30 kDa cutoff). (f) Zetasizer measurement of ChNP-PL synthesized with 0.1% PL before and 

after ultrafiltration. The median size of particles in filtrate (~5 nm) suggests that ChNP-PL 
cannot pass through the ultrafiltration (30 kDa cutoff). (g) ChNP-PL and PL-mediated inhibition 

of L. monocytogenes F4244 in soft BHI agar, demonstrating the formation of ChNP-PL. 
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Figure 3.2 (a) A photo presentation of the setup for chitosan nanoparticles synthesis; (b) Size 

distribution of chitosan nanoparticle synthesized with 0.2% chitosan and various chitosan:TPP 
ratios; (c) Inhibition zone of 0.25% ɛ-Poly-L-lysine (PL) in 1% acetic acid pH4.6 or 0.1% 

chitosan in 1% acetic acid pH4.6 on L. monocytogenes F4244 in soft BHI or MHB agar. Since 
ChNP alone did not form inhibition zone on BHIA inoculated with L. monocytogenes, the 

concentration of PL in ChNP-PL can be reflected the size of inhibition zone on BHIA inoculated 
with L. monocytogenes; (d) Correlation between the concentration of PL and its inhibition zone 

size was constructed to estimate concentration of PL in ChNP. 
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3.4.2 ChNP and PL exhibited synergistic antimicrobial activity on foodborne pathogens 

First, antimicrobial activity of chitosan polymer and ChNP was compared by using the 

minimal inhibition concentration (MIC) assay using a microdilution method (Singh et al. 2018) 

against five foodborne pathogens, including L. monocytogenes F4244, S. aureus ATCC25923, P. 

aeruginosa PRI99, S. Enteritidis 13ENT1344, and E. coli EDL933 (O157:H7). Bacterial growth 

inhibition results (OD595nm) showed that the MIC of chitosan and ChNP were very similar 

depending on the strains tested (Fig. 3.3). MIC of chitosan and ChNP against L. monocytogenes, 

S. aureus, and P. aeruginosa were estimated to be 12.5 μg/mL; and 25 μg/mL for E. coli O157:H7. 

In addition, the MIC of chitosan against S. Enteritidis was 37.5 μg/mL while ChNP was 25 μg/mL 

(Fig. 3.3). By plating bacterial cultures in the sublethal concentration, however, I found the 

concentration of viable bacteria of P. aeruginosa, S. Enteritidis, and E. coli treated by ChNP were 

significantly (P<0.05) less than those bacteria treated by chitosan polymer (Fig. 3.3), suggesting 

nanoparticles (ChNP) has improved inhibitory activity than the chitosan polymer at certain 

concentration on some bacterial species.  

Next, to test the synergistic antimicrobial effects of ChNP and PL on these pathogens, I 

conducted MIC tests by adding the decreasing concentration of both substances in each well on a 

96-well microtiter plate. Results showed that the MIC of a mixture of ChNP and PL is lower than 

the MIC of each used separately, suggesting they do have synergistic antimicrobial effects (Fig. 

3.4 a-e).  

 Next, I compared the MIC of ChNP and ChNP-PL conjugate by using microdilution 

methods against several pathogenic or nonpathogenic species/strains. Results showed that the MIC 

of ChNP-PL is lower than ChNP on all the 19 cultures tested (Table 3.1, Fig. 3.5). Compared to 

the MICs of ChNP, MICs of ChNP-PL on Pseudomonas (2 species) and Salmonella enterica (3 

serovars) reduced by 3-fold, and Listeria (4 species), S. aureus (2 strains) and E. coli (3 strains) 

reduced by 10-fold, suggesting conjugation with PL significantly improves the inhibitory effect of 

ChNP. 

Further, I tested the stability of ChNP-PL stored at ambient temperature for 16 days. Both 

freshly prepared and 16-day stored ChNP-PL produced a similar zone of inhibition when tested 

against lawns of Salmonella, E. coli O157:H7, and L. monocytogenes by well-diffusion method 

(Fig. 3.6). This suggests the antibacterial activity of ChNP-PL is maintained at least for 16 days in 

ambient conditions.    
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Figure 3.3 Comparing the minimal inhibition concentration (MIC) of chitosan and chitosan 
nanoparticles (ChNP) on L. monocytogenes F4244, S. aureus ATCC25923, P. aeruginosa 

PRI99, S. Enteritidis 13ENT1344, and E. coli EDL933 in MHB medium. 
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Figure 3.4 Synergistic MICs of ChNP and PL on L. monocytogenes F4244 (a), S. aureus 
ATCC25923 (b), P. aeruginosa PRI99 (c), S. Enteritidis 13ENT1344 (d), and E. coli EDL933 (e) 

was lower than the individual MIC of ChNP or PL presented in the top or left bar. The boxes 
with bold boundary indicate the reduced concentration of ChNP and PL when they act 

synergistically to the pathogens. 
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Table 3.1 Comparison of antimicrobial activity of ChNP and ChNP-PL 

Bacteria MIC (µg/mL) 

  ChNP ChNP-PL  

P. aeruginosa ATCC10145 >37.5 12.5-25 

P. putida PRI107 >37.5 12.5-25 

P. aeruginosa PRI99 25-37.5 2.5-3.75 

L. ivanovii ATCC19119 25-37.5 2.5-3.75 

L. seeligeri ATCC 35967 25-37.5 2.5-3.75 

L. marthii ATCC BAA-1595 25-37.5 2.5-3.75 

L. monocytogenes F40 25-37.5 2.5-3.75 

L. monocytogenes F4244 25-37.5 1.25-2.5 

S. Enteritidis PT21 >37.5 3.75-12.5 

S. Typhimurium ST1 >37.5 12.5-25 

S. Heidelberg 18ENT1418 >37.5 12.5-25 

S. Enteritidis 18ENT1344 >37.5 3.75-12.5 

S. aureus NRRL B767 >37.5 3.75-12.5 

S. aureus ATCC25923 25-37.5 2.5-3.75 

S. aureus ATCC29213 25-37.5 2.5-3.75 

E. coli K12 >37.5 2.5-3.75 

E. coli O157:H7 SEA13A72 >37.5 2.5-3.75 

E. coli O157:H7 PT23 >37.5 1.25-2.5 

E. coli EDL933 >37.5 2.5-3.75 
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Figure 3.5 MICs of ChNP and ChNP-PL of 19 strains of L. monocytogenes, S. aureus, P. 
aeruginosa, S. enterica, and E. coli. 
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Figure 3.6 Comparison of the antimicrobial effect of fresh ChNP-PL and ChNP-PL stored at 
ambient temperature for 16 days using inhibition zone method. 

3.4.3 ChNP-PL is nontoxic to intestinal epithelial cells 

Cytotoxicity effects of ChNP-PL were tested on HCT-8 cell line, a human ileocecal 

colorectal adenocarcinoma cell line, using both WST-8 (2-(2-methoxy-4- nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2Htetrazolium) (Chamchoy et al. 2019) and LDH (lactate 

dehydrogenase) (Roberts et al. 2001) assay. WST-8 assay measures cell proliferation by reacting 

with NADH from live cells and generating red color after reaction with formazan dye.  After 

incubating HCT-8 cells with 1:10 diluted ChNP-PL for 13 h and WST-8 substrate for another 2 h, 

the proliferation of treated HCT-8 cells did not show any significance (P>0.05) difference with 

untreated cells (Fig. 3.7a). When L. monocytogenes F4244 was added to HCT-8 cells together 

with ChNP-PL at MOI of 1:10 (Lm:HCT-8), there was no significant (P>0.05) difference between 
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WST activity relative to untreated or ChNP-PL-treated HCT-8  cells (Fig. 3.7a). In contrast, when 

HCT-8 cells were treated with L. monocytogenes at the same MOI for 15 h in total without ChNP-

PL treatment showed about a 50% increase in WST activity which was significantly (P<0.0005) 

higher than the other three treatments (Fig. 3.7a). These data indicate, in the absence of ChNP-PL, 

L. monocytogenes caused substantial HCT-8 cell damage which released intracellular enzymes and 

NADH.  

Microscopic comparison of cell monolayers after WST-8 assay indicated maintenance of 

cell monolayer integrity when treated with ChNP-PL while cell rounding and the detached 

monolayer were evident when treated with L. monocytogenes (Fig. 3.7b). These data indicate 

ChNP-PL is non-toxic and could protect epithelial cells from L. monocytogenes-induced cell 

damage.  

We also verified ChNP-PL effect on HCT-8 cells using a second cytotoxicity assay that 

assesses the membrane damage by monitoring the release of an intracellular enzyme, lactate 

dehydrogenase (LDH). After 13 h incubation with ChNP-PL, the cytotoxicity value was below 

zero while ChNP-PL plus L. monocytogenes F4244 treatment produced a cytotoxicity value of 10% 

and there was no significant difference (P>0.05) between the two treatments (Fig. 3.7c). While 

HCT-8 cells treated with L. monocytogenes alone for 13 h showed about 50% LDH release which 

was significantly (P<0.0001) higher than the values from the other two treatments (Fig. 3.7c). 

These results suggest that ChNP-PL has little or no cytotoxicity effects and would not affect the 

normal proliferation of HCT-8 cells in 13 h. Furthermore, ChNP-PL can also protect epithelial 

cells from the damage caused by L. monocytogenes.  
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Figure 3.7 Cytotoxicity assessment of ChNP-PL on HCT-8, an intestinal epithelial cell line, 
using WST-8 (a) or Lactate Dehydrogenase (LDH) (c) assay. Cells were incubated with or 

without 1:10 diluted ChNP-PL and L. monocytogenes F4244 (Lm, MOI of 1:10, Lm:cell) for 13 
h. Then, for WST-8 assay, substrates were added to the cells and incubated for another 2 h, and 

cell morphology after WST-8 incubation was captured with microscope (b). For LDH assay, 
supernatant was collected and subjected to LDH assay. Scale bars represent 50 μm. A pairwise 

Student’s t-test used for statistical analysis. ***P<0.0005, ****P<0.0001. 
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3.4.4 Biofilm formation by Listeria monocytogenes is augmented in the presence of 
Staphylococcus aureus and Pseudomonas aeruginosa  

We examined the dynamics of biofilm formation by L. monocytogenes in the presence of 

two strong biofilm-forming bacterial species, S. aureus and P. aeruginosa. In monoculture biofilm 

formed from the initial inoculum of about 3.5 × 106 CFU/mL, L. monocytogenes F4244 counts 

were about 4.0 × 108 CFU/mL after 24 h incubation at 30°C, while in the mixed culture biofilm 

with S. aureus ATCC25923, under the same growth conditions, L. monocytogenes counts were 

significantly (P<0.005) increased to 2.12 × 109 CFU/mL, i.e., a five-fold increase (Fig. 3.8a and 

3.8b). Interestingly, the S. aureus counts decreased by 10-fold (4.23 × 108 CFU/mL) when 

compared with its monoculture biofilm (4.70 ×109 CFU/mL) (Fig. 3.8a and 3.8b).  

When the initial inoculum of L. monocytogenes was increased from 3.3 × 106 to 1.6 × 108 

CFU/mL in mixed culture biofilms with S. aureus initial inoculum of 3.5 × 107 CFU/mL, the L. 

monocytogenes counts also increased from 5.2 × 108 to 2.12 × 109 CFU/mL (Fig. 3.8f). Besides, it 

was also observed that S. aureus counts in the mixed culture biofilm were lower than the counts 

in its monoculture biofilms when the initial concentration of S. aureus was lower than L. 

monocytogenes (Fig. 3.8e). On the other hand, the counts of S. aureus in mixed biofilms 

significantly increased when there were more S. aureus cells in the initial inoculum than L. 

monocytogenes (Fig. 3.8e). In planktonic culture, I also found that the growth of S. aureus was 

slightly suppressed when more L. monocytogenes cells were present and its growth was not 

affected by S. aureus (Fig. 3.8g). Furthermore, I tested the mixed culture biofilm of L. 

monocytogenes F4244 and S. aureus 2747 whose biofilm-forming capabilities are lower than S. 

aureus ATCC25923, and it turned out that the counts for both bacteria (2.1 × 108 CFU/ml for S. 

aureus 2747 and 1.1 × 108 CFU/ml for L. monocytogenes F4244) were lower than the counts (3.0 

× 108 CFU/ml for S. aureus 2747 and 3.2 × 108 CFU/ml for L. monocytogenes F4244) in their 

monoculture biofilm (Table 3.2, Fig. 3.8h). 

In the mixed culture biofilm of P. aeruginosa PRI99 and L. monocytogenes F4244, the 

counts (4.7 × 109 CFU/ml) of L. monocytogenes increased significantly (P<0.0005) than its counts 

(4.0 × 108 CFU/ml) in the monoculture biofilm (Fig. 3.8c). Although the counts of P. aeruginosa 

PRI99 (7.2 × 109 CFU/ml) in the mixed biofilm was significantly (P<0.005) lower than its counts 

(4.6 × 109 CFU/ml) in the monoculture biofilm (Fig. 3.8c), the relative reduction was about 40% 

(Fig. 6d). I also tested the mixed culture biofilm of L. monocytogenes F4244 and S. Enteritidis 



 
 

116 

1344 or E. coli EDL933, however, the concentration of L. monocytogenes was not increased in 

either of those biofilms (Table 3.2, Fig. 3.8i and 3.8j). 

 

 
Figure 3.8 Quantification of bacterial counts in single and mixed culture biofilms. The exact 
concentrations of L. monocytogenes F4244 and S. aureus ATCC25923 (a) or P. aeruginosa 

PRI99 (c) in their single or mixed biofilms. Relative comparison of bacteria in their single and 
mixed culture biofilms (b and d). The counts of S. aureus ATCC25923 (e) and L. monocytogenes 
F4244 (f) in their mixed culture biofilms with different initial L. monocytogenes F4244 cells. (g) 

Growth rate of S. aureus ATCC25923 and L. monocytogenes F4244 in their single or mixed 
planktonic culture. The exact concentrations of L. monocytogenes F4244 and S. aureus 2747 (h), 
S. Enteritidis 18ENT1344 (i), or E. coli O157:H7 EDL933 (j) in their single or mixed biofilms. A 
pairwise Student’s t-test used for statistical analysis. **P<0.005, ***P<0.0005, ****P<0.0001.  
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Table 3.2 Bacterial counts in mixed culture biofilms 
Bacteria* Avg CFU/ml Fold-change 
 Initial 

inoculum 
Monoculture 
biofilm 

Mixed culture 
biofilm 

 

Lm F4244 3.5 × 106 4.1 × 108 2.1 × 109 5-fold ↑ 
Sa ATCC25923 7.4 × 106 4.7 × 109 4.2 × 108 10-fold ↓ 
 
Lm F4244 3.5 × 106 4.1 × 108 4.7 × 109 11-fold ↑ 
Pa PRI99 7.0 × 106 7.3 × 109 4.6 × 109 1.6-fold ↓ 
 
Lm F4244 3.3 × 106 3.2 × 108 1.1 × 108 2.9-fold ↓ 
Sa 2747 1.2 × 107 3.0 × 108 2.1 × 108 1.4-fold ↓ 
 
Lm F4244 3.6 × 106 4.2 × 108 5.1 × 107 8.4-fold ↓ 
SE 1344 6.4 × 106 7.5 × 107 4.0 × 107 1.9-fold ↓ 
 
Lm F4244 3.6 × 106 4.2 × 108 1.4 × 107 30-fold ↓ 
Ec EDL933 3.4 × 106 7.6 × 107 3.4 × 108 4.5-fold ↑  

*Lm, L. monocytogenes; Pa, Pseudomonas aeruginosa; Sa, Staphylococcus aureus; SE, 
Salmonella Enteritidis; Ec, E. coli O157:H7  

3.4.5 Prevention of biofilm formation by ChNP-PL  

We tested the ability of ChNP-PL to prevent monoculture biofilm formation by each of the 

five pathogens, including L. monocytogenes F4244, S. aureus ATCC25923, P. aeruginosa PRI99, 

S. Enteritidis 18ENT1344, and E. coli EDL933 and the inhibition data were compared with ChNP-

mediated inhibition. Each bacterium inoculated at about 1×103 CFU/mL in fresh TSB containing 

ChNP or ChNP-PL in wells of a 24-well microtiter plate and incubated at 30°C for 24 h to form 

biofilms. Then, crystal violet staining and plate counting were used to assess biofilm formation. 

ChNP-PL treatment prevented biofilm formation by L. monocytogenes, P. aeruginosa, and E. coli 

and bacterial counts were below the detection limit, while it caused 5-log reduction in S. Enteritidis 

counts and 3.5 log reduction in S. aureus counts (Table 3.3, Fig. 3.9a). Though ChNP prevented 

biofilm formation by L. monocytogenes, it showed only 1 log reduction in S. aureus counts and 

about 1.7 log reduction in P. aeruginosa counts (Table 3.3, Fig. 3.9a). In contrast, it had no 

inhibitory effect against S. Enteritidis or E. coli, rather it promoted bacterial growth with about 0.5 

log increase in bacterial counts for both (Table 3.3, Fig. 3.9a).  

Crystal violet staining provided a strong visual corroborating evidence for inhibitory 

activity of ChNP-PL against all tested organisms (Fig. 3.9b). Untreated control biofilms showed 
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intense dye-binding appearing dark blue, while partially inhibited biofilms showed moderate dye-

binding while the wells without biofilms appeared clear. As stated above, ChNP appears to 

promote biofilm formation by S. Enteritidis and E. coli O157 showing intense dye-binding after 

ChNP treatment compared to the untreated controls, which showed partial dye-binding again 

suggesting ChNP appears to promote biofilm formation by these two pathogens. In contrast, 

ChNP-PL prevented biofilm formation by these pathogens and the wells appeared color-less or 

with a hint of stain (Fig. 3.9b).   

 Inhibitory activity of ChNP-PL against the mixed-culture biofilm of L. monocytogenes and 

P. aeruginosa, and L. monocytogenes and S. aureus were examined (Fig. 3.9c). Similar to the 

monoculture experiment, ChNP-PL completely inhibited the L. monocytogenes since the bacterial 

counts were below the detection limit while it caused about a 3.5-log reduction in S. aureus counts. 

In L. monocytogenes and P. aeruginosa mixed culture biofilms, ChNP-PL also completely 

inhibited biofilm formation by both pathogens since the counts were below the detection limit. In 

these experiments, ChNP abolished L. monocytogenes growth and reduced P. aeruginosa growth 

by 4.5 logs; however, ChNP did not show any inhibition of biofilm formation by S. aureus (Table 

3.3, Fig. 3.9c). Crystal violet staining images corroborated with the plate counting data (Table 3.3, 

Fig 3.9d). These data again demonstrate that ChNP-PL is highly effective in preventing mixed 

culture biofilm formation by L. monocytogenes and P. aeruginosa or L. monocytogenes and S. 

aureus. Collectively, our data show ChNP-PL is highly effective in preventing single or mixed 

culture biofilms of five pathogens tested.  
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Figure 3.9 Assessment of the biofilm-preventing function of chitosan nanoparticles (ChNP) and 
nanoconjugates of chitosan nanoparticles and ɛ-Poly-L-lysine (ChNP-PL) on five foodborne 
pathogens. Comparison of biofilm preventing formation of ChNP and ChNP-PL on (a) single 
culture biofilms of L. monocytogenes F4244, S. aureus ATCC25923, P. aeruginosa PRI99, S. 

Enteritidis 18ENT1344, or E. coli O157:H7 EDL933, and (c) mixed culture biofilms of L. 
monocytogenes F4244 and S. aureus ATCC25923, or L. monocytogenes F4244 and P. 

aeruginosa PRI99. Bacteria isolated from biofilms were quantified by plating method. (b and d) 
Biofilms with no treatment, treated with ChNP, or treated with ChNP-PL were visualized by 

crystal violet staining. A pairwise Student’s t-test used for statistical analysis. *P<0.005, 
**P<0.005, ***P<0.0005, ****P<0.0001. 
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Table 3.3 Prevention of biofilm formation by ChNP-PL 
Bacteria Avg CFU/cm2 
 Untreated ChNP treated ChNP-PL treated 
Lm 9.2 × 106 < 50 (>184,000-fold ↓) < 50 (>184,000-fold ↓) 
Sa 8.7 × 107 8.9 × 106 (9.8-fold ↓) 3.6 × 104 (2400-fold ↓) 
Pa 1.7 × 107 5.0 × 105 (34-fold ↓) < 50 (>184,000-fold ↓) 
SE 1.1 × 107 4.4 × 107 (4-fold ↑) 103 (110,000-fold ↓) 
EC 2.7 × 107 1.2 × 108 (4.4-fold ↑) < 50 (>184,000-fold ↓) 
Lm & Sa mixed biofilms 
Lm 1.9 × 107 < 50 (>184,000-fold ↓) < 50 (>184,000-fold ↓) 
Sa 4.2 × 106 3.8 × 106 (1.1-fold ↓) 1.0 × 104 (420-fold ↓) 
Lm & Pa mixed biofilms 
Lm 8.2 × 107 < 50 (>184,000-fold ↓) < 50 (>184,000-fold ↓) 
Pa 4.0 × 107 1.0 × 103 (40,000-fold ↓) < 50 (>184,000-fold ↓) 

*Lm, L. monocytogenes; Pa, Pseudomonas aeruginosa; Sa, Staphylococcus aureus; SE, 
Salmonella Entritidis; Ec, E. coli O157:H7  

3.4.6 Inactivation of preformed biofilm by ChNP-PL 

We also tested the ability of ChNP-PL to inactivate/disrupt preformed mono- or multi-

pathogen biofilms and data were compared with ChNP-mediated activity. After pathogens were 

incubated in wells for 24 h to form biofilms, ChNP-PL or ChNP was diluted by 1:5 (v/v) in MHB 

and added to the wells for another 24 h and incubated at 37ºC. Then, sessile bacterial counts in 

treated and untreated biofilms were enumerated. In monoculture biofilm, ChNP-PL treatment 

reduced L. monocytogenes F4244 counts by 4.5 logs, S. Enteritidis by 2 logs, E. coli by 2 logs, and 

S. aureus by 0.5 logs while ChNP-PL had no inhibitory activity on P. aeruginosa (Fig. 3.10a). In 

contrast, ChNP had no inhibitory effect against L. monocytogenes, S. aureus and P. aeruginosa 

but showed a slight inhibitory effect against S. Enteritidis and E. coli (Fig. 3.10a). These data 

indicate that ChNP-PL is highly effective in inactivating preformed biofilms though the response 

was variable depending on the bacterial species tested. 

In mixed culture biofilms of L. monocytogenes and S. aureus, ChNP-PL reduced L. 

monocytogenes counts by 0.3 logs and S. aureus by 0.1 log (Fig. 3.10b). In L. monocytogenes and 

P. aeruginosa mixed biofilms, ChNP-PL reduced L. monocytogenes counts by 2 logs but did not 

show any inhibitory effect against P. aeruginosa. Surprisingly, ChNP did not show any inhibitory 

effect against none of the pathogens in the mixed culture biofilms (Fig. 3.10b). 
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Figure 3.10 Assessment of the biofilm-inactivating function of chitosan nanoparticles (ChNP) 

and nanoconjugates of chitosan nanoparticles and ɛ-Poly-L-lysine (ChNP-PL) on five foodborne 
pathogens. Comparison of biofilm inactivating function of ChNP and ChNP-PL on (a) single 
culture biofilms of L. monocytogenes F4244, S. aureus ATCC25923, P. aeruginosa PRI99, S. 

Enteritidis 18ENT1344, or E. coli O157:H7 EDL933, and (b) mixed culture biofilms of L. 
monocytogenes F4244 and S. aureus ATCC25923, or L. monocytogenes F4244 and P. 

aeruginosa PRI99. Bacteria isolated from biofilms were quantified by plating method. A 
pairwise Student’s t-test used for statistical analysis. *P<0.005, **P<0.005, ***P<0.0005, 

****P<0.0001. 

3.5 Discussion 

Metaphorically speaking, biofilm can be described as a “house” that has a structure made up 

of bacteria-made EPS protecting bacterial cells living inside from harsh conditions (Bridier et al. 

2011). Biofilm formation is also a strategy for microbes to expand their habitat and colonize new 

biotic or abiotic surfaces. For instance, L. monocytogenes can adhere and form biofilm on abiotic 

surfaces including stainless steel, PVC, and polystyrene (Haynes et al. 2003). Therefore, once 

bacteria are transmitted into food processing facilities, hospitals, cafeterias, or cruise ships through 

raw foods, they could attach to surfaces and start forming biofilms, which can become a consistent 

contamination source due to inadequate sanitation. Carpentier and Cerf (2011) reviewed multiple 
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cases that L. monocytogenes strains with the same pulsotypes were isolated multiple times from 

the same food processing environment throughout a year, suggesting some pathogens are capable 

of escaping or surviving routine sanitation regiment and could recurrently contaminate food 

products. Here, I aimed to use two natural antimicrobials and develop a solution to control biofilm 

formation by a broad spectrum of bacteria.  

Biofilms in nature have also consisted of bacterial communities with great diversity instead 

of single culture biofilm (Lee et al. 2014). Zhang et al. (2012) used pyrosequencing and showed 

1183-3567 operational taxonomic units in activated sludge from 14 sewage treatment plants, 

suggesting those locations contain a large bacterial diversity (Zhang et al. 2012). Some reported 

that mixed culture biofilms can provide better protection than monoculture. A nosocomial Bacillus 

subtilis isolate was tested to be resistant to peracetic acid because its biofilm prevents the 

penetration of the biocide (Bridier et al. 2012). When a peracetic acid-sensitive S. aureus strain 

forms mixed culture biofilm with the B. subtilis isolate, the former cells were also protected by the 

biofilm produced by the latter. Another study also showed that L. monocytogenes and 

Lactobacillus plantarum in their mixed culture biofilms were most resistant to 15-min treatment 

with benzalkonium chloride or peracetic acid than the bacteria in their monoculture biofilms (Van 

der Veen and Abee 2011). My results showed that L. monocytogenes in the mixed-culture biofilm 

with S. aureus or P. aeruginosa were reduced by less than 1 log or about 2 logs, respectively, after 

being treated by ChNP-PL (Fig. 3.10b), whereas L. monocytogenes in its mono-culture biofilm 

were reduced by about 3 logs by the same treatment (Fig. 3.10a). The improved survival of L. 

monocytogenes in the mixed biofilms may be because of the protection of S. aureus or P. 

aeruginosa produced biofilms.    

In this study, I specifically investigated the mixed culture biofilm of S. aureus and L. 

monocytogenes because they not only were frequently isolated from the food processing 

environment but also isolated from the same location (Frank et al. 1990; Carpentier and Cerf 2011; 

Schirmer et al. 2013). Similar to our finding that the counts of L. monocytogenes in mixed biofilms 

with S. aureus were higher than the counts in monoculture biofilms of L. monocytogenes. 

Carpentier et al. (2004) also isolated more L. monocytogenes cells in the mixed biofilm with a food 

plant isolated Staphylococcus capitis strain than in the monoculture biofilm.  

Although the various type of antimicrobial disinfectants, like benzalkonium chloride and 

peracetic acid, have been used in food processing environments for years, some drawbacks and 
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risks in applying those chemicals should be carefully analyzed. Peracetic acid is a strong oxidative 

organic acid that has been popularly used in situations including the food industry, hospitals, and 

households. Similar to other oxidizing agents, peracetic acid can inactivate microbial enzymes and 

other functional proteins, thus kills microbes (Batt and Tortorello 2014). A critical advantage of 

peracetic acid is that it does not generate harmful byproducts but produces acetic acid, water, 

oxygen and hydrogen peroxide (Bennett et al. 2014). However, peracetic acid is a strong oxidizer, 

thus requires careful handling with proper personal protection equipment. Mishandling and 

exposure could irritate eyes and membrane of the respiratory tract, and skin. A high concentration 

of peracetic acid can cause lethal hemorrhage and edema (NRC 2010). Benzalkonium chloride is 

another popular disinfectant used in the food industry. However, several studies have shown that 

exposing L. monocytogenes to sub-lethal concentration of benzalkonium chloride rendered the 

pathogen be more resistant to the chemical (Aase et al. 2000; To et al. 2002). A recent study 

reported that L. monocytogenes with induced resistance to benzalkonium chloride were also more 

resistant to other antimicrobial agents, including cefotaxime, cephalothin, ciprofloxacin, and 

ethidium bromide (Yu et al. 2018). More importantly, using one type of disinfectant in certain 

situations will consistently select the microbes with increasing resistance. Therefore, a good 

practice of sanitation is frequently switching to new disinfectants, which drive the development of 

new antimicrobial agents. 

In recent decades, the surge of multiple antimicrobial-resistant pathogens drove not only 

the discovery of new antimicrobials but also more effective methods of applying current ones. The 

synergistic effect of applying multiple antimicrobial components of the same or different types has 

been reported. For example, essential oils can enhance the antimicrobial function of antibiotics 

and metal nanoparticles. Essential oils are produced through complicated metabolic reactions in 

plants to protect the plants from microbial infection (Rai et al. 2017). Because of the broad-

spectrum antimicrobial function, essential oils have been tested on multi-antibiotics resistant 

bacteria, foodborne pathogens, and fungi and showed good efficacy (Friedman 2006; Fournomiti 

et al. 2015; Knezevic et al. 2016; Mekonnen et al. 2016). Though the fundamental antimicrobial 

mechanism of essential oils has not been fully revealed, some evidence suggests that cell 

membranes can be permeabilized with essential oils (Huang et al. 2014). In addition, combined 

application of essential oils and other antimicrobials showed further improved efficacy. For 

instance, Duarte et al. (2016) found that the addition of essential oils from Rhaphiodon echinus 
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significantly lowered the MICs of gentamicin, amikacin, and ciprofloxacin on P. aeruginosa. 

Karpanen et al. (2008) reported that applying the combination of multiple essential oils with 

chlorhexidine digluconate, a common disinfectant and antiseptic has lowered MICs for each 

component compared with applying them separately, suggesting the synergistic effect of the 

combination. Esmaeili et al. (2015) compared the size of inhibition zones generated by Carum 

copticum essential oils, chitosan nanoparticles, and chitosan nanoparticles loaded with Carum 

copticum essential oils on six bacterial species. Results showed that the essential oil-loaded 

chitosan nanoparticles generated the largest inhibition zone. The superior antimicrobial function 

of combining antimicrobials as indicated by numerous studies inspired us to combine chitosan and 

ɛ-Poly-L-lysine to combat bacterial biofilms. 

As natural antimicrobials, both chitosan and ɛ-Poly-L-lysine have been extensively studied 

for their inhibitory effect on microbes. In 1992, (Sudarshan et al.) have demonstrated that water-

soluble chitosan derivatives can cause membrane permeabilization in E. coli. Later, broad-

spectrum antimicrobial activities of chitosan or its derivatives were demonstrated on bacteria, yeast, 

and mold (No et al. 2007). Because of its safety, biocompatibility, and biodegradability, chitosan 

has been tested and applied as a preservative in meat, eggs, vegetables, fruits, and their products 

(No et al. 2007; Duan et al. 2019). In 2013, U.S. Food and Drug Administration conferred GRAS 

on shrimp-derived chitosan for its application in the food industry (FDA 2013).  

On the other hand, ɛ-Poly-L-lysine has also been given GRAS status to be used in sushi 

rice at 50 mg/kg (Chheda and Vernekar 2015). To test its antimicrobial action in the food matrix, 

Geornaras et al. (2007) showed that ɛ-Poly-L-lysine completely inhibited or reduced the growth 

of E. coli O157:H7, S. Typhimurium, and L. monocytogenes in several food products, including 

beef, rice, and vegetables, stored at 12°C for six days. Recently, You et al. (2017) demonstrated 

that daily consumption of ɛ-Poly-L-lysine for weeks did not cause permanent changes to gut 

microbiome in a mouse model, which provides another critical evidence for the safety of ɛ-Poly-

L-lysine. Here, I aimed to produce nanoconjugates of the two antimicrobials and test their function 

specifically in controlling and inactivating bacterial biofilms. 

I applied the ionotropic gelation method to synthesize chitosan nanoparticles using a 

“bottom-up” approach (Sanguansri and Augustin 2006; Sullivan et al. 2018). Generally, chitosan 

molecules are bound to each other with a small linker molecule and form larger nanoscale gel 

particles. Chitosan molecules are positively charged after being dissolved in a weak acid solution, 
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and triphenylphosphonium (TPP) is dissolved into a Penta-anion in water. After adding TPP in the 

chitosan solution, chitosan molecules are spontaneously attracted to TPP, bound with other 

chitosan molecules, and immediately forming gel nanoparticles. Not only the ratio of chitosan and 

TPP, but also the ionic strength, modification of chitosan, pH, and mixing rate affect the size 

distribution of ChNP (Sawtarie et al. 2017). Based on our experience of adapting published 

conditions for synthesis, minor differences in each laboratory could significantly affect the results, 

therefore each parameter should be optimized to produce the ChNP with a desirable dimension. 

After trying several ratios of chitosan and TPP, I was eventually able to synthesize ChNP with an 

median dimension of 150 nm using a ratio of 3:1 (Fig. 3.1b and Fig. 3.2b). Sullivan et al. (2018) 

used the same ratio and generated ChNP of 96.52 nm. Furthermore, Sawtarie et al. (2017) used a 

similar ratio of ~2.6:1, three different synthesis methods, and multiple concentrations of NaCl to 

synthesize ChNP with dimensions ranging from 100 nm to 800 nm.  

After the synthesis of nanoparticles, I also found that membrane filtration of ChNP 

preparation through a 0.45 µm filter improved the size distribution of ChNP (Fig. 3.1b). It may be 

because filtration removed some undissolved particles in chitosan solution since it is the only 

material that was not filtered before synthesis. In addition, I found the application of the sonication 

step can also reduce the median size from 164 nm to 91 nm (44% reduction, Fig. 3.1c). After 

incorporating 2% PL into the matrix, the average size of ChNP dramatically increased to more 

than 300 nm (Fig. 3.1d), suggesting PL may enhance the coagulation of chitosan molecules in the 

presence of TPP. I eventually reduced the size of ChNP-PL nanoconjugates to about 100 nm by 

reducing the concentration of PL and introducing a sonication step (Fig. 3.1f). Using a previously 

established nanoparticles-based inhibition method (Singh et al. 2018), I determined that 63.7% PL 

were incorporated in the ChNP-PL matrix (Fig. 3.1g and Fig. 3.2d). 

Chitosan has been applied in various foods as a natural preservative and is highly inhibitory 

against foodborne pathogens. I compared the MICs of chitosan polymer and ChNP on five 

bacterial pathogens and both showed similar MIC values on L. monocytogenes, S. aureus, P. 

aeruginosa, S. Enteritidis, and E. coli (Fig. 3.3). I also counted the viable bacterial numbers by 

plating and found that the counts of three bacteria (P. aeruginosa, S. Enteritidis, and E. coli 

EDL933) in the presence of ChNP were lower than their counts in the presence of chitosan (Fig. 

3.3), suggesting ChNP may have better activity in slowing the growth of certain bacteria at the 

sublethal concentration. A recent study reported the MIC of chitosan and ChNP to be identical 
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when tested against four bacterial species (Sullivan et al. 2018), two (S. aureus and E. coli) of 

which were also tested in our study. 

Furthermore, I compared the MIC of the mixture of ChNP and PL with each tested 

separately to determine whether they exhibit synergistic antimicrobial effects. Results on five 

tested strains clearly showed a synergistic effect (Fig. 3.4a-e). A recent study also reported the 

synergistic effect of Ch and PL against Pseudomonas spp. and H2S-producing bacteria when 

applied on Pacific white shrimp (Na et al. 2018). This treatment significantly reduced total volatile 

basic nitrogen formation and extended the shelf life of shrimp without affecting the sensory 

perception (Na et al. 2018).  

To ensure consistent delivery of two antimicrobials for inactivation of bacteria in biofilms, 

I synthesized the ChNP conjugated with PL and tested their MICs against a panel of 19 strains 

representing species of Pseudomonas, Listeria, Salmonella, Staphylococcus, and E. coli. Data 

show ChNP-PL to be highly inhibitory against the test strains and exhibited lower MIC than that 

of ChNP (Table 3.1, Fig. 3.5). Therefore, ChNP-PL was used in our subsequent experiments. 

Furthermore, I also observed that ChNP-PL maintained its antimicrobial activity even after 16 

days of storage at ambient temperature (Fig. 3.6). 

I also examined the safety of ChNP-PL by using in vitro cell culture (HCT-8) experiment 

and I did not observe any cytotoxicity when analyzed for the arrest of cell metabolism or cell 

membrane damage after 13 h of exposure to ChNP (Fig. 3.7). I also tested if ChNP-PL could 

protect HCT-8 cells from L. monocytogenes induced cell damage, and, interestingly, the fitness of 

HCT-8 cells was maintained, and cellular morphology was not affected in ChNP-PL treated cells 

(Fig. 3.7).  

Though, research on chitosan as a carrier for drugs, DNA, and peptides has been conducted 

for decades (Illum et al. 2001; Janes et al. 2001; Mao et al. 2001), the safety of nanoparticulated 

form still requires a thorough assessment. Various models have been used to determine the safety 

of both chitosan and PL. Huang et al. (2004) thoroughly tested the cytotoxicity of chitosan with 

different molecular weights and chitosan nanoparticles. They reported that both chitosan polymer 

and ChNP exhibited significant cytotoxic effects on A549 cell line (lung cancer cell line) when 

used at a concentration above 0.741 mg/mL which is much higher than the MIC used in our study 

(Fig. 3.5). To test the safety of PL, Hiraki et al (2003) used an absorption, distribution, metabolism, 

and excretion (ADME) experiment using 14C-labeled PL in a rat model and showed that 94% of 
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PL that entered the gastrointestinal tract, passed through the feces and no PL was accumulated in 

any tissues based on whole-body radiography (Hiraki et al. 2003). This study provided critical 

evidence as to the foundation for GRAS approval by FDA.  

 The inactivation of sessile bacteria in biofilm faces two significant challenges. Firstly, the 

biofilm matrix, or EPS, is largely made up with polysaccharides, extracellular DNA, and proteins, 

which provides a dense architecture protecting sessile bacteria from being removed by physical 

impacts or accessed by large molecules (Fong and Yildiz 2015; Limoli et al. 2015; Rabin et al. 

2015). Secondly, sessile bacteria globally alter their gene expression, which usually gives them 

better resistance to antibiotics and several disinfectants (Høiby et al. 2010; Bridier et al. 2011). 

The strategies that can be applied to control biofilms in the food processing environment not only 

have to address the two challenges, also need to consider additional factors. For instance, the 

applied chemicals could be easily cleaned off and their residues in food should not raise any safety 

concern. Therefore, I was motivated to investigate the potential of using two food-grade molecules, 

chitosan and ε-poly-l-lysine, to control the formation of biofilms on food processing or touching 

surfaces. I tested the efficacy of preventing and inactivating the biofilms of five foodborne 

pathogens. ChNP-PL treatment completely prevented the biofilm formation by L. monocytogenes, 

P. aeruginosa, S. Enteritidis and E. coli O157:H7 and bacterial counts were undetectable after 

plating while it partially affected S. aureus biofilm formation. ChNP on the other hand completely 

inhibited biofilm formation by L. monocytogenes but showed some inhibitory effect against S. 

aureus and P. aeruginosa albeit much lower than ChNP-PL treatment. ChNP treatment 

surprisingly increased the bacterial counts in biofilms of S. Enteritidis 18ENT1344 and E. coli 

EDL933, which suggests low concentration of ChNP in TSB probably helps promote biofilm 

formation by these pathogens. It is interesting to note that ChNP in MHB is inhibitory towards 

planktonic cells of some Salmonella and E. coli strains (Table 3.1). 

ChNP-PL is also inhibitory towards these pathogens in mixed culture biofilm and totally 

prevented the biofilm formation by L. monocytogenes when cocultured with P. aeruginosa and S. 

aureus and it also completely inhibited the growth of P. aeruginosa but partially inhibited S. 

aureus (Fig. 3.9). These data indicate ChNP-PL is effective in preventing biofilm formation by 

mono- or multi-pathogens. I also tested the inactivation of preformed biofilm by ChNP-PL and 

data show ChNP-PL was highly effective in eliminating monoculture biofilms of L. 

monocytogenes, S. Enteritidis, E. coli O157:H7 and moderately effective against S. aureus but not 
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against P. aeruginosa (Fig. 3.10). In the mixed culture biofilm, ChNP-PL is inhibitory towards L. 

monocytogenes and moderately towards S. aureus but none towards P. aeruginosa. In summary, 

our results showed the combination of two natural antimicrobials have great potential to be applied 

as a safe method to control broad spectrum of foodborne pathogens in food processing facilities.  
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APPENDIX A. PURIFICATION OF TAG-FREE RECOMBINANT LAP OF 
L. INNOCUA 

 
Lap gene from L. innocua F4248 was amplified with primers Flap-F and Flap-R (a), and the 

amplicon was cloned into pET SUMO vector (Thermo Fisher) through TA cloning following the 

vendor’s protocol. Then, pET SUMO::lap was transfected into E. coli BL21(DE3), and the 

presence of lap gene and the vector in kanamycin resistant transformants were confirmed by 

PCR using two primer sets, Flap-F/Flap-R and SUMO-F/T7-R (a). After incubation and 

induction with IPTG, whole cell protein was extracted from E. coli BL21(DE3) pET SUMO::lap. 

Recombinant LAP was purified by its His tag and immobilized metal affinity chromatograph, 

then the recombinant LAP was treated with SUMO protease with or without NaCl to remove 

extra N-terminal tags. Finally, western blots using anti-His tag and anti-LAP antibody showed 1 

h SUMO protease treatment with NaCl can effectively remove the N-terminal tags of the 

majority of recombinant LAP (b).       

a b
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APPENDIX B. IDENTIFICATION OF L. MONOCYTOGENES ISOLATES 
WITH ABNORMAL INLA EXPRESSION 

 

 
L. monocytogenes isolates and mutants were labeled with anti-InlA primary antibody and 

fluorescence tagged secondary antibody before flow cytometry (FCM) analysis (a). Comparison 

Lm F4244 ΔinlA Lm F4244 ΔinlBLm F4244 

Bacteria fixation 
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between Lm F4244, Lm F4244 ΔinlA, and Lm F4244 ΔinlB showed that the FCM method can 

differentiate the expression of InlA in the bacteria (b). Same analysis on seven isolates showed six 

of them have abnormally low InlA expression, 0.48-53.8%, compared to Lm F4244 (c). In addition, 

Western blot also showed consistently low InlA expression (d). In vitro invasion assay using Caco-

2 cells showed three isolates, Lm H3, H16, and F48, showed invasion rates of about 0.03%, 1.12%, 

and 0.03%, respectively. At the same time, the invasion rate of Lm F4244 is about 8.28%. 
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