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THESIS TITLE: Biofilm forming ability and exoproteomic analysis of Listeria monocytogenes 

 

ABSTRACT 

 

 

The eradication from the food industry environment of the foodborne pathogenic bacterium 

Listeria monocytogenes requires a better understanding of its biofilm state. The susceptibility 

of biofilms of L. monocytogenes, in pure and in co-culture with Pseudomonas aeruginosa, to 

commercial sanitizers was determined using the Calgary Biofilm Device (CBD). Biofilms 

produced at 12 ºC were generally less susceptible to sanitizers than at 37 ºC. In co-culture 

biofilms, L. monocytogenes although representing only 1% of the co-culture, was in the 

same order of magnitude as the one obtained when in pure culture (5.5 log CFU/cm2). In 

addition to the CBD, three other methods to assess biofilm formation (crystal violet assay, 

epifluorescence microscopy observation and cell enumeration on stainless steel) were 

compared. A significant correlation was found between methods using stainless steel, 

evidence that data is dependent of the surface material. These results also allowed the 

selection of two good biofilm producing strains to be used for exoproteome investigation. 

For both strains, 16 identified exoproteins were more abundantly detected in the biofilm 

exoproteomes compared to the planktonic counterparts. One of these proteins was the 

putative cell wall binding protein, Lmo2504. The construction of a deletion mutant on its 

coding gene, confirmed the positive role of this protein in the biofilm forming ability of the 

wild type strain. This is the first report on the role of the exoproteome in biofilm formation. 

 

 

 

 

 

 

 

Keywords: Listeria monocytogenes, biofilm, sanitizer susceptibility, exoproteome, Lmo2504 
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TÍTULO DA TESE: Capacidade de formação de biofilme e análise do exoproteoma de Listeria 

monocytogenes 

 

RESUMO 

 

 

A erradicação da bactéria patogénica Listeria monocytogenes, dos ambientes relacionados 

com as indústrias alimentares, requer uma melhor compreensão do seu estado de biofilme. 

A susceptibilidade, a desinfectantes comerciais, de biofilmes de L. monocytogenes, em 

cultura pura e em co-cultura com Pseudomonas aeruginosa, foi avaliada utilizando o Calgary 

Biofilm Device (CBD). Biofilmes produzidos a 12 ºC foram, em geral, menos susceptíveis a 

desinfectantes do que quando formados a 37 ºC. Em co-cultura, L. monocytogenes, embora 

representando apenas 1 % da população total, apresentou a mesma ordem de grandeza do 

que a obtida quando em cultura pura (5,5 log UFC/cm2). Além do CBD, foram comparados 

três outros métodos para avaliar a formação de biofilme (cristal violeta, observação através 

de microscopia de epifluorescência e enumeração de células em superfícies de aço 

inoxidável). Foi encontrada uma correlação significativa entre os métodos que utilizam aço 

inoxidável, evidência de uma dependência dos resultados obtidos do material da superfície 

de crescimento do biofilme. Esta análise permitiu também a selecção de duas estirpes boas 

produtoras de biofilme para serem utilizadas no estudo do exoproteoma. Para ambas as 

estirpes, foram identificadas 16 exoproteínas com maior abundância no exoproteoma do 

biofilme, quando comparado com o respectivo estado planctónico. Uma dessas proteínas foi 

uma proteína putativa de ligação à parede celular, Lmo2504. A construção de um mutante 

de deleção do gene que a codifica confirmou o papel positivo desta proteína na capacidade 

de formação de biofilme da estirpe selvagem. Este é o primeiro relato sobre o papel do 

exoproteoma na formação de biofilme. 

 

 

Palavras-chave: Listeria monocytogenes, biofilme, susceptibilibade a sanificantes, 

exoproteoma, Lmo2504 
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PREAMBLE 

For the food industries, food safety is the main concern. In order to avoid contamination of 

food products, the food industries relay on preventive measures such as effective hygiene to 

eradicate pathogens. Listeria monocytogenes is a high concern to food industry, especially in 

the case of ready to eat food producers. Previous work carried out from our group, has 

shown that, when planktonic cells were tested, neither the adaptation nor the resistance to 

disinfectants explained the existence of resident strains in particular food facilities. The 

biofilm state of L. monocytogenes has been regarded as a key factor for strain persistence 

and for unsuccessful disinfection treatments. 

The assessment of L. monocytogenes biofilm forming ability and susceptibility, in conditions 

similar to the industry environment, is therefore of relevance. 

The knowledge of the factors influencing biofilm formation is important to help target 

preventive solutions. In the process of biofilm development, the extracellular proteins or 

exoproteins, a fraction of the bacterial total proteome, are considered to be highly dynamic 

and responsive to the existing environmental conditions. 

For the above-mentioned, the following objectives were defined for this work: 

 To evaluate biofilm forming ability of a set of L. monocytogenes isolates with diverse 

origin and genetic diversity (from humans, from food and from food related 

environments, including persistent and sporadic isolates).  

 To elucidate the role of the temperature of biofilm formation on the susceptibility of 

the biofilms to commercially available sanitizers (minimum biofilm eradication 

concentration – MBEC determination) by using pure cultures and co-cultures with a 

strain from a strong biofilm producing species (Pseudomonas aeruginosa).  

 To compare methods frequently used in laboratory setting for biofilm formation and 

therefore, to identify the best methodologies for strain categorization in industrial 

setting. 

 To establish a protocol for obtaining exoproteins from biofilms, minimizing the 

contamination with proteins from planktonic cells. 
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 To evaluate the differences in exoproteins from biofilm cells versus their planktonic 

counterparts by using two-dimensional difference gel electrophoresis (2D DIGE) and 

to perform identification of selected protein spots by electrospray mass spectrometry 

(MS/MS). 

 To confirm, the involvement of one of the proteins detected in higher abundance in 

the biofilm exoproteome, by constructing a deletion mutant on the corresponding 

gene and to access the biofilm forming ability of the mutant strain versus the wild 

type. 
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Chapter I 

Literature Review 
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1. Listeria monocytogenes 

1.1. General Characteristics 

Listeria monocytogenes is a species belonging to the kingdom Bacteria, division Firmicutes 

class Bacilli, order Bacillales, family Listeriaceae, genus Listeria.  

Up to recently, the genus Listeria contained six species: L. monocytogenes, L. innocua, L. 

welshimeri, L. seeligeri, L. grayi subsp. grayi, L. grayi subsp. murrayi and L. ivanovii subsp. 

ivanovii and L. ivanovii subsp. londoniensis (Rocourt & Buchrieser, 2007). A new species was 

then added in 2009, Listeria rocourtiae (Leclercq et al., 2009) and another in 2010 Listeria 

marthii (Graves et al., 2010). In 2012, two more species have been proposed: Listeria 

fleischmannii (Bertsch et al., 2013) and Listeria weihenstephanensis (Halter et al., 2013). In 

March 2014, five new species have been proposed L. floridensis, L. aquatica, L. cornellensis, L. 

riparia and L. grandensis. (Bakker et al., 2014). 

The genus Listeria is characterized by small Gram positive rods with 0.5 µm in diameter and 1 

to 2 µm in length. Cells are not encapsulated and are not sporulated. Listeria spp. are 

catalase positive and oxidase negative.  

The optimum growth temperature for Listeria spp. is between 30 °C and 37 °C however it 

presents a wide range of growth temperatures, from 1-2 ⁰C to 45 ⁰C (Mclauchlin.& Rees, 

2009). When grown at 20 to 28 ⁰C it presents mobility by 1 to 5 peritrichous flagella 

(Allerberger, 2003). Bertsch et al. (2013) reported no mobility for L. fleischmannii. 

The most common phenotypic characteristics of L. monocytogenes are presented in Table I.1 

The first description of this specie was published in 1926 by E.G.D. Murray, R.A. Webb and 

M.R.B. Swann in an article entitled “A disease of rabbits characterized by a large 

mononuclear leukocytosis, caused by a hitherto undescribed bacillus Bacterium 

monocytogenes (n.sp.)”. Earlier reports, such as the one by G. Hülpher in 1911, might also 

have described the isolation of L. monocytogenes nevertheless the isolates were not 

deposited in any culture collection and for this reason the comparison with other strains was 

never possible (Rocourt & Buchrieser, 2007). 
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Until its current designation the name of the species has undergone several changes. In 1927 

Pirie isolated this microorganism from gerbils and designated it as Listerella hepatolitica. The 

evidence that it was the same microorganism isolated by Murray, led them to rename it as 

Listerella monocytogenes. The name changed to its current designation in 1940 due to 

previous use of the generic name Listerella for different microorganisms. 

Table I.1 - Phenotypic characteristics of Listeria species. 1 - L. monocytogenes, 2 - L. innocua, 3 - L. 

welshimeri, 4 - L. seeligeri, 5 - L. grayi subsp. grayi, 6 - L. grayi subsp. murrayi, 7 - L. ivanovii subsp. 

ivanovii, 8 - L. ivanovii subsp. londoniensis, 9 - L. rocourtiae, 10 - L. marthii, 11 - L. fleischmannii, 12 - L. 

weihenstephanensis, 

++ Strong positive reaction, + positive reaction, - Negative reaction, (+) Weak or delayed reaction, 

* Reported positive by Graves et al., (2010). 

 

(Adapted from Bertsch et al., 2013 and Halter et al., 2013) 

Characteristics 1 2 3 4 5 6 7 8 9 10 11 12 

Hemolysis + – – + – – ++ ++ – – – – 

CAMP test: – – – – – – – – – – – – 

 Staphylococcus 

aureus 
+ – – (+) – – – – – – – – 

 Rhodococcus equi – – – + – – + + – – – – 

Acid production from:             

 amidon – + – – + + – – – – – + 

 D-galactose – – – – + + – – – – – – 

 D-lactose + + + + + + – + + + + + 

 D-lyxose – – – – + + – – – – – – 

 D-mannitol – – – – + + – – – – + + 

 D-melezitose + + + + + – – + – – + – 

 D-melibiose – – – – – – – – + – – – 

 D-ribose – – – – + + + – + – + + 

 D-tagatose – – + + – – – – – – – – 

 D-turanose – + – – – – – – – – + – 

 D-xylose – – + + – – + + + – + + 

 glucose-1-

phosphate 
+ – – – – + – + – – – – 

 glycerol + + – – + + – – – – – + 

 inositol – – – – – – – – – – – + 

 L-rhamnose + + – – – + – – + – + + 

 methyl-αD-

glucopyranoside 
+ + + + + + – – – + + – 

 sucrose – – – – – – – – – – (+) – 

 xylitol + + + + + + + + – + + + 

Arylamidase (DIM test) – + + + + + + + – – – – 

α-mannosidase + + + – + + – – – + – – 

Nitrate reduction – – – – – – – – + – + + 

H2S production – – – – – – – – – –* (+) – 
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L. monocytogenes is a facultative anaerobic bacterium that tolerates pH 4.5 to 9.2 with an 

optimum of 7, and is able to grow in 10 % (w/v) NaCl and aw bellow 0.93 (Petran & Zottola., 

1989). 

Chemical defined medium with the minimum requirements for L. monocytogenes growth 

has been described. It includes cysteine, leucine, isoleucine and arginine, (Premaratne et al., 

1991; Tsai & Hodgson, 2003) 

This microorganism when grown for 24 hours on nutritive agar produces smooth, punctiform 

colonies of 0.2 to 0.8 mm in diameter, lightly raised with fine texture and entire margin. The 

colonies are translucent of a bluish gray color, and when observed under an oblique light 

exhibit a blue-green iridescence (Rocourt & Buchrieser, 2007). 

The circular genome of L. monocytogenes has a low percentage of G and C ranging between 

36.4% and 41.5% and a size varying from 2.7 and 3.0 Mb in length (Hain et al., 2006). 

The differentiation at a sub-species level was often achieved by an agglutination method 

developed by Seeliger & Höhne (1979) based on the reactions of somatic (O) and flagellar 

(H) antigens. This method has gradually been replaced by several other methods less costly 

and time-consuming. Palumbo et al. (2003) developed a high-throughput testing method of 

Enzyme-Linked Immunosorbent Assay (ELISA) which improves efficiency when compared 

with traditional slide agglutination. 

In 2004, Doumith et al. proposed a multiplex PCR assay targeting five genes: lmo0737, 

lmo1118, ORF2819, ORF2110 and prs to differentiate the major serogroups into five 

phylogenetic groups.  

A more recent work by Vitullo et al. (2013) describes the use of a real-time PCR assay to 

allow the serogrouping of L. monocytogenes and the differentiation from other Listeria 

species. It combines the results from two triplex PCR’s, the first targeting ORF2110, ORF2819, 

and lmo1118, and the second targeting lmo0737, plcA, and prs. 

Other methods such as the one proposed by Rebuffo-Scheer et al., (2007) based on Fourier 

transform infrared (FTIR) spectroscopy combined with artificial neural network analysis have 

been used to assign the serovar of L. monocytogenes isolates. 

Currently, there are described 13 serotypes for L. monocytogenes: 1/2a, 1/2b, 1/2c, 3a, 3b, 

3c, 4a, 4ab, 4b, 4c, 4d, 4e and 7 (Table I.2). 
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Subspecies differentiation has been achieved by methods based on DNA fingerprinting by 

DNA macrorestriction and analysis by pulsed-field gel electrophoresis, by DNA amplification 

using specific or random primers and ribotyping (Louie et al., 1996; Liu, 2006). 

 

Table I.2. - Antigen components of each L. monocytogenes serotype. 
a
Antigens in parentheses may not be present in all isolates. 

 

Serotype O-antigens
a
 H-antigens 

1/2a I, II A, B 

1/2b I, II A, B, C 

1/2c I, II B, D 

3a II, IV A, B 

3b II, IV A, B, C 

3c II, IV B, D 

4a (V), VII, IX A, B, C 

4ab V, VI, VII, IX A, B, C 

4b V, VI A, B, C 

4c V, VII A, B, C 

4d (V), VI, VIII A, B, C 

4e V, VI, (VIII), (IX) A, B, C 

7 XII, XIII A, B, C 

(adapted from Palumbo et al., 2003 and Seeliger & Langer, 1989) 

 

L. monocytogenes natural habitat is considered to be decaying plant material, where they 

live as saprophytes (Vazquez-Boland et al., 2001). Nevertheless, it seems to have a 

widespread distribution and has been isolated from a wide range of environments such as 

soil, water, vegetation, sewage, animal feeds, farm and food processing environments 

(reviewed by Sauders & Wiedman, 2007). This bacterium is able to switch from a saprophyte 

lifestyle to parasitic. 

1.1.  Listeriosis: human and animal infection 

The disease caused by pathogenic Listeria spp. is named listeriosis. L. monocytogenes and L. 

ivanovii are until now the two species considered pathogenic. L. monocytogenes is usually 

associated with human and animal listoriosis (with special incidence on ruminants) whereas 

L. ivanovii is usually associated with animal listeriosis (Vazquez-Boland et al., 2001). 

Nevertheless, cases of human listeriosis caused by Listeria ivanovii have been identified. 
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Guillet et al. (2010) pointed out however that the small incidence of listeriosis caused by L. 

ivanovii is more likely to be caused by the rare occurrence of this species, compared with L. 

monocytogenes, rather than host tropism. 

Although L. seeligeri presents low expression of hemolysin and absence of 

phosphatidylinositol-specific phospholipase C (PLC) activity it shares the virulence cluster 

(i.e., prfA, plcA, hly, mpl, actA, and plcB) with the other two hemolytic species of the genus 

(Gouin et al., 1994). There has been, at least, one report of human listeriosis caused by L. 

seeligeri (Rocourt et. al, 1986). 

Animal listeriosis is usually associated with the consumption of low quality feeds, especially 

silages that undergone an inefficient fermentation and therefore have high pH. Fecal 

contamination of the raw materials used for silage production has also been connected with 

listeria occurrence in feeds. Animal listeriosis may also be caused by eye abrasion and 

contamination by stems and grass, in particular in self-feeding systems (reviewed by Sauders 

& Wiedman, 2007). 

Although cutaneous listeriosis, characterized by an eczematous skin infection due to direct 

exposure of the skin to L. monocytogenes, may occur the consumption of contaminated 

food is the major cause of human listeriosis either sporadic cases or outbreaks. This disease 

primarily affects old or immunocompromised adults, pregnant women or newborns. 

In the US between 1998 and 2008 the available data allowed to identify out of 17 listeriosis 

outbreaks with a total 238 ill persons, 4.2 % were infants, 50.4 % within the 1 to 49 years old 

range and 45.4 % over the age of 50 (Cartwright et al., 2013). The same study identified, out 

of 19 outbreaks with a total of 296 ill persons, a 54 % female incidence. 

There are two forms of foodborne listeriosis: non-invasive and invasive. The non-invasive 

listeriosis also termed "febrile gastroenteritis” is characterized by diarrhea, fever, muscle pain, 

headache and less frequently abdominal cramps and vomiting. Most people recover fully, 

but it may also precede more serious forms of listeriosis. Invasive listeriosis is characterized 

by ‘flu-like’ symptoms such as fever, headache, diarrhea, vomiting and progress to meningitis 

and septicemia. Neck stiffness, seizures and altered mental status has also been reported 

(Amaya-Villar et al., 2010). In the case of pregnant women it may lead to spontaneous 

abortion, premature birth or stillbirth. 

Goulet et al. (2008) reported an incidence of listeriosis across Europe ranging from 0 to 7.5 

cases per million population in 2002. According to the World Health Organization in 2004 
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listeriosis had a low incidence, ranging from 0.1 to 11.3 per million population in several 

countries (Anonymous, 2004). 

In a review of Listeriosis outbreaks in the US, it is pointed out that the incidence changed 

from 0.41 to 0.31 from 1996 to 2003 and from 0.25 to 0.32 from to 2004 to 2009 per 100 000 

population (Cartwright et al., 2013). This same study points out the United States Centers for 

Disease Control and Prevention (CDC) estimative of 1662 invasive infections per year in the 

US with 1520 associated hospitalizations and 266 related deaths. 

The 2013 scientific report of the European Food Safety Authority (EFSA) and European Centre 

for Disease Prevention and Control (ECDC) reports indicated 1,476 confirmed human cases of 

listeriosis in 2011 which represented a 7.8 % decrease compared with 2010. 

The overall European Union (E.U.) notification rate was 0.32 cases per 100,000 population 

with the highest country-specific notification rates observed in Denmark, Finland and Spain 

(0.88, 0.80 and 0.79 cases per 100,000 population, respectively). The lowest notification rates 

were reported in Romania, Bulgaria and Greece (0.04, 0.05 and 0.08 cases per 100,000 

population, respectively). Portugal has no reported cases of human listeriosis to EFSA 

between 2007 and 2011 (Anonymous, 2013); however, the Portuguese authorities have 

records of the existence of 46 cases of listeriosis within the same geographic region (fatality 

rate approximately 43.5%) between January 2009 and February 2011 (Ferreira, 2013). 

The mortality rate of listeriosis has been reported as high as 23.7 % (Mitjà et al., 2009), 

however more recent reports, either in the EU and US, estimate a case fatality rate of 12.7 

and 13 % respectively (Anonymous, 2013; Cartwright et al., 2013). 

The treatment of invasive listeriosis usually consists in high doses of intravenous penicillin or 

ampicillin often in combination with an aminoglycoside. In patients allergic to penicillins, 

vancomycin/teicoplanin or trimethoprim/sulfamethoxazole is often used (Swaminathan & 

Gerner-Smidt, 2007).  

1.2.  Impact of Listeria monocytogenes to the food industry  

In 1983 Schlech et al. described an outbreak of listeriosis in Canada involving 41 cases due to 

the consumption of contaminated coleslaw, which is often pointed out as being the first 

evidence of human listeriosis transmitted by food. 
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Between February 2011 and July 2013 the Canadian Food Inspection Agency (CFIA) has 

issued 83 recalls of food products due to the contamination with L. monocytogenes. 

Approximately 33% of the recalls were of cheese and other dairy products, 33% of ready to 

eat salads and mushrooms, 20% on cured meat products and the remaining on a variety of 

products such as smoked fish (http://healthycanadians.gc.ca/). In recent years, in the US and 

in Europe also several listeriosis outbreaks have been traced down to contaminated foods 

such as the big outbreak in the US with 147 cases associated to contaminated cantaloupes. 

This outbreak spread across 28 states (http://www.cdc.gov/). 

In Canada in 2008, an outbreak caused by contaminated meat products caused 22 deaths 

and had a huge impact on the company responsible for the contaminated products. The 

origin of the contamination was determined to be in two production lines of one production 

facility (http://www.inspection.gc.ca/). The whole plant was closed leading to 250 employees 

being laid off and the plant undergone intense sanitation procedures with the involvement 

of about 80 workers and supervision of outside experts and microbiologists. About 320 

employees later attended a training session on Listeria and on good manufacturing 

procedures and hygiene. This recall costed the company 20 million Canadian dollars. 

Following this outbreak the Canadian Government committed nearly 500 million dollars to 

improve the delivery of food safety programs (http://www.cbc.ca/news/). 

Due to the extended incubation period of listeriosis, which may exceed 30 days, the 

epidemiologic study is difficult and the identification of the contaminated food source may 

take enough time to allow the spread of contaminated products over a wide geographical 

area, therefore affecting a large number of people. In addition to deaths, the hospitalization, 

treatment, and the loss of productivity of the ill represent costs that are usually claimed on 

lawsuits filed against companies responsible for the tainted products. Therefore recall costs 

of contaminated products have increasing economic impact on the food industry, as the 

products move along the food supply chain, from distributors, to retailers to the final 

consumer. The recall of a product also has impact on the brand credibility, among 

consumers and this may in fact represent the highest cost for a company forced to recall its 

products. In order to avoid contaminations a strong investment in preventive measures, such 

as in training of the workers, routine sampling programs and hygienization procedures must 

be made in food industry.  
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1.3.  Legal parameters 

In order to assure the safety of food products and prevent its contamination with pathogens, 

namely with L. monocytogenes, procedures and specifications have been established on 

countries' national legislations. 

Commission Regulation (EU) No 365/2010 of 28 April and Commission Regulation (EC) No 

1441/2007 of 5 December 2007, amending Regulation (EC) No 2073/2005 on microbiological 

criteria for foodstuffs, directly applicable to all European Union member states, establishes in 

its annex I detailed information about microbiologic hazardous for foodstuffs and the criteria 

of acceptance.  

It is divided in three chapters: Food safety criteria; process hygiene criteria and rules for 

sampling and preparation of test samples. 

Listeria monocytogenes is pointed out in chapter I: Food safety criteria. According to this 

document the microbial testing of L. monocytogenes should be performed in ready-to-eat 

(RTE) foods of three categories. The first category is “RTE food intended for infants and RTE 

foods for special medical purposes”. The sampling plan for this category requires a sample 

comprised by ten units and it sets the limit as absence in 25 g. The analytic reference method 

is EN/ISO 11290-1. 

The second category is defined as “RTE foods able to support the growth of L. 

monocytogenes, other than those intended for infants and for special medical purposes”. 

The sampling plan and limits for this category are divided according to the stage on the food 

chain where the criterion applies. If it applied to products placed on the market during their 

shelf-life, this regulation requires a sample composed by five units and sets as limits as 100 

CFU/g using EN/ISO 11290-2 as analytic procedure. If it applied to foods before the food has 

left the immediate control of the food business operator, who has produced it, then the 

regulation requires also a sample composed of five units but sets the limit as absence in 25 g 

using EN/ISO 11290-1 as analytic reference method. 

The third category of food, “RTE foods unable to support the growth of L. monocytogenes, 

other than those intended for infants and for special medical purposes” has its sampling 

plan, limits and analytic method defined as the previous category for products placed on the 

market during their shelf-life. 
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The US Department of Agriculture’s (USDA) Food Safety Inspection Service (FSIS) has 

produced regulation in order to control of L. monocytogenes. Regulation 9 CFR Part 430 

(Federal Register: June 6, 2003) establishes that official establishments that produce certain 

RTE meat and poultry products must prevent product adulteration by Listeria 

monocytogenes. Under these regulation, establishments that produce these kind of products 

and are exposed to the environment after lethality treatments and that support the growth 

of L. monocytogenes are required to have, in their hazard analysis and critical control point 

(HACCP) plans, or in their sanitation standard operating procedures or other prerequisite 

programs, procedures to prevent product adulteration by this microorganism. This 

regulation also establishes that these establishments must share with FSIS data and 

information relevant to their controls for L. monocytogenes as well as information on the 

production volume of products affected by the regulations. There is a FSIS ``zero tolerance'' 

for L. monocytogenes these products. 

The FSIS recent release in 2012 of a revised Listeria Guideline shows that this microorganism 

continues to be a high priority for the agency. 
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2. Biofilms 

The discovery of microscopic organisms existence was made during the years of 1665 - 83 by 

Robert Hooke and Antoni van Leeuwenhoek, members of the Royal Society of London 

nevertheless the first biofilm observation is considered to have been made by van 

Leeuwenhoek. After scraping plaque of his teeth and mixing it with “clean rain water, in 

which there were no ‘animalcules” as he described in a letter to the Royal Society, van 

Leeuwenhoek states: “I almost always saw with great wonder that there were many very little 

animalcules, very prettily amoving”. The large number of microorganisms present is further 

described: "The number of these animalcules in the scurf of a man's teeth are so many that I 

believe they exceed the number of men in a kingdom.". 

Biofilms have been studied ever since under several perspectives by a wide range of 

disciplines due to their strong impact on modern society. Biofilms have been used in waste 

water treatment due to their enhanced ability of nutrient removal and ability to degrade 

recalcitrant compounds. The slower microbial growth rate on the biofilm also results in a 

lower sludge production (Andersson, 2009). The removal of heavy metals from ground 

waters and soil is also pointed out as having a higher efficiency when performed by biofilms 

than by planktonic cells (Diels et al., 2002; Valls & Lorenzo, 2002). The use of biofilms for 

catalysis purposes has been widely studied. In a review Rosche et al. (2009) pointed out the 

use of biofilms for the production of a variety of products such as ethanol from hydrolyzed 

starch, hydrogen from sucrose, acetic acid from ethanol or nisin from lactose. 

Despite these positive uses, biofilms are often associated with their detrimental effects. Many 

public health concerns, such nosocomial infections as cystic fibrosis, the contamination of 

medical equipment, prosthesis and implants, and dental caries are associated with biofilms. 

In the industrial context, it can be pointed out the loss of efficiency in heat exchangers with 

consequent increases in energy consumption, in corrosion and pitting of equipment and the 

increased costs with higienization. 

Due to growing awareness of the scientific community to the importance of the biofilms, the 

number of papers has increased steadily. This number increased from approximately 200 

publications per year in the year 2000 to approximately 800 publications per year in 2010 

(Karunakaran et al., 2011). 
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The definition of biofilm has suffered alterations throughout time and with authors. In 1995, 

Costerton et al. focused their definition on biofilm structure and defined it as a complex 

community of microorganisms attached to a surface or interface, enclosed in an 

exopolysaccharide matrix of microbial or host origin to produce a spatially organized three 

dimensional structure. 

Other authors simplify this definition but, as Dunne (2002) referred, all these definitions relay 

on three basic ingredients: The microorganisms, the surface and the glycocalyx, the last 

being often replaced by the term matrix. Generally, the definitions will specify the nature of 

the matrix as being self-produced, while others will include material of host origin, either of 

organic or inorganic nature. Most definitions will make an emphasis on the organization of 

the matrix and its effect on the tridimensional complexity of the biofilm. As far as the surface 

is concerned, most definitions will point out the possibility of it being inert or a living surface. 

Some definitions will also include the air-liquid interface as a “surface” for biofilm formation. 

Regarding to the microorganisms, most definitions will remark that multispecies biofilms are 

the natural form of occurrence and point out the irreversibility nature of their attachment to 

the surface. The most comprehensive definitions will include the fact that cells within the 

biofilm, differentiate and that they have different gene expression patterns when compared 

to their planktonic counterparts.  

A definition generally accepted and very often cited is by Donlan and Costerton (2002). 

“Microbially derived sessile community characterized by cells that are irreversibly attached to 

a substratum or interface or to each other, are embedded in a matrix of extracellular 

polymeric substances that they have produced, and exhibit an altered phenotype with 

respect to growth rate and gene transcription”. 

2.1. Biofilm Composition 

The wide range of environments in which biofilms are formed and, consequently, the 

diversity of species present make it difficult to generalize about its structure and composition 

since the microorganism present and the environmental conditions, such as oxigen 

concentration, shear forces, temperature and nutritional availability determine its 

composition and structure. Nevertheless it is generally accepted that bacterial cells account 
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for only 10% of the total biofilm dry mass whereas the matrix represents the remaining 90% 

(Flemming & Wingender, 2010). 

Within the biofilm, the matrix is in a highly hydrated state. According to Zhang et al. (1998) 

water represents 97% of the biofilm. The matrix is a multi-component, dynamic, 

heterogeneous system (Allison, 2003) generically responsible for binding cells and other 

materials together (cohesion) and to the substrate (adhesion) (Wingender et al., 1999). 

The components of the biofilm matrix are sometimes designated generically as extracellular 

polymeric substances (EPS). However, this abbreviation is sometimes used in the literature to 

designate only part of the extracellular polymeric substances, the exopolysaccharides. Here 

EPS is used in the broader sense to describe not only the exopolysaccharides but also all the 

components of the matrix. 

Along with the exopolysaccharides the matrix is also composed by proteins, nucleic acids, 

lipids, biopolymers such as humic substances, dead cells and its detritus such as flagella, pili 

and fimbriae, membrane vesicules, the contents of lysed cells, metabolites, ions such as Ca2+ 

and Mg2+ as well as detritus and absorbed nutrients from the surrounding environment 

(Webb et al., 2003).  

Within microbial biofilms there is a wide variation on the EPS composition and relative 

amounts of the components. This may be attributed to many factors such as the 

microorganisms present, the nutrients available, the culture growth phase, bioreactor type 

and the flow regime as well as the extraction and analytic tool used. Moreover biofilms are 

considered a dynamic environment and therefore are constantly influenced by changes in 

the surrounding macro environment (Sutherland, 2001a). 

The detailed study of the EPS composition presents several challenges. Firstly, the small 

amount extracted constitutes a problem. Furthermore, the extraction conditions highly affect 

the product extracted (Pan et al., 2010; Sheng et al., 2010). Common methods to extract EPS 

include and combine several techniques such as centrifugation, heating, ultrasounds, ion 

exchange resins and the use of chemicals such as EDTA, NaOH, and formaldehyde (Adav & 

Lee, 2008; Tapia et al., 2009). 

The studies of biofilm specific components are further complicated by the fact that lower 

quantities components, despite their importance, are masked by macromolecules in higher 

quantities (Allisson, 2003). The close resemblance, or even the same composition of EPS 
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components from biofilms and those from planktonic cells difficult the identification of 

biofilm specific components (Sutherland, 2001a). 

The study of EPS composition used a wide variety of technics such as confocal laser scanning 

microscopy (CLSM) and Raman spectroscopy (Wagner et al., 2009), fluorescently labeled 

antibodies (Lawrence et al., 2007), infrared spectroscopy (Cao et al., 2011), or calorimetric 

assays (Sheng et al, 2010). The major components of the biofilm matrix are schematically 

represented on Figure I.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.1 - The major matrix components polysaccharides, proteins and DNA distributed in a non-

homogeneous pattern between the cells. Adapted from Flemming & Wingender (2010). 

2.1.1. Exopolysaccharides 

The exopolysaccharides synthetized by microbial cells are very heterogeneous polymers that 

contain substituents of non-carbohydrate nature and different monosaccharides. They are 

long, thin molecular chains attached to the bacterial cell surface, and forming complex 

networks that surround the cells. The reported variability recorded for the 

exopolysaccharides greatly contributes to the variability reported for the all EPS. 
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The molecular mass of the exopolysaccharides is usually described as varying from 103 to 108 

kDa (Sutherland, 1985) however, smaller masses have been reported varying from 0.5 to 

2×103 kDa (Sutherland, 2001b; Flemming & Wingender, 2010). 

Since exopolysaccharides interact with other matrix components, such as the extracellular 

DNA (eDNA) and proteins, as well as with the cells it becomes difficult to separate it and to 

isolate its effect in adhesion, nevertheless it has been shown that exopolysaccharide 

production is not itself, synonymous of adhesion. Several kinds of exopolysaccharides were 

tested and had little effect on different strains attachment to pre-coated surfaces. Moreover, 

when adhesion occurred it could be reversed by enzymatic degradation of the 

exopolysaccharides (Skillman et al., 1998). Exopolysaccharides are necessary to firmly bind 

the cells which produce them, obtaining a firm enclosure of the microorganisms within the 

matrix and hence, obtain biofilm stability. 

It is reported that the majority of the heteropolysaccharides are polyanionic. Its polyanionic 

nature is usually attributed to the presence of uronic acids or ketal-linked pyruvate as well as 

to inorganic residues such as phosphates or, less frequently, sulfates (Sutherland, 2001a). 

Nevertheless, it is pointed out by Sutherland (2001a) the fact that this cannot be generalized 

as this may be the consequence of the widespread study of biofilms produced by alginate-

synthesizing strains of Pseudomonas aeruginosa. The same author also points out that most 

oral biofilms are constituted by neutral homopolymers. 

One other misconception regarding the bacterial exopolysaccharides is that for many years it 

was thought that an individual strain was limited to the production of one type of 

extracellular polysaccharides. Again, this was mainly due to the majority of studies on 

mucoid strains of P. aeruginosa that register an overproduction of alginate (Branda, et al., 

2005). 

Several exopolysaccharides have also been extensively studied, including those from 

pathogenic bacteria. This is the case of β-1,6-N-acetyl-D-glucosamine (PGA) or the related 

poly-N-acetyl-D-glucosamine (PNAG). In Staphylococcus epidermidis and Staphylococcus 

aureus the ica locus has been identified has being necessary for the synthesis of this 

polymer. In Yersinia pestis the hms locus or in Escherichia coli the pga locus share sequence 

similarity. 

Other bacteria produce polysaccharides with potential biotechnological applications such as 

cellulose. The study of Gluconacetobacter xylinus allowed the identification of protein 
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domains, namely GGDEF (Pfam PF00990) and EAL (Pfam PF00563) that are involved in 

activating cellulose synthase (Karatan & Watnick, 2009). 

It is important to note that the proportion of the different polysaccharides synthesized within 

the biofilm varies, depending greatly on the physiological state of the biofilm and on the 

cells response to environmental inputs. This way, the different exopolysaccharides and the 

proportions present are only representative of a particular point in time. Also, it must be 

bared in mind that many studies are made in environmental conditions that are not able to 

mimic the natural habitat where biofilms are formed. 

The amount and type of exopolysaccharide synthetized depend greatly on the carbon 

substrates available as well as its balance with other limiting nutrients. The presence of 

excess available carbon substrate together limitations in other nutrients, such as nitrogen, 

potassium or phosphate, promotes the synthesis of the polysaccharides. The slow bacterial 

growth observed in most biofilms would also be expected to enhance exopolysaccharide 

production (Sutherland, 2001a). 

The polysaccharides composition and backbone structure greatly affects these polymers 

properties. Sequences of 1,4-β- or 1,3-β-linkages may confer considerable rigidity as it is 

seen in the cellulosic backbone of xanthan. Other linkages may yield more flexible structures 

such as in many dextrans that have 1,2-α- or 1,6-α-linkages (Sutherland, 2001a; Sutherland, 

2001b). 

The structure of the exopolysaccharides allows the binding of considerable amounts of 

water, and other nutrients contributing to the formation of gel. The formation of gel 

strengthens the biofilm structure and, therefore, protects the structure from shear forces 

(reviewed by Branda et al., 2005). Exopolysaccharides gel also protect cells from desiccation. 

This is of particular importance when variations of humidity occur, on a periodic basis, such 

as in food industries. 

The exopolysaccharides contribute to mechanical stability of biofilms by enabling them to 

deform under shear but recovering after the shear is removed. However, since many of the 

exopolysaccharides are relatively soluble, and some will form weak gels, sloughing off the 

exposed surface may occur. Moreover the degradation of the exopolysaccharides by 

deacylation induced enzymatically by esterases of bacterial or viral origin may change the 

physical properties of the biofilm structure either locally or to a wider extent. 

http://pfam.sanger.ac.uk/family?acc=PF00990


17 

2.1.2. Extracellular Nucleic Acids and Proteins 

Extracellular nucleic acids and specially the extracellular DNA (eDNA) are a ubiquitous 

component of the organic matter present within the biofilm matrix. The origin of eDNA has 

been associated to cell lysis often induced by quorum sensing (Spoering & Gilmore, 2006). 

The autolysis process may be the result of an altruistic suicide and a fratricide killing. In S. 

aureus altruistic suicide occurs and cells commit suicide in a process similar to apoptosis in 

eukaryotic cells for the common sake of the larger community. It has been recorded in E. 

faecalis, B. subtilis and S. pneumoniae the existence of fratricide killing where cells 

differentiate and factors are released in a process similar to necrosis in eukaryotic cells. This 

part of the population avoids self-destruction by specific immunity proteins (Montanaro et 

al., 2011). 

The origin of eDNA has also been attributed to active release. There are reports in several 

species such as Acinetobacter baumannii and P. aeruginosa of active eDNA release of 

membrane vesicles containing DNA (Kadurugamuwa, & Beveridge, 1995; Sahu et al., 2012). 

The study of eDNA relies on obtaining significant amounts of eDNA without any 

contamination from intracellular DNA. Several different extraction methods have been used 

to obtain highly pure eDNA from different biofilm samples, minimizing cell lysis during the 

extraction process. Enzymatic treatments have been applied since they can disperse the 

biofilm matrix, without damaging cell membranes. 

Treatments on different strains (E. coli K-12, P. aeruginosa PAO1, and S. aureus ATCC 25923) 

using a combination of N-glycanase, dispersin B, proteinase K in combination with EDTA 

yielded significantly increased amounts of eDNA from biofilms. However variations were 

recorded between strains, probably due to different compositions of extracellular polymers 

in the biofilm matrixes (Wu & Xi, 2009).  

The role of eDNA in biofilms is not yet fully understood, however several functions have 

been assigned to it. It is a structural component important in maintaining the three-

dimensionality of the biofilm, as energy and nutrient source providing substrates for sibling 

cells and also it represents a gene pool for horizontal, gene transfer through transformation 

of naturally competent bacteria. 

Whitchurch et al. (2002) have shown the importance of eDNA for biofilm formation by 

dissolving established biofilms of P. aeruginosa through the use of DNase I treatments. The 
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authors did not, however, observe the same effect when RNase treatment was performed. 

The same effect on biofilm attachment and subsequent stability has already been verified in 

L. monocytogenes. 

Recently, in P. aeruginosa eDNA has been shown to facilitate efficient traffic flow of cells in 

the biofilm by maintaining coherent cell alignments and ensuring an efficient supply of cells 

to the migrating front. In this way, eDNA coordinates the movements of the cells in actively 

expanding biofilms (Gloag et al., 2013). Harmsen et al. (2010) concluded on the importance 

of eDNA molecular mass for adhesion. The authors only observed normal adhesion of cells 

previously treated with DNase cells, when exogenous DNA of high molecular mass was 

supplied but not when low molecular mass eDNA was supplied. However, this same study 

also revealed the importance of additional factors other than eDNA as the peptidoglycan, 

more precisely the N-acetylglucosamine. 

The proteins present in the biofilm matrix are diverse and have a strong role in biofilm 

formation and stability. Pili and fimbriae confere adhesive properties to bacteria and several 

genes related with these structures have been identified as determinant for biofilm 

formation. Also the presence of lectins and other sugar binding proteins in the matrix 

facilitate the cell-matrix and cell-cell interactions by binding polysaccharide components of 

the matrix or sugar moieties on the surface of other cells (Karatan & Watnick, 2009). 

It has been pointed out a metabolic role for the proteins in the matrix, since within the matrix 

various enzymes accumulate and they are involved in degradation of biopolymers. In fact, it 

has been suggested that the presence of these enzymes make the matrix as an external 

digestive system (Flemming & Wingender, 2010). 

2.2. Biofilm development and structural organization 

2.2.1. Biofilm formation and dispersal 

From an evolutionary standpoint, it is likely that biofilms have appeared as a way to provide 

homeostasis, as well as protection of cells against fluctuating and harsh conditions of the 

primitive earth, such as extreme temperatures, pH or ultraviolet exposure, (Hall-Stoodley et 
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al., 2004). Bacteria biofilms are ubiquitous suggesting that they confer a strong survival and 

selective advantage to bacteria by increasing their environmental fitness. 

In this context biofilm formation is a way for bacterial populations to remain in an 

environment nutritionally favorable, nonhostile and at the same time that provides 

protection from external predation (Costerton et al., 1995). This way, biofilm communities are 

provided metabolic and physiological capabilities which are unavailable for the individual, 

unattached cells (Gilbert et al., 1997). Moreover, due to of cells proximity within biofilms, 

horizontal exchange of genetic material may occur and, therefore, genetic diversity is 

increased. 

Jefferson (2004) reviewed the advantages for biofilm existence and summarized it in four 

explanatory reasons of this lifestyle. Firstly, biofilms are the default mode of growth. In 

laboratory the conditions are designed to maximize bacterial growth rates however these 

conditions do not to happen in natural environment. The mere existence of a suitable 

substrate for attachment is all that is needed to trigger biofilm formation. Secondly, biofilm 

formation allows fixation of cells in favorable niches. By switching to the biofilm mode, 

bacteria remain fixed in conditions where nutrient resources allow their growth. Thirdly, 

biofilms serve as a defense mechanism as their formation may be the response to 

environmental stress. This may be of physic nature, caused by the fluid characteristics, such 

as the flow rate and the associated shear forces that can lead to cell wash out, but more 

frequently biofilm formation is trigged as a response to antimicrobial compounds, such as 

antibiotics, and as a way to prevent grazing by predators or phagocytosis by the immune 

system cells (Fajardo & Martínez, 2008; Lewis, 2001). 

One other reason for explaining the biofilm formation which has raised some controversy is 

that biofilms can exhibit communal behavior. It is established that bacteria growing within a 

biofilm present phenotypic heterogeneity. This heterogeneity has been interpreted as 

specialization towards division of labor and, in that way biofilms are compared to 

multicellular organisms. Nevertheless bacteria cells do not differentiate in an irreversible way 

as verified for multicellular organisms, they present reversible altered gene expression that 

enables adaptation to environmental surroundings and therefore should be regarded as 

interactive communities (Jefferson, 2004).  

Cooperation, a behavior which provides a benefit to other individual and which is selected 

because of its beneficial effect on the recipient (West et al., 2007) can often be observed in 
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co-cultures with promotion of biofilm formation by co-aggregation or by metabolic 

cooperation where a metabolite produced by one species is utilized by the neighboring 

species (Elias & Banin, 2012). In biofilm communities, altruism, defined as costly to the actor 

but benefiting the recipient (West et al., 2007), is also observed. Altruism within biofilms is 

the simplest form of altruism and does not require recognition of individuals, direct and 

sophisticated interactions between individuals as well as memory of past interactions (Kreft, 

2004). On one hand, bacteria that present an altruistic strategy increase the fitness of the 

group, at the cost of individual fitness, having consequently lower growth rates but with 

increased growth yield. On the other hand others may present higher growth strategy but 

with a consequent lower yield. This behavior however, somehow challenges evolutionary 

dynamics, as bacteria that contribute towards the common good, by multiplying slower than 

those that do not carry that burden, ultimately tend to be outperformed. Mathematical 

models have predicted the existence of clusters of altruist bacteria, in environments 

dominated by bacteria with high yields and non-altruistic behavior due to, strong 

competition by non-altruistic bacteria, cluster effect, or low density of cells caused by scarcity 

of resources (Kreft, 2004). 

For over thirty years since bioluminescence of planktonic marine bacteria Vibrio fischeri and 

Vibrio harveyi were studied (Nealson et al., 1970) bacteria are known to have the ability of 

intracellular communication. This phenomenon designated as quorum sensing (QS), allows 

bacteria to coordinate activities, something thought to be exclusive to multicellular organism 

(De Kievit & Iglewski, 2000). 

Mathematical models have been developed for describing biofilm formation and its 

dynamics, allowing the verification of experimental findings as well as predicting biofilm’s 

behavior in various conditions. These models have evolved throughout the years growing in 

complexity from single to multidimensional models and simulating growth under different 

conditions either in what regards to hydrodynamics or microorganisms present and their 

interactions with the substrates. In a review by Wang & Zhang (2010) four major models are 

pointed out based on the way in which diffusion is treated and in term of physic, chemistry 

and biological complexity: One dimensional continuum models, diffusion limited aggregate 

models, continuum-discrete diffusion models and biofilm–fluid coupled models. 

The switch between the two different life-styles, from planktonic cells into a sessile life-style 

may be a spontaneous phenomenon. The existence of a suitable subtract triggers 
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attachment and biofilm formation by a signaling cascade with changes in gene expression 

patterns. 

The biofilm growth surface can act as an energy source, a source of organic carbon, or 

simply as a growth support (Sauer et al., 2007). A phenomenon designated as surface 

conditioning is often referred as relevant to the subsequent biofilm development. When a 

solid is immersed into a liquid there is an accumulation of molecules at the solid-liquid 

interface which leads to a higher concentration of nutrients on the surface, compared to the 

fluid phase, altering the physico-chemical properties of the surface (Kumar & Anand, 1998). 

Consequently, the biofilm formation can be divided in two big stages, the bacterial adhesion 

and the biofilm maturation. The bacterial adhesion can be further divided into two steps, a 

first one of bacterial docking, and a second step of locking. 

Once the microorganisms, either by randomly fluid dynamics or direct mobility, reach a 

critical distance from the conditioned surface, Van der walls (> 50 nm), electrostatic (2 – 10 

nm) and hydrophobic interactions (0.5 – 2 nm) promote the docking (McLandsborough et al., 

2006). This first step is reversible. Fluid dynamics and cell mobility play, in fact, an important 

role in this first stage of the attachment. The thickness of the boundary layer adjacent to 

subtract and the liquid interface is dependent on the linear velocity of the liquid. Within this 

layer the cells association with the surface is largely dependent on cells mobility. The higher 

the linear velocity of the liquid, the thinner this layer is, and the greater the turbulence and 

mixing are. Therefore, by having a high linear velocity of the liquid a faster association with 

the surface is expected, at least until a certain threshold after which the velocity creates 

shearing forces that result in detachment of the cells (Donlan, 2002). The cells mobility is also 

of great importance.  

Once this first steps occurs, the locking phase starts with the binding between specific 

adhesins and the surface and the production of exopolysaccharides. The microorganisms 

become firmly attached to the surface and, in the absence of physical or chemical actions, 

the adhesion becomes irreversible. During this step planktonic bacteria not only are able to 

attach to the surface but also it is possible for them to stick to each other, forming 

aggregates. 

Once the adhesion is irreversible, the final stage of biofilm formation begins: The biofilm 

maturation is characterized by an overall increase in the complexity and density of the 
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biofilm. Extracellular polymeric substances are synthesized and released as surface-bound 

organisms actively replicate and die. 

Additionally to biofilm adhesion and maturation stages, one other stage of biofilm 

development is usually pointed out: The detachment stage. When a critical mass and a 

dynamic equilibrium are reached, planktonic cells start being generated and become, in this 

way, available for the colonization of other surfaces. Structural failure of the biofilm, may also 

lead to bacteria leaving the biofilm by erosion, as clumps (McLandsborough et al., 2006).  

Figure I.2 represents the establishment of biofilm, step by step, as well as the detachment 

stage, either by formation of planktonic cells, either by the loss of clumps.  

Reduced availability of nutrients and accumulation of waste products in the innermost layers 

of the biofilm (Fux et al., 2005), lead the cells to growth limitations, therefore to the 

accumulation of cells into stationary phase. In this grow phase D-amino acids are synthetized 

(Lam et al., 2009). The presence of D-amino acids has been pointed out as mechanism that 

triggers biofilm disassembly. Kolodkin-Gal et al. (2010) have established that D-amino acids 

not only prevent biofilm formation, but they also disrupt existing biofilms. By being 

incorporated into the peptide side chains of peptidoglycan, D-amino acids impair the 

anchoring of fibers to the cell. In fact, the use of antimicrobial peptides consisting of D-

aminoacids rather than the L-aminoacids isomers, have been shown to have a broader anti-

bacterial activity against not only Gram negative bacteria but also Gram positives, both in 

planktonic and in biofilms (Falciani, et al., 2012). 

Besides physical constrains imposed by nutrient and fluid where growths occurs, biofilm 

development and detachment is controlled at molecular level. 

 

Figure I.2 - Biofilm formation and dispersal. The establishement of planktonic cells (purple) on a 

conditioned surface (gray) is represented, followed by the EPS (yellow) production and later dispersal 

of planktonic cells and biofilm clumps.  
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2.2.1.1. Molecular determinants of biofilm formation 

Several genes have been identified as being relevant for biofilm formation. These genes code 

for proteins belonging to several functional groups. Table I.3, summarizes the proteins 

recently implicated in biofilm formation and is divided in major groups of signaling systems, 

flagella and motility, BAP family and other molecular determinants. 

Signaling systems 

 Signaling molecules designated autoinducers (AI) coordinate bacterial QS. Autoinducers are 

produced as a function of cell density and therefore, bacteria are able to regulate gene 

expression in response to fluctuations in cell-population density. The AIs molecules 

accumulate in the environment and once a certain threshold concentration is reached, gene 

expression is altered. The adjustment of gene expression allows the regulation of a diverse 

array of physiological functions such as virulence, competence, conjugation, antibiotic 

production, mobility, sporulation, symbiosis and also biofilm formation (Miller & Bassler, 

2001). 

There is a wide variety of compounds, from different chemical classes, involved in bacterial 

communication and there are complex regulatory circuits that enable bacteria to 

communicate, not only within but also between species. Gram negative bacteria use as 

signaling molecules N-acyl-L-homoserine lactones (AHLs) (Suárez-Moreno et al., 2012). 

These signaling molecules are synthetized by luxL and diffuse freely across the bacterial 

membrane. Once a critical concentration is reached, the AHLs bind and activate a 

transcriptional activator, LuxR-like protein, and the complex LuxR–HSL activates expression of 

target genes. This system was elucidated for Vibrio fischeri (Engebrecht, et al., 1983), as 

mentioned before. 

Both Gram negative and Gram positive bacteria produce a second signaling system: a family 

of signaling molecules known as autoinducer-2 (AI-2), a furanosyl borate diester. The AI-2 

are produced by LuxS like enzymes allowing interspecies communication (Vendeville et al., 

2005). 

In L. monocytogenes the orthlogues of two genes responsible for the AI-2 production (luxS 

and pfs) are present (lmo1494 and lmo1288). It has been reported a reduced AI-2 activity in 

luxS mutants with a consequent increase in biofilm forming ability both in stainless steel, 
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where 58% more mutant cells than wild type were attached to the surface (Belval et al., 

2006), and in glass where luxS-mutant produced a 19-fold denser biofilm than wild type 

(Sela et al., 2006). However the role of AI-2 in L. monocytogenes communication is not fully 

established, since the complementation of the luxS mutant with synthesized AI-2 did not 

produce alterations in the biofilm formation ability and the addition of an AI-2 percursor 

increased biofilm formation (Belval et al., 2006). Moreover, there is no identified receptor for 

AI-2 in the genus (reviewed by Garmyn et al., 2009). 

There is a third major signaling system, restricted to Gram positive bacteria, through 

production of post-translationally processed peptides (linear or cyclic). These peptides are 

processed by transmenbranar proteins and other proteases. Once secreted and accumulated, 

these autoinducers interact with the sensor element of histidine kinase two-component 

signal transductional system (De Kievit, & Iglewski, 2000). 

In L. monocytogenes a peptide-mediated signaling pathway was identified: The agr system. 

This peptide based comunication system relies on four genes organized as an operon: agrB, 

agrD, agrC and agrA. Rieu et al. (2007) using mutants on the agrA and agrD, verified at early 

stages of biofilm formation, on glass and polystyrene surfaces, the importance of this system. 

The authors also confirmed by real-time PCR that the transcript levels of agrBDCA depended 

on the stage of biofilm development, being lower after the initial attachment period. Rieu et 

al. (2008) evaluated the agr expression in 304 type stainless steel chips, under static and 

flowing systems, and verified almost no expression under static conditions, but a 

progressively increasing expression under dynamic conditions. These authors verified a 3.5 

fold lower adherence of the ΔagrA cells. However, after 16 h of incubation, there were no 

differences between the sessile growth of the wild type and the mutant. These authors 

suggested the involvement of the agr system in the early stages of biofilm development, but 

not on late stages. Riedel et al., (2009) verified that a agrD mutant resulted in defective 

biofilms. However, these authors verified that the co-culture with 1% of the wild type, as well 

as with the complemented strain, was able to restore the biofiilm formation ability of the 

mutant. The use of cell-free supernatants, of the wild type strain produced the same effect. 

Flagella and mobility 

Vatanyoopaisarn et al. (2000) have shown the importance of flagellin, a major component of 

the flagella, in the initial attachment by comparing a flaA mutant and its wild type. The 
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authors performed bacterial growth at 22 °C, a temperature for which flagella are produced, 

and verified a 10-fold lower attachment for the mutant. However when growth was 

performed at 37 °C, a temperature for which flagella are not produced, attachment of both 

strains was the same.  

Lemon et al. (2007) have also shown that L. monocytogenes attachment ability to four 

different abiotic surfaces tested: PVC, polystyrene, polypropylene, and borosilicate glass was 

lower when a flagellum-minus mutant (ΔflaA) was compared to the wild type, especially in 

the early stages of biofilm formation. Also a paralyzed-flagellum mutant (ΔmotB), that 

despite expressing normal amounts of flagellin and having normal numbers of peritrichous 

flagella, did not possess motility, also showed a lower biofilm forming ability. Therefore the 

authors concluded that motility plays a critical role in surface-adhered biofilm formation. 

Tresse et al. (2009) have also demonstrated, using an inframe deletion on flaA and naturally 

aflagellated strains the importance of this gene for bacterial adhesion at 20 °C. The authors 

observed that strains without flagella presented residual adhesion to inert surfaces similar to 

that observed for naturally aflagellated strains. Ouyang et al., (2012) using transposon 

mutagenesis, in combination with microtiter plate assays for biofilm assessing, have also 

confirmed Lemon’s results on the importance of flagellum-mediated motility for initial 

surface attachment and subsequent biofilm development. The authors identified the genes 

lmo0707 (fliD) and lmo0676 (fliP) affecting flagella biosynthesis and therefore, biofilm 

formation. 

A pleiotropic response regulator, DegU, co-ordinates multicellular behavior, including the 

regulation of motility (Knudsen et al., 2004). These authors observed the lack of mobility and 

flagellin expression in a degU mutant. By using Northern blot analysis, the degU gene 

product was verified to be a transcriptional activator of the flagellin gene, flaA. Results by 

Gueriri et al. (2008) are in agreement with this, since these authors verified a reduced 

mobility, adherence and biofilm formation to plastic surfaces in a degU mutant. 

However, Todhanakasem & Young (2008) using previously identified transposon mutants 

(flgL, fliF, fliL, and motA), and two different approaches, the use of flow cells examined by 

bright-field microscopy and the static-microtiter-plate assay, verified that flagellum-based 

motility was not necessary for biofilm formation. 
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Bap family 

The involvement of proteins in biofilm development has led to designate them as Biofilm 

Associated Proteins (BAP’s). This group of proteins is generically designated as such due to 

their homology with the first of these proteins described in S. aureus with these properties 

(Cucarella et al., 2001). These proteins contribute to hold cells together in the biofilm by 

interacting with similar proteins of cells in the vicinity, as well as on the surfaces. 

This proteins share several common features. These proteins are present on the bacterial 

surface, loosely associated with the cell surface or are secreted. In fact, the C terminus of 

these proteins is characterized by having a peptidoglycan anchoring region consisting of 

LPXTG motif (Latassa et al., 2006). This motif consists of an amino acid sequence of Leucine, 

Proline, X (any amino acid), Threonine and Glycine (Pfam PF00746). BAP’s are also 

characterized by containing a core domain of tandem repeats which may undergo 

dimerization. The BAP’s are described as having a high molecular mass usually higher than 

1,800 up to 8,800 aa (Karatan & Watnick, 2009). 

In addition to the biofilm formation process, BAP’s have also been described to be relevant 

in virulence of both Gram positive and Gram negative species, such as S. aureus, S. 

epidermidis, Enterococcus faecalis, Salmonella enterica and Pseudomonas fluorescens 

(reviewed by Latasa et al., 2006, reviewed by Lasa & Penadés., 2006). 

In L. monocytogenes there are 41 genes encoding LPXTG proteins (Cabanes et al., 2002). 

However, only three out of those 41 proteins have more than 1,800 aa (Lmo0333, Lmo0435 

and Lmo0842). Protein Lmo0435 has been shown to contribute to surface attachment 

(Jordan et al., 2008). These authors have shown that although the corresponding coding 

gene (lmo0435 also designated bapL) was absent in most of the field isolates tested (14 out 

17), this protein contributed to surface adherence of the strains to polystyrene and to 

stainless steel. The deletion mutant of lmo0435 gene presented 50% less cell attachment 

ability. However the authors verified that in contrast to what has been established for other 

BAP’s this protein was not required for virulence. 
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Other molecular determinants 

There is already a lot of research about the impact on biofilms of the signaling molecules, 

genes involved on cell mobility and BAP’s, however recently the role of other genes in 

biofilm formation has proven to be relevant.  

Several regulators have been shown to play an important role in biofilm formation by several 

species. In S. aureus, SigB regulators known to modulate biofilm formation and dispersion by 

controlling the expression of both adhesion and dispersion factors (Mitchell et al., 2013). In 

fact, emergence of sigB deficient strains within the biofilm have been pointed out as way to 

promote local disassembly of the biofilm and therefore, facilitating release and dissemination 

of cells throughout the host (Savage et al., 2013). In L. monocytogenes, SigB a major 

transcriptional regulator of stress response genes has been shown to have an important 

impact on biofilm formation. Van der Veen & Abee (2010c), by comparing the ΔsigB mutant 

and its wild type strain, verified significant deficiency in biofilm formation of the mutant 

under both, static and continuous-flow conditions. However, no difference in planktonic 

growth between the wild type and the mutant was observed. Lemon et al. (2010) verified that 

a mutant containing an in-frame deletion of sigB produced wild type levels of biofilm at      

36 °C, but displayed a biofilm defect at 30 °C. 

The SOS response factor YneA, as well as its activactor RecA, are also involved in biofilm 

formation since both ΔrecA and ΔyneA mutants showed approximately 100-fold lower ability 

to form biofilm than the wild type strain (van der Veen, & Abee, 2010a). By using in-frame 

deletion and complementation mutants, the role of a transcriptional regulator of the class I 

heat-shock response genes hrcA and dnaK, which encodes for heat-shock response 

chaperone protein, has also been shown to be relevant for biofilm formation both in static 

and continuous-flow, (van der Veen, & Abee, 2010b). 

The virulence regulator PrfA has also been implicated in the biofilm formation process. 

According to Lemon et al. (2010), mutants lacking prfA were defective in biofilm formation 

and that defect occurred after initial surface adhesion. This results were corroborated by 

Zhou et al. (2011) that also observed not only a weaker ability of strain EGDΔprfA to form 

biofilm in the first 24 hours compared to the parent strain but that the mutant needed an 

extra 24 hours of incubation to get to the same level as the wild strain. 
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Recently, Luo et al. (2013) using whole-genome microarray identified 185 differentially 

expressed genes associated with both biofilm formation and prfA expression. These authors 

observed up-regulated genes in ΔprfA strain when down-regulated in the wild type strain as 

well as the opposite and therefore, suggest a complex regulatory network for biofilm 

formation requiring genes from different biological pathways. 

Salazar et al., (2013) identified a putative Crp/Fnr family transcription factor, lmo0753, which 

was shown to be involved in biofilm formation. This protein has two conserved functional 

domains similar to PrfA. Mutants of two strains in this gene showed less biofilm forming 

ability, in comparison with their parent strains, when growth was performed in glass at 25 °C 

in rich media. However, the authors did not verify significant differences when the mutants 

were grown on a glass surface in minimal medium at 37 °C or 25 °C. 

The gene designated lbrA, from the GntR-family response regulator, was found to be highly 

expressed in a strain with good biofilm forming ability, in comparison with a weak biofilm 

producer. A deletion mutant on that gene revealed its importance for biofilm formation, 

since the mutant lost much of its biofilm-forming ability. A microarray assessment to 

compare the wild type and the mutant showed a regulatory roll of the gene, since a total of 

304 genes had significantly different expression between the two strains (Wassinger et al., 

2013). 

Taylor et al. (2002) have reported the role of relA and hpt genes in the growth of adhered 

bacteria. These authors verified similar adherence ability between mutants on these genes 

and wild type, on the initial hour of incubation. However, the adhered cells were unable to 

grow in the same order of magnitude as the wild type. These mutants were unable to 

synthesize guanosine pentaphosphate (p)ppGpp in response to nutritional starvation and 

therefore, these authors suggested that these genes are essential for physiological 

adaptation required for growth of adhered bacteria. 

Ouyang et al. (2012) and Chang, et al., (2012) using a mariner-based transposon mutagenesis 

strategy have identified several genes potentially required for biofilm formation. Among the 

mutated genes, those which showed more than 50% reduction in biofilm formation belong 

to several functional categories: cell envelope biosynthesis and homeostasis, flagella and 

motility, energy generation and intermediary metabolism, transcription regulation (Ouyang 

et al., 2012). Among the genes with higher impact on biofilm formation Chang et al. (2012) 

identified three glycosyltransferases, one gene associated with the metabolism and one 
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sortase (lmo1386). In fact, Chang et al. (2013) confirmed the influence of this putative DNA 

translocase gene (lmo1386) by accessing the biofilm forming ability of two single insertion 

mutants under both static and flow conditions. 

Table I.3 – Proteins implicated in biofilm forming ability of Listeria monocytogenes 

 Protein Name 
Gene on EGDe 

strain 
Reference 

     

S
ig

n
a
li
n

g
 

sy
st

e
m

s 

LuxS S-adenosylhomocysteine/5'-

methylthioadenosine nucleosidase 

lmo1494 Belval et al., 2006; 

Sela et al., 2006 PfS S-ribosylhomocysteine lyase lmo1288 

    AgrA response regulator AgrA lmo0051 
Rieu et al., 2007; 

Rieu et al., 2008; 

Riedel et al., 2009 

AgrC sensor histidine kinase AgrC lmo0050 

AgrB AgrB lmo0048 

AgrD AgrD lmo0049  

    

F
la

g
e
ll
a
 

a
n

d
 

m
o

b
il
it

y
 FlaA Flagellin lmo0690 Vatanyoopaisarn et al., 2000; Lemon 

et al., 2007 MotB similar to motility protein (flagellar motor 

rotation) 

lmo0686 

    FliD flagellar capping protein lmo0707 
Ouyang, et al., 2012 

FliP flagellar biosynthesis protein lmo0676  

    

B
A

P
 

 f
a
m

il
y
 

BapL peptidoglycan binding protein lmo0435 Jordan et al., 2008 

 

    

O
th

e
r 

m
o
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cu

la
r 

d
e
te

rm
in

a
n

ts
 

DegU response regulator lmo2515 Gueriri et al., 2008 

    SigB RNA polymerase sigma factor lmo0895 Savage et al., 2013 

    
PrfA listeriolysin positive regulatory protein lmo0200 Lemon et al., 2010 

    
YneA cell division suppressor protein lmo1303 

van der Veen, & Abee, 2010
a
 

RecA recombinase A lmo1398 

    HcrA heat-inducible transcription repressor lmo1475 
van der Veen, & Abee 2010

b
 

DnaK dnaK molecular chaperone DnaK lmo1473 

    Crp/Fnr Crp/Fnr Family Transcription Factor lmo0753 Salazar et al., 2013 

    
LbrA  lmo2365 Wassinger et al., 2013 

    
RelA relA similar to (p)ppGpp synthetase lmo1523 

Taylor et al., 2002 
Hpt hexose phosphate transport protein lmo0838 

     similar to DNA translocase lmo1386 Chang, et al., 2012, 2013 

     Similar to galactosyltransferase lmo2554 

Chang, et al., 2012 

 Weakly similar to human N-acetylglucosaminyl-

phosphatidylinositol biosynthetic protein 

lmo2555 

 Membrane sulfatase family protein lmo0644 

 Class I glutamineamidotransferase lmsg_03116.2* 

 Similar to DNA translocase lmo1386 

 Similar to sortase A lmo0929 

     Similar to galactosyltransferase  lmo2554 Chang, et al., 2012; Ouyang et al., 2013 

     hypothetical protein lmo2553 

Ouyang et al., 2013 

DltD D-alanine esterification of lipoteichoic and wall 

teichoic acid  

lmo0971 

 Similar to penicillin- binding protein  lmo2229 

 Similar to branched chain fatty acid kinase  lmo1370 

AtpB Highly similar to H
+
transporting ATP synthase 

chain a 

lmo2535 

AtpE Highly similar to H
+
transporting ATP synthase 

chain c  

lmo2534 

AtpD Highly similar to H
+
transporting ATP synthase 

chain β  

lmo2529 

 Similar to phosphoglyceromutase 1  lmo2205 

PurL Phosphoribosylformylglycinamidine synthetase II  lmo1770 

 Similar to transcriptional regulator (LacI family)  lmo0734 

 Similar to transcriptional regulator (phage-

related)  

lmo1262 
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2.2.2. Biofilm structural organization 

The structural organization of the biofilm is influenced by the extracellular composition of 

the matrix, as well as by the environmental conditions where the biofilm develops. 

The presence of water channels determines the structural morphology of the biofilms. These 

structures are characterized by void areas surrounding cellular aggregates, which facilitate 

the circulation of nutrients and waste products within the biofilm (Lewandowski, 2000). 

Moreover, the existence of large channels and pores within the biofilm matrix is serves as a a 

means for biofilm colonization (Sutherland, 2001a). Moltz & Martin (2005) reported the 

existence of these structures in growing biofilms of L. monocytogenes on stainless steel. 

Marsh et al., (2003) using scanning electron microscopy, observed structural features 

described by the authors as “honeycomb” like. These structures were formed by stacked cells 

around holes and between holes. Rieu et al., (2008) using confocal laser scanning 

microscopy, which allows the visualization of fully hydrated samples, observed biofilms 

shaped as interconnecting ball-shaped microcolonies. These structural arrangements 

described for L. monocytogenes diverges from one of the common biofilm structures 

consisting of mushroom-shaped microcolonies. 

Convergent surviving strategies can be seen by the similarity of biofilm structure, for biofilms 

grown in similar condition especially in what regards flow rate (Hall-Stoodley et al., 2004). 

While short rods typical of L. monocytogenes morphology can be seen under static 

conditions, under dynamic conditions chains of short rods are formed. As a consequence, 

under static conditions, biofilms generally consist of a homogeneous layer of cells and/or 

microcolonies, with the biofilm cells displaying morphology similar to that of planktonic cells. 

By contrast, biofilms grown under continuous flow conditions consist of spherically shaped 

microcolonies that are surrounded by a network of knitted chains composed of elongated 

cells (reviewed by Abee et al., 2011). Rieu et al. (2008) evaluated the influence of the 

hydrodynamic conditions on the structure of the biofilms of L. monocytogenes by analyzing 

two structural parameters: biofilm volume and thickness. These authors verified both a 

higher biofilm volume and thickness, under flow conditions than under static conditions. 
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The biofilm architecture is also affected by the media composition in particular the carbon 

source, the presence of surfactants and by the bacterial mobility (reviewed by Karatan & 

Watnick, 2009)  

2.3.  Methods to access biofilm formation 

There is a wide variety of methods employed for the study of biofilms. The growth of the 

biofilm can be performed either in batch, batch-fed, or in reactors where a continuous 

supply of fresh nutrients is provided. 

Within the methods based on batch culture, most based rely on the use of microplates to 

perform the biofilm growth and on the use of dyes to stain particular components of the 

biofilm and therefore, somehow quantify the biofilm formed. The crystal violet assay has 

been widely used as a rapid method to screen biofilm forming ability of several 

microorganisms. This dye (Tris(4-(dimethylamino)phenyl) methylium chloride) is 

conventionally used for Gram's staining where, after complexation with lugol's iodine, the 

dye is retained inside the protoplast of Gram positive bacteria, despite solvent treatment 

afterword’s. In the crystal violet assay by removing the iodine complexation step it is possible 

the resolubilization of the dye (Bonnekoh et al., 1989). The method consists of a growth step, 

a staining step and a resolubilization step followed by an absorbance reading of the 

previously attached stain (Djordjevic et al., 2002; Borucki et al., 2003). However, according to 

different authors, the procedure suffers small variations in what regards dye concentration, 

staining time, destaining solution and wavelength for absorbance reading.  

The alamar blue assay is also a methodology used in biofilm study as it allows evaluating the 

susceptibility of biofilms to antimicrobial compounds by measuring viability. The 

methodology relies on the growth of biofilms on microplates, exposure to the agent and 

then viability evaluation by using a fluorescent or a colorimetric detection strategy. The 

alamar blue is a water-soluble resazurin (7-hydroxy-10-oxidophenoxazin-10-ium-3-one), that 

yields a fluorescent signal and a colorimetric change when it is reduced by FMNH2, FADH2, 

NADH, NADPH, or the cytochromes (Pettit et al., 2005). 

The ruthenium red dye, (S-benzyl N,N-dipropylcarbamothioate) has also been used to 

evaluate biofilm-forming ability. This dye has affinity to carbohydrates and therefore binds to 
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the carbohydrate present in the biofilm matrix. The method relies on the principle that 

ruthenium red is not soluble once bound to carbohydrates, so the amount of bound dye can 

be estimated by comparison with the initially added dye (Figueroa & Silverstein, 1989; 

Borucki et al., 2003). The staining methods for evaluating the biofilm-forming ability do not 

imply the disruption of the biofilm. Not only does this means that the procedure is usually 

less laborious, but also it avoids problems in efficiently dislodging the cells from the surfaces 

and properly dissociating cell clumps into single-cell suspensions (Pettit et al., 2005). 

The Calgary Biofilm Device (CBD) has become a device to determine biofilm batch growth, 

because it not only allows high throughput of biofilm formation assessment, but it also 

enables the testing of antimicrobial agents with similar high throughput. The CBD, 

developed by the University of Calgary, Canada, consists of a two-part reaction vessel: a top 

part with pegs and a bottom vessel that can either be a standard 96-well plate, or one that 

allows the flow of medium across the pegs. Unlike other methods such as the ones based on 

dyes, the surface where the biofilm is formed is positioned vertically which avoids the 

interference of sedimentation phenomena. Once formed, the biofilms on the pegs can be 

individually removed without compromising sterility (Ceri et al., 1999). The biofilm is usually 

enumerated by dislodging the biofilm by sonication followed by dilution and plating. 

The growth of biofilms as batch or semi continuous static systems is also often done in 

coupons, made of materials where biofilm establishment is regarded as problematic. Several 

materials have been used, in particular in the food industry research such as stainless steel, 

Teflon®, nylon, polyester floor sealant, plastic, rubber, glass, and silicone (Blackman & Frank, 

1996; Zaho et al., 2013). 

Coupons may also be used in continuous cultures. There are several reactors for biofilm 

growth commercialized by Biosurface Technologies Corporation, MT, US. The CDC Biofilm 

Reactor consists of a vessel with several coupon holders. Biofilm growth can be obtained 

under different conditions by controlling the circulation influx of the growth medium as well 

as by controlling the sheer conditions created by a magnetic stir bar (Goeres et al., 2005). A 

similar reactor uses a rotating disk. This reactor consists of a vessel where removable 

coupons may be applied. A magnetic stirrer provides shear force on the coupons. The biofilm 

can then be scraped and collected for further study or microscopy imaging. Also of quite 

frequent use is the Drip Flow Reactor. It was designed for the study of biofilms grown under 

low shear conditions. It consists of four parallel test channels, where standard glass 
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microscope slides or coupons of other material, may be applied. The Drip Flow Reactor may 

be used for microsensor monitoring or general biofilm studies as well as for evaluation of 

medical material (Schwartz et al., 2010). 

Flow cells are also used for biofilm formation and development under continuous culture. 

They allow direct microscopic investigation of biofilm development, under a wide range of 

flow rates and nutrient conditions. Using flow cells it is possible to assess the fouling 

potential of different surfaces, as well as to study the effect of environmental changes on 

biofilm growth (Tolker‐Nielsen & Sternberg, 2011). 

Several microscopy methods can be employed to characterize biofilms. Epifluorescence 

microscopy has been used to determine the biofilm the formation ability of microorganisms. 

By using fluorescent dyes, such as the PicoGreen®, Hoechst 33258 acridine orange or DAPI, it 

is possible to stain biofilms and, later, using image analysis software, calculate areas 

occupied by the biofilms. However, no differentiation between live and dead is possible. 

Also, using fluorescence the biofilm studies have been done using more complicated design, 

such as in confocal microscopy. In this case, it is possible the study of biofilm architecture, by 

making a computer aided 3D reconstruction of the biofilm structure (Harrison et al., 2006; 

Palmer & Sternberg, 1999). Other microscopy methods such as scanning electron 

microscopy and its variation, environmental scanning electron microscopy that enables 

imaging of hydrated specimens, have also been employed (El Abed et al., 2012). 

Transmission electron microscopy has also been employed in biofilm study, as it allows the 

visuallization of cross section of microorganisms and their relationship within the biofilm 

(Surman, et al., 1996). 

Other methodolologies and reactors are described in detailed in reviews such as the one by 

McLandsborough, et al. (2006). 

 

 



34 

3. References 

Abee T, Kovács ÁT, Kuipers OP & Van der Veen S (2011) Biofilm formation and dispersal in Gram-

positive bacteria. Current opinion in biotechnology 22: 172-179. 

Adav SS & Lee D-J (2008) Extraction of extracellular polymeric substances from aerobic granule with 

compact interior structure. Journal of Hazardous Materials 154: 1120-1126. 

Allerberger F (2003) Listeria: growth, phenotypic differentiation and molecular microbiology. FEMS 

Immunology & Medical Microbiology 35: 183-189. 

Allison DG (2003) The biofilm matrix. Biofouling 19: 139-150. 

Amaya-Villar R, García-Cabrera E, Sulleiro-Igual E, Fernández-Viladrich P, Fontanals-Aymerich D, 

Catalán-Alonso P, de Liria C R-G, Coloma-Conde A, Grill-Díaz F, Guerrero-Espejo A, Pachón J, & Prats-

Pastor G (2010) Three-year multicenter surveillance of community-acquired Listeria monocytogenes 

meningitis in adults. BMC infectious diseases 10: 324. 

Andersson S (2009) Characterization of bacterial biofilms for wastewater treatment. Thesis, Linköping. 

Stockholm: Royal Institute of Technology. 

Anonymous. (2004) Risk assessment of Listeria monocytogenes in ready-to-eat foods: interpretative 

summary. (Microbiological risk assessment series ; no. 4) World Health Organization, 20 Avenue Appia, 

CH-1211 Geneva 27, Switzerland, WHO/FAO 2004. ISBN 92 4 156261 7 (WHO) ISBN 92 5 104 126 7 

(FAO) ISSN 1726-5274. 

Anonymous. (2013) EFSA, (European Food Safety Authority), ECDC (European Centre for Disease 

Prevention and Control). The European Union Summary Report on Trends and Sources of Zoonoses, 

Zoonotic Agents and Food-borne Outbreaks in 2011; EFSA Journal 4: 3129-3250. 

Bakker HC, Warchocki S, Wright EM, Allred AF, Ahlstrom C, Manuel CS, Stasiewicz MJ, Burrell A, Roof S, 

Strawn LK, Fortes E, Nightingale KK, Kephart D & Wiedmann, M. (2014). Five new species of Listeria (L. 

floridensis sp. nov, L. aquatica sp. nov., L. cornellensis sp. nov. L. riparia sp. nov., and L. grandensis sp. 

nov.) from agricultural and natural environments in the United States. International journal of 

systematic and evolutionary microbiology. doi:10.1099/ijs.0.052720-0. 

Belval SC, Gal L, Margiewes S, Garmyn D, Piveteau P & Guzzo J (2006) Assessment of the roles of LuxS, 

S-ribosyl homocysteine, and autoinducer 2 in cell attachment during biofilm formation by Listeria 

monocytogenes EGD-e. Applied and environmental microbiology 72: 2644-2650. 

Bertsch D, Rau J, Eugster MR, Haug MC, Lawson PA, Lacroix C & Meile L (2013) Listeria fleischmannii 

sp. nov., isolated from cheese. International Journal of Systematic and Evolutionary Microbiology 63: 

526-532. 

Blackman IC & Frank JF (1996) Growth of Listeria monocytogenes as a biofilm on various food-

processing surfaces. Journal of Food Protection
®

 59: 827-831. 

Bonnekoh B, Wevers A, Jugert F, Merk H & Mahrle G (1989) Colorimetric growth assay for epidermal 

cell cultures by their crystal violet binding capacity. Archives of dermatological research 281: 487-490. 



35 

Borucki MK, Peppin JD, White D, Loge F & Call DR (2003) Variation in biofilm formation among strains 

of Listeria monocytogenes. Applied and environmental microbiology 69: 7336-7342. 

Branda SS, Vik Å, Friedman L & Kolter R (2005) Biofilms: the matrix revisited. Trends in microbiology 

13: 20-26. 

Cabanes D, Dehoux P, Dussurget O, Frangeul L & Cossart P (2002) Surface proteins and the 

pathogenic potential of Listeria monocytogenes. Trends in microbiology 10: 238-245. 

Cao B, Shi L, Brown RN, Xiong Y, Fredrickson JK, Romine MF, Marshall MJ, Lipton MS & Beyenal H 

(2011) Extracellular polymeric substances from Shewanella sp. HRCR‐1 biofilms: characterization by 

infrared spectroscopy and proteomics. Environmental microbiology 13: 1018-1031. 

Cartwright EJ, Jackson KA, Johnson SD, Graves LM, Silk BJ & Mahon BE (2013) Listeriosis outbreaks and 

associated food vehicles, United States, 1998–2008. Emerg Infect Dis 19: 1-9. 

Ceri H, Olson M, Stremick C, Read R, Morck D & Buret A (1999) The Calgary Biofilm Device: new 

technology for rapid determination of antibiotic susceptibilities of bacterial biofilms. Journal of clinical 

microbiology 37: 1771-1776. 

Chang Y, Gu W, Fischer N & McLandsborough L (2012) Identification of genes involved in Listeria 

monocytogenes biofilm formation by mariner-based transposon mutagenesis. Applied microbiology 

and biotechnology 93: 2051-2062. 

Chang Y, Gu W, Zhang F & McLandsborough L (2013) Disruption of lmo1386, a Putative DNA 

Translocase Gene, Affects Biofilm Formation of Listeria monocytogenes on Abiotic Surfaces. 

International journal of food microbiology 161:158-163. 

Costerton J, Lewandowski Z, Caldwell D, Korber D & Lappin-Scott H (1995) Microbial biofilms. Annual 

Review of Microbiology 49: 711-745. 

Cucarella C, Solano C, Valle J, Amorena B, Lasa Í & Penadés JR (2001) Bap, a Staphylococcus aureus 

surface protein involved in biofilm formation. Journal of bacteriology 183: 2888-2896. 

De Kievit TR & Iglewski BH (2000) Bacterial quorum sensing in pathogenic relationships. Infection and 

Immunity 68: 4839-4849. 

Diels L, Van der Lelie N & Bastiaens L (2002) New developments in treatment of heavy metal 

contaminated soils. Reviews in Environmental Science and Biotechnology 1: 75-82. 

Djordjevic D, Wiedmann M & McLandsborough L (2002) Microtiter plate assay for assessment of 

Listeria monocytogenes biofilm formation. Applied and environmental microbiology 68: 2950-2958. 

Donlan RM & Costerton JW (2002) Biofilms: survival mechanisms of clinically relevant microorganisms. 

Clinical microbiology reviews 15: 167-193. 

Doumith M, Buchrieser C, Glaser P, Jacquet C & Martin P (2004) Differentiation of the major Listeria 

monocytogenes serovars by multiplex PCR. Journal of clinical microbiology 42: 3819-3822. 

Dunne WM (2002) Bacterial adhesion: seen any good biofilms lately? Clinical microbiology reviews 15: 

155-166. 



36 

El Abed, S., Ibnsouda, S. K., Latrache, H. & Hamadi, F. (2012). Scanning Electron Microscopy (SEM) and 

Environmental SEM: Suitable Tools for Study of Adhesion Stage and Biofilm Formation. Scanning 

Electron Microscopy.Kazmiruk, V. (Ed.), ISBN: 978-953-51-0092-8, InTech, DOI: 10.5772/34990.  

Elias S & Banin E (2012) Multi‐species biofilms: living with friendly neighbors. FEMS microbiology 

reviews 36: 990-1004. 

Engebrecht J, Nealson K & Silverman M (1983) Bacterial bioluminescence: isolation and genetic 

analysis of functions from Vibrio fischeri. Cell 32: 773-781. 

Fajardo A & Martínez JL (2008) Antibiotics as signals that trigger specific bacterial responses. Current 

opinion in microbiology 11: 161-167. 

Falciani C, Lozzi L, Pollini S, et al. (2012) Isomerization of an antimicrobial peptide broadens 

antimicrobial spectrum to Gram-positive bacterial pathogens. PloS one 7: e46259. 

Ferreira, S. (2013). Listeria em produtos lácteos. Riscos e Alimentos. 5: 29-33. 

Figueroa LA & Silverstein JA (1989) Ruthenium red adsorption method for measurement of 

extracellular polysaccharides in sludge flocs. Biotechnology and bioengineering 33: 941-947. 

Flemming H-C & Wingender J (2010) The biofilm matrix. Nature Reviews Microbiology 8: 623-633. 

Fux C, Costerton J, Stewart P & Stoodley P (2005) Survival strategies of infectious biofilms. Trends in 

microbiology 13: 34-40. 

Garmyn D, Gal L, Lemaitre J-P, Hartmann A & Piveteau P (2009) Communication and autoinduction in 

the species Listeria monocytogenes: a central role for the agr system. Communicative & integrative 

biology 2: 371-374. 

Gilbert P, Das J & Foley I (1997) Biofilm susceptibility to antimicrobials. Advances in Dental Research 

11: 160-167. 

Gloag ES, Turnbull L, Huang A, et al. (2013) Self-organization of bacterial biofilms is facilitated by 

extracellular DNA. Proceedings of the National Academy of Sciences 110: 11541-11546. 

Goeres DM, Loetterle LR, Hamilton MA, Murga R, Kirby DW & Donlan RM (2005) Statistical assessment 

of a laboratory method for growing biofilms. Microbiology 151: 757-762. 

Gouin E, Mengaud J & Cossart P (1994) The virulence gene cluster of Listeria monocytogenes is also 

present in Listeria ivanovii, an animal pathogen, and Listeria seeligeri, a nonpathogenic species. 

Infection and Immunity 62: 3550-3553. 

Goulet V, Hedberg C, Le Monnier A & de Valk H (2008) Increasing incidence of listeriosis in France and 

other European countries. Emerging infectious diseases 14: 734-740. 

Graves LM, Helsel LO, Steigerwalt AG, et al. (2010) Listeria marthii sp. nov., isolated from the natural 

environment, Finger Lakes National Forest. International Journal of Systematic and Evolutionary 

Microbiology 60: 1280-1288. 

Gueriri I, Cyncynatus C, Dubrac S, Arana AT, Dussurget O & Msadek T (2008) The DegU orphan 

response regulator of Listeria monocytogenes autorepresses its own synthesis and is required for 

bacterial motility, virulence and biofilm formation. Microbiology 154: 2251-2264. 



37 

Guillet C, Join-Lambert O, Le Monnier A, et al. (2010) Human listeriosis caused by Listeria ivanovii. 

Emerging infectious diseases 16: 136-138. 

Hain T, Steinweg C & Chakraborty T (2006) Comparative and functional genomics of Listeria spp. 

Journal of biotechnology 126: 37-51. 

Hall-Stoodley L, Costerton JW & Stoodley P (2004) Bacterial biofilms: from the natural environment to 

infectious diseases. Nature Reviews Microbiology 2: 95-108. 

Halter EL, Neuhaus K & Scherer S (2013) Listeria weihenstephanensis sp. nov., isolated from the water 

plant Lemna trisulca taken from a freshwater pond. International Journal of Systematic and 

Evolutionary Microbiology 63: 641-647. 

Harmsen M, Lappann M, Knøchel S & Molin S (2010) Role of extracellular DNA during biofilm 

formation by Listeria monocytogenes. Applied and environmental microbiology 76: 2271-2279. 

Harrison JJ, Ceri H, Yerly J, Stremick CA, Hu Y, Martinuzzi R & Turner RJ (2006) The use of microscopy 

and three-dimensional visualization to evaluate the structure of microbial biofilms cultivated in the 

Calgary Biofilm Device. Biological procedures online 8: 194-215. 

Jefferson KK (2004) What drives bacteria to produce a biofilm? FEMS microbiology letters 236: 163-

173. 

Kadurugamuwa JL & Beveridge TJ (1995) Virulence factors are released from Pseudomonas 

aeruginosa in association with membrane vesicles during normal growth and exposure to gentamicin: 

a novel mechanism of enzyme secretion. Journal of bacteriology 177: 3998-4008. 

Karatan E & Watnick P (2009) Signals, regulatory networks, and materials that build and break 

bacterial biofilms. Microbiology and Molecular Biology Reviews 73: 310-347. 

Karunakaran E, Mukherjee J, Ramalingam B & Biggs CA (2011) “Biofilmology”: a multidisciplinary 

review of the study of microbial biofilms. Applied microbiology and biotechnology 90: 1869-1881. 

Knudsen GM, Olsen JE & Dons L (2004) Characterization of DegU, a response regulator in Listeria 

monocytogenes, involved in regulation of motility and contributes to virulence. FEMS microbiology 

letters 240: 171-179. 

Kolodkin-Gal I, Romero D, Cao S, Clardy J, Kolter R & Losick R (2010) D-amino acids trigger biofilm 

disassembly. Science 328: 627-629. 

Kreft J-U (2004) Biofilms promote altruism. Microbiology 150: 2751-2760. 

Kumar CG & Anand S (1998) Significance of microbial biofilms in food industry: a review. International 

journal of food microbiology 42: 9-27. 

Lam H, Oh D-C, Cava F, Takacs CN, Clardy J, de Pedro MA & Waldor MK (2009) D-amino acids govern 

stationary phase cell wall remodeling in bacteria. Science 325: 1552-1555. 

Lasa I & Penadés JR (2006) Bap: a family of surface proteins involved in biofilm formation. Research in 

microbiology 157: 99-107. 

Latasa C, Solano C, Penadés JR & Lasa I (2006) Biofilm-associated proteins. Comptes rendus biologies 

329: 849-857. 



38 

Lawrence J, Swerhone G, Kuhlicke U & Neu T (2007) In situ evidence for microdomains in the polymer 

matrix of bacterial microcolonies. Canadian journal of microbiology 53: 450-458. 

Leclercq A, Clermont D, Bizet C, Grimont, PAD, Le Flèche-Matéos A, Roche SM, Buchrieser C, Cadet-

Daniel V, Le Monnier A, Lecuit M, & Allerberger F (2010) Listeria rocourtiae sp. nov. International 

Journal of Systematic and Evolutionary Microbiology 60: 2210-2214. 

Lemon KP, Higgins DE & Kolter R (2007) Flagellar motility is critical for Listeria monocytogenes biofilm 

formation. Journal of bacteriology 189: 4418-4424. 

Lemon KP, Freitag NE & Kolter R (2010) The virulence regulator PrfA promotes biofilm formation by 

Listeria monocytogenes. Journal of bacteriology 192: 3969-3976. 

Lewandowski Z & Evans L (2000) Structure and function of biofilms. Biofilms: Recent advances in their 

study and control 1-17. 

Lewis K (2001) Riddle of biofilm resistance. Antimicrobial agents and chemotherapy 45: 999-1007. 

Liu D (2006) Identification, subtyping and virulence determination of Listeria monocytogenes, an 

important foodborne pathogen. Journal of Medical Microbiology 55: 645-659. 

Louie M, Jayaratne P, Luchsinger I, Devenish J, Yao J, Schlech W & Simor A (1996) Comparison of 

ribotyping, arbitrarily primed PCR, and pulsed-field gel electrophoresis for molecular typing of Listeria 

monocytogenes. Journal of clinical microbiology 34: 15-19. 

Luo Q, Shang J, Feng X, Guo X, Zhang L & Zhou Q (2013) PrfA Led to Reduced Biofilm Formation and 

Contributed to Altered Gene Expression Patterns in Biofilm-Forming Listeria monocytogenes. Current 

microbiology 67: 372-378. 

Marsh EJ, Luo H & Wang H (2003) A three‐tiered approach to differentiate Listeria monocytogenes 

biofilm‐forming abilities. FEMS microbiology letters 228: 203-210. 

McLandsborough L, Rodriguez A, Perez-Conesa D & Weiss J (2006) Biofilms: at the interface between 

biophysics and microbiology. Food Biophysics 1: 94-114. 

Mclauchlin, J.& Rees, C.E.D. (2009). Bergeys Manual of Systematic Bacteriology Volume 3: The 

Firmicutes (Eds.) Vos, P., Garrity, G., Jones, D., Krieg, N.R., Ludwig, W., Rainey, F.A., Schleifer, K.H., 

Whitman, W.B. 2009, XXVI, 1450 p. 393 illus. ISBN: 978-0-387-95041-9 

Miller MB & Bassler BL (2001) Quorum sensing in bacteria. Annual Reviews in Microbiology 55: 165-

199. 

Mitchell G, Fugère A, Gaudreau KP, Brouillette E, Frost EH, Cantin AM & Malouin F (2013) SigB Is a 

Dominant Regulator of Virulence in Staphylococcus aureus Small-Colony Variants. PloS one 8: e65018. 

Mitjà O, Pigrau C, Ruiz I, et al. (2009) Predictors of mortality and impact of aminoglycosides on 

outcome in listeriosis in a retrospective cohort study. Journal of antimicrobial chemotherapy 64: 416-

423. 

Moltz A & Martin S (2005) Formation of biofilms by Listeria monocytogenes under various growth 

conditions. Journal of Food Protection
®

 68: 92-97. 

Montanaro L, Poggi A, Visai L, Ravaioli S, Campoccia D, Speziale P & Arciola CR (2011) Extracellular 

DNA in biofilms. The International journal of artificial organs 34: 824-831. 



39 

Nealson KH, Platt T & Hastings JW (1970) Cellular control of the synthesis and activity of the bacterial 

luminescent system. Journal of bacteriology 104: 313-322. 

Ouyang Y, Li J, Dong Y, Blakely LV & Cao M (2012) Genome-wide screening of genes required for 

Listeria monocytogenes biofilm formation. Journal of Biotech Research 4: 13-25. 

Palmer Jr RJ & Sternberg C (1999) Modern microscopy in biofilm research: confocal microscopy and 

other approaches. Current opinion in biotechnology 10: 263-268. 

Palumbo JD, Borucki MK, Mandrell RE & Gorski L (2003) Serotyping of Listeria monocytogenes by 

enzyme-linked immunosorbent assay and identification of mixed-serotype cultures by colony 

immunoblotting. Journal of clinical microbiology 41: 564-571. 

Pan X, Liu J, Zhang D, Chen X, Li L, Song W & Yang J (2010) A comparison of five extraction methods 

for extracellular polymeric substances (EPS) from biofilm by using three-dimensional excitation-

emission matrix (3DEEM) fluorescence spectroscopy. Water SA 36: 111-116. 

Petran R & Zottola E (1989) A study of factors affecting growth and recovery of Listeria 

monocytogenes Scott A. Journal of Food Science 54: 458-460. 

Pettit RK, Weber CA, Kean MJ, Hoffmann H, Pettit GR, Tan T, Franks KS & Horton ML (2005) Microplate 

Alamar blue assay for Staphylococcus epidermidis biofilm susceptibility testing. Antimicrobial agents 

and chemotherapy 49: 2612-2617. 

Premaratne RJ, Lin W-J & Johnson EA (1991) Development of an improved chemically defined minimal 

medium for Listeria monocytogenes. Applied and environmental microbiology 57: 3046-3048. 

Rebuffo-Scheer CA, Schmitt J & Scherer S (2007) Differentiation of Listeria monocytogenes serovars by 

using artificial neural network analysis of Fourier-transformed infrared spectra. Applied and 

environmental microbiology 73: 1036-1040. 

Riedel CU, Monk IR, Casey PG, Waidmann MS, Gahan CG & Hill C (2009) AgrD‐dependent quorum 

sensing affects biofilm formation, invasion, virulence and global gene expression profiles in Listeria 

monocytogenes. Molecular microbiology 71: 1177-1189. 

Rieu A, Weidmann S, Garmyn D, Piveteau P & Guzzo J (2007) Agr system of Listeria monocytogenes 

EGD-e: role in adherence and differential expression pattern. Applied and environmental microbiology 

73: 6125-6133. 

Rieu A, Briandet R, Habimana O, Garmyn D, Guzzo J & Piveteau P (2008) Listeria monocytogenes EGD-

e biofilms: no mushrooms but a network of knitted chains. Applied and environmental microbiology 

74: 4491-4497.  

Rocourt, J. & Buchrieser, C. (2007). The genus Listeria and Listeria monocytogenes: phylogenetic 

position, taxonomy, and identification. In Listeria, Listeriosis, and Food Safety, 3
rd

 edn, pp. 1–20. Edited 

by E. T. Ryser and E. H. Marth. Boca Raton, FL: CRC Press. 

Rocourt J, Hof H, Schrettenbrunner A, Malinverni R & Bille J (1986) Acute purulent Listeria seelingeri 

meningitis in an immunocompetent adult]. Schweizerische Medizinische Wochenschrift 116: 248-251. 

Rosche B, Li XZ, Hauer B, Schmid A & Buehler K (2009) Microbial biofilms: a concept for industrial 

catalysis? Trends in biotechnology 27: 636-643. 



40 

Sahu PK, Iyer PS, Oak AM, Pardesi KR & Chopade BA (2012) Characterization of eDNA from the clinical 

strain Acinetobacter baumannii AIIMS 7 and its role in biofilm formation. The Scientific World Journal. 

2012, ID 973436, 10 pages. 

Salazar JK, Wu Z, Yang W, Freitag NE, Tortorello ML, Wang H & Zhang W (2013) Roles of a Novel 

Crp/Fnr Family Transcription Factor Lmo0753 in Soil Survival, Biofilm Production and Surface 

Attachment to Fresh Produce of Listeria monocytogenes. PloS one 8: e75736. 

Sauders, B. D. & Wiedman, M. (2007). Ecology of Listeria species and Listeria monocytogenes in 

natural environment. In Listeria, Listeriosis, and Food Safety, 3rd edn, pp. 21–53. Edited by E. T. Ryser 

and E. H. Marth. Boca Raton, FL: CRC Press. 

Sauer K, Rickard AH & Davies DG (2007) Biofilms and biocomplexity. Microbe-American Society for 

Microbiology 2: 347-353. 

Savage VJ, Chopra I & O’Neill AJ (2013) Population diversification in Staphylococcus aureus biofilms 

may promote dissemination and persistence. PloS one 8: e62513. 

Schwartz K, Stephenson R, Hernandez M, Jambang N & Boles BR (2010) The Use of Drip Flow and 

Rotating Disk Reactors for Staphylococcus aureus Biofilm Analysis. Journal of Visualized Experiments 

pii: 2470. doi:10.3791/2470. 

Seeliger H & Höhne K (1979) Serotyping of Listeria monocytogenes and related species. Methods in 

Microbiology 13: 1-49. 

Seeliger H & Langer B (1989) Serological analysis of the genus Listeria. Its values and limitations. 

International journal of food microbiology 8: 245-248. 

Sela S, Frank S, Belausov E & Pinto R (2006) A mutation in the luxS gene influences Listeria 

monocytogenes biofilm formation. Applied and environmental microbiology 72: 5653-5658. 

Sheng G-P, Yu H-Q & Li X-Y (2010) Extracellular polymeric substances (EPS) of microbial aggregates in 

biological wastewater treatment systems: A review. Biotechnology Advances 28: 882-894. 

Skillman L, Sutherland I & Jones M (1998) The role of exopolysaccharides in dual species biofilm 

development. Journal of applied microbiology 85: 13S-18S. 

Spoering AL & Gilmore MS (2006) Quorum sensing and DNA release in bacterial biofilms. Current 

opinion in microbiology 9: 133-137. 

Stewart PS & Franklin MJ (2008) Physiological heterogeneity in biofilms. Nature Reviews Microbiology 

6: 199-210. 

Suárez-Moreno ZR, González JF, Devescovi G & Venturi V (2012) Quorum sensing in Gram-negative 

bacteria: signals, role and networking. Bacterial Regulatory Networks 87. 

Surman S, Walker J, Goddard D, et al. (1996) Comparison of microscope techniques for the 

examination of biofilms. Journal of microbiological methods 25: 57-70. 

Sutherland IW (1985) Biosynthesis and composition of gram-negative bacterial extracellular and wall 

polysaccharides. Annual Reviews in Microbiology 39: 243-270. 

Sutherland IW (2001a) Biofilm exopolysaccharides: a strong and sticky framework. Microbiology 147: 

3-9. 



41 

Sutherland IW (2001b) The biofilm matrix–an immobilized but dynamic microbial environment. Trends 

in microbiology 9: 222-227. 

Swaminathan B & Gerner-Smidt P (2007) The epidemiology of human listeriosis. Microbes and 

Infection 9: 1236-1243. 

Tapia, J., Munoz, J., Gonzalez, F., Blazquez, M., Malki, M., and Ballester, A. (2009) Extraction of 

extracellular polymeric substances from the acidophilic bacterium Acidiphilium. 3.2 Sup(5). Water 

Science Technology 59: 1959–1967.  

Taylor CM, Beresford M, Epton HA, Sigee DC, Shama G, Andrew PW & Roberts IS (2002) Listeria 

monocytogenes relA and hpt mutants are impaired in surface-attached growth and virulence. Journal 

of bacteriology 184: 621-628. 

Todhanakasem T & Young GM (2008) Loss of flagellum-based motility by Listeria monocytogenes 

results in formation of hyperbiofilms. Journal of bacteriology 190: 6030-6034. 

Tolker‐Nielsen T & Sternberg C (2011) Growing and analyzing biofilms in flow chambers. Current 

protocols in microbiology 1B. 2.1-1B. 2.17. 

Tresse O, Lebret V, Garmyn D & Dussurget O (2009) The impact of growth history and flagellation on 

the adhesion of various Listeria monocytogenes strains to polystyrene. Canadian journal of 

microbiology 55: 189-196. 

Tsai H-N & Hodgson DA (2003) Development of a synthetic minimal medium for Listeria 

monocytogenes. Applied and environmental microbiology 69: 6943-6945. 

Valls M & Lorenzo V (2002) Exploiting the genetic and biochemical capacities of bacteria for the 

remediation of heavy metal pollution. FEMS microbiology reviews 26: 327-338. 

van der Veen S & Abee T (2010a) Dependence of continuous-flow biofilm formation by Listeria 

monocytogenes EGD-e on SOS response factor YneA. Applied and environmental microbiology 76: 

1992-1995. 

van der Veen S & Abee T (2010b) HrcA and DnaK are important for static and continuous-flow biofilm 

formation and disinfectant resistance in Listeria monocytogenes. Microbiology 156: 3782-3790. 

van der Veen S & Abee T (2010c) Importance of SigB for Listeria monocytogenes static and 

continuous-flow biofilm formation and disinfectant resistance. Applied and environmental 

microbiology 76: 7854-7860. 

Vatanyoopaisarn S, Nazli A, Dodd CE, Rees CE & Waites WM (2000) Effect of flagella on initial 

attachment of Listeria monocytogenes to stainless steel. Applied and environmental microbiology 66: 

860-863. 

Vázquez-Boland JA, Kuhn M, Berche P, et al. (2001) Listeria pathogenesis and molecular virulence 

determinants. Clinical microbiology reviews 14: 584-640. 

Vendeville A, Winzer K, Heurlier K, Tang CM & Hardie KR (2005) Making'sense'of metabolism: 

autoinducer-2, LuxS and pathogenic bacteria. Nature Reviews Microbiology 3: 383-396. 



42 

Vitullo M, Grant KA, Sammarco ML, Tamburro M, Ripabelli G & Laurence Amar CF (2013) Real-time 

PCRs assay for serogrouping Listeria monocytogenes and differentiation from other Listeria spp. 

Molecular and cellular probes. 27: 68-70. 

Wagner M, Ivleva NP, Haisch C, Niessner R & Horn H (2009) Combined use of confocal laser scanning 

microscopy (CLSM) and Raman microscopy (RM): investigations on EPS–matrix. water research 43: 63-

76. 

Wang Q & Zhang T (2010) Review of mathematical models for biofilms. Solid State Communications 

150: 1009-1022. 

Wassinger A, Zhang L, Tracy E, Munson Jr RS, Kathariou S & Wang HH (2013) Role of a GntR-Family 

Response Regulator LbrA in Listeria monocytogenes Biofilm Formation. PloS one 8: e70448. 

Webb JS, Thompson LS, James S, Charlton T, Tolker-Nielsen T, Koch B, Givskov M & Kjelleberg S 

(2003) Cell death in Pseudomonas aeruginosa biofilm development. Journal of bacteriology 185: 

4585-4592. 

West SA, Griffin AS & Gardner A (2007) Social semantics: altruism, cooperation, mutualism, strong 

reciprocity and group selection. Journal of evolutionary biology 20: 415-432. 

Whitchurch CB, Tolker-Nielsen T, Ragas PC & Mattick JS (2002) Extracellular DNA required for bacterial 

biofilm formation. Science 295: 1487-1487. 

Wingender J, Neu TR, Flemming HC. (1999). What are bacterial extracellular polymeric substances? In 

Microbial Extracellular Polymeric Substances, pp. 93–112. Edited by J Wingender, TR Neu, HC Fleming, 

Berlin: Springer. 

Wu J & Xi C (2009) Evaluation of different methods for extracting extracellular DNA from the biofilm 

matrix. Applied and environmental microbiology 75: 5390-5395. 

Zhang X, Bishop PL & Kupferle MJ (1998) Measurement of polysaccharides and proteins in biofilm 

extracellular polymers. Water Science and Technology 37: 345-348. 

Zhao T, Podtburg TC, Zhao P, Chen D, Baker DA, Cords B & Doyle MP (2013) Reduction by 

Competitive Bacteria of Listeria monocytogenes in Biofilms and Listeria Bacteria in Floor Drains in a 

Ready-to-Eat Poultry Processing Plant. Journal of Food Protection
®

 76: 601-607. 

Zhou Q, Feng F, Wang L, Feng X, Yin X & Luo Q (2011) Virulence Regulator PrfA is Essential for Biofilm 

Formation in Listeria monocytogenes but not in Listeria innocua. Current microbiology 63: 186-192. 

 

 

http://www.cbc.ca/news/canada/story/2008/08/24/health-listeria.html. 

http://healthycanadians.gc.ca/ 

http://www.cdc.gov/ 

http://www.inspection.gc.ca/ 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II 

Biofilms of Listeria monocytogenes produced at 12 º C 

either in pure culture or in co-culture with Pseudomonas 

aeruginosa showed reduced susceptibility to sanitizers 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lourenço A, Machado H & Brito L (2011) Biofilms of Listeria monocytogenes Produced at 12° 

C either in Pure Culture or in Co‐Culture with Pseudomonas aeruginosa Showed Reduced 

Susceptibility to Sanitizers. Journal of Food Science 76: M143-M148. 



45 

Biofilms of Listeria monocytogenes produced at 12 º C either in pure culture or in  

co-culture with Pseudomonas aeruginosa showed reduced susceptibility to sanitizers 

 

António Lourenço, Henrique Machado, Luisa Brito 

 

 

ABSTRACT  

The biofilm forming ability of 21 Listeria monocytogenes isolates from different origins was 

evaluated using the Calgary Biofilm Device®, at 37 ºC. Four selected strains were further 

analyzed by determining the minimum biofilm eradication concentration (MBEC) of four 

commercial dairy sanitizers (one alkyl amine acetate based - T99, two chlorine based - T66 

and DD, and one phosphoric acid based - BP). Biofilms of these strains were produced either 

on pure cultures or on co-cultures with Pseudomonas aeruginosa (PAO1), at 12 ºC and at 37 

ºC.  

L. monocytogenes biofilms grown, either at 37 ºC or 12 ºC, were able to achieve similar cell 

densities by using different incubation times (24 hours and 7 days, respectively). In co-culture 

biofilms, P. aeruginosa was the dominant species, either at 37 ºC or at 12 ºC, representing 

99% of a total biofilm population of 6 to 7 log CFU/peg. Co-culture biofilms were generally 

less susceptible than L. monocytogenes pure cultures. More interestingly, the biofilms 

produced at 12 ºC were usually less susceptible to the sanitizers than when produced at 37 

ºC. Single or co-culture biofilms of L. monocytogenes and PAO1, particularly produced at 12 

ºC, retrieved MBEC values for agents T99 and BP that were, at times, above the maximum in-

use recommended concentrations for these agents. This never occured with the chlorine 

based agents DD and, particularly T66. The results presented here reinforce the importance 

of the temperature used for biofilm formation, when susceptibility to sanitizers is being 

accessed. 

 

 

 

Keywords: Listeria monocytogenes, biofilms, low temperature, Calgary Biofilm Device, 

sanitizers. 
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1. Introduction  

Listeria monocytogenes is a foodborne pathogen that may cause severe human and animal 

disease. Listeriosis occurs primarily in pregnant woman, newborn infants, elderly and 

immunocompromised. It has a high mortality rate from 16 to 38% (Mitjà et al., 2009). The 

ability to grow under a wide range of environmental stresses such as extreme pH values, 

high salt concentrations and low temperatures as well as the ability to form biofilms make 

this bacterium difficult to eradicate on food processing facilities. Inadequate cleaning and 

disinfecting procedures on food processing environments may lead to the emergence of 

persistent strains resulting in cross-contamination of food products.  

According to Donlan et al. (2002), biofilms are defined as a microbial sessile community 

characterized by cells that are irreversibly attached to a substratum or interface or to each 

other, are embedded in a matrix of extracellular polymeric substances that they have 

produced, and exhibit an altered phenotype with respect to growth rate and gene 

transcription. The biofilm forming ability of bacteria has been accessed by several 

techniques, which include biofilm visualization and biofilm quantification. Some of these 

methods have been reviewed by Branda et al. (2005). 

Biofilm quantification can be accessed by direct viable counts of the cells recovered from the 

biofilm, or indirectly by staining. The disruption of the biofilm by sonication, vortexing or 

scraping, may lead to biofilm clumps difficult to dissociate into single-cell for plating, 

nevertheless the conventional staining methods will not provide information about cell 

viability (Pettit et al., 2005). The Calgary Biofilm Device® (CBD) is a system that allows, with a 

simple batch culture technique, to reliably grow 96 equivalent biofilms at a time, in an area 

of about 110 mm2 each. The 96 identical pegs are inserted into the wells of a microtiter plate 

with growth medium and incubated in an orbital shaker allowing the development of 

biofilms for testing an array of antimicrobial compounds with varying concentrations (Ceri et 

al., 1999). These tests are usually performed with biofilms produced at temperatures favoring 

growth of the cultures, such as 25 ºC (Ayebah et al., 2005). However, in much of the food 

industry the portions of the processing environment most likely to culture positive for 

Listeria spp. are at cold temperatures. For this reason, susceptibility testing to disinfectant 

should be performed on biofilms produced at refrigeration temperatures. 
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Previous work has shown that neither the resistance nor the adaptation of planktonic cells to 

the sanitizers seems to be the main reason for the existence of persistent L. monocytogenes 

strains in traditional cheese dairies (Lourenço et al., 2009). 

In order to elucidate the role of biofilms in the susceptibility of these strains to the use 

sanitizers, the ability of these strains to form biofilms and the sanitizer susceptibility of the 

biofilms, either in pure cultures or in co-cultures with Pseudomonas aeruginosa were 

evaluated. The determination of the minimum biofilm eradication concentration (MBEC) of 

the sanitizers was performed on biofilms produced at 37 ºC and at 12 ºC. To our knowledge, 

this is the first report on data from susceptibility testing of L. monocytogenes biofilms 

produced at low temperature. 

2. Materials and methods 

2.1. Characterization of the isolates 

Twenty one isolates of L. monocytogenes and one reference strain of P. aeruginosa (PAO1) 

were used in this study (Table 1). The L. monocytogenes isolates included three culture 

strains obtained from CECT (Colleción Española de Cultivos Tipo) and CIP (Collection de 

l’Institut Pasteur); CECT936 (serovar 1/2b), CECT4032 (serovar 4b) and CIP104794 

(=NCTC7973) (serovar 1/2a). Twelve out of the twenty one L. monocytogenes isolates were 

selected from six traditional cheese dairies (A, B, C, D, E and F) producers of soft ewe’s 

cheese, according to their origin (milk, cheese or dairy environment) (Table 1). The 

procedures for the collection, identification and characterization of these isolates by 

serotyping, multiplex PCR and PFGE subtyping were previously described (Leite et al., 2006; 

Neves et al., 2008). 
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Table II.1 - Characterization of the isolates 

Isolate 

CBISA
a
 

Species 
Serovar/ 

Serogroup 
Pulsotype

b
 Origin 

Cheese 

dairy 

3001 L. monocytogenes 4b 31 Reference strain serovar 4b (= CECT4032
c
) - 

3004 L. monocytogenes 1/2b 34 Reference strain serovar 1/2b (=CECT936
c
) - 

3007 L. monocytogenes 1/2a 36 Reference strain serovar 1/2a (=CIP104 794
d
) - 

3096 L. monocytogenes 4b 6 Cheese C 

3107 L. monocytogenes 4b 6 Dairy environment D 

3119 L. monocytogenes 1/2b 3 Cheese B 

3130 L. monocytogenes 1/2a 1 Cheese B 

3169 L. monocytogenes 4b 10 Cheese F 

3172 L. monocytogenes 4b 6 Dairy equipment A 

3176 L. monocytogenes 4b 9 Cheese E 

3183 L. monocytogenes 4b 7 Bulk milk A 

3188 L. monocytogenes 4b 7 Dairy equipment A 

3192 L. monocytogenes 4b 8 Dairy equipment D 

3219 L. monocytogenes 4b 7 Cheese E 

3845 L. monocytogenes 4b 20 Human - 

3846 L. monocytogenes 4b 21 Human - 

3849 L. monocytogenes 1/2b 5 Human - 

3851 L. monocytogenes 1/2b 4 Human - 

3880 L. monocytogenes 1/2c-3c 2 Cheese E 

3999 L. monocytogenes 4b-4d-4e 37 Lettuce and tomato salad - 

4009 L. monocytogenes 4b-4d-4e 37 Lettuce and tomato salad - 

4076 P. aeruginosa  - - Strain PAO1 – IBB
e 

- 

(a) CBISA – Colecção de Bactérias do Instituto Superior de Agronomia, ISA/UTL; (b) From Leite et al., 2006 and 

Neves et al., 2008; (c) CECT – Collección Española de Cultivos Tipo; (d) CIP – Collection de l’ Institut Pasteur; (e) IBB - 

Institute for Biotechnology and Bioengineering, IST/UTL .  

Pulsotype 6 (in bold) - isolates with this pulsotype were collected during one year from cheese dairies A, C and D 

(Leite et al., 2006). 

2.2. Preparation of the inocula 

In order to prepare the inocula, isolates from cryogenic collection (-80 ºC) were struck onto 

TSA-YE (Oxoid, Hampshire, UK) and incubated overnight at 37 ºC. The purity of the cultures 

was confirmed by streaking isolated colonies onto the chromogenic selective medium 

CHROMagar™ Listeria (ASEPT, Laval, France) and onto horse blood agar (HBA): Nutritive agar 

(Oxoid, Hampshire, England) overlayed with blood agar (Oxoid) containing 5% (v/v) 

defibrinated horse blood (Probiológica, Belas, Portugal). 
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For each isolate, bacterial colonies were collected from TSA-YE plates and suspended into 

TSB (Biokar Diagnostics, Beauvais, France) in order to achieve bacterial concentration of 

1×107
 

CFU ml
-1

. The suspensions were carefully vortexed to eliminate possible bacterial 

clumps. The co-culture inocula were prepared by mixing suspensions at a ratio of 1:1 in order 

to maintain a total bacterial concentration of 1×107CFU ml
-1

. 

2.3. Disinfectant agents used 

Table 2 presents the characteristics of the four sanitizers (two alkaline/chlorine based – DD 

and T66, one acidic – BP and one alkyl amine acetate based – T99) used in this study. The 

experimental conditions (exposure time and temperature) used for the MBEC determination 

were chosen according to the product’s datasheet and are also presented on Table 2. 

In the cheese-dairies where the dairy isolates were collected, the sanitation and disinfection 

procedures consisted of the manual usage of a tensio-active agent for debris and grease 

removal, followed by manual disinfection with a chlorine-based agent (DD or T66). Agent DD 

and agent T66 were dissolved, or diluted in water, at about 50 ºC, or at room temperature, 

respectively, and sprayed on surfaces, equipments and utensils. Once a week, the chlorine 

disinfectant was replaced by T99. At the parlours, clean in place (CIP) systems were used. 

Twice a day, after milking, the equipment was rinsed with cold water and then a chlorine-

based agent (DD or T66) was used. Once a week, instead of the chlorine disinfectant, agent 

BP was used.  

For the evaluation of the MBEC, stock solutions of each sanitizer were prepared just before 

use, by completely diluting or dissolving each agent in sterile Ringer’s solution.  

 

 



 

Table II.2 - Information according to product’s safety datasheet on disinfectant agents and contact time and temperature used for MBEC determination 

 

Agent Properties pH 

Manufacturer´s recommendations  
Conditions used for MBEC 

determination 

Concentration 
Time 

(minutes) 
Temperature  

Time 

(minutes) 

Temperature  

(º C) 

T99 
Detergent/disinfectant 

(5 to 15% alkyl amine acetate) 

9  

(1%, 20 ºC) 

2 - 3 % (v/v) 

= 19.8 - 29.7 mg ml
-1 

 

0.5% - 1% (v/v) 

= 5 - 9.9 mg ml
-1

 

10 – 20 

 

 

More then 

20 

Room temperature  20 
Room 

temperature 

T66 
Liquid alkaline/chlorine based 

detergent/disinfectant 
11.8 (1%) 

2 - 5% (v/v) 

= 22.6 - 56.5 mg ml
-1

 
15 

Rinse previously 

with water (40-60 ºC) 

 

 
15 37 

DD 
Powder alkaline/chlorine based 

detergent/disinfectant 
12.4± 0.2 

0.5 - 2% (w/v) 

= 5 - 20 mg ml
-1

 
10 – 15 

70-80 ºC  

(greasy material) 

 

40-50 ºC  

(not greasy material) 

 

 

 

 

 

15 50 

BP 
Acid disinfectant 

(phosphoric acid) 
1.7± 0.2 (1%) 

0.5 - 1% (v/v) 

= 5.7 - 11.5 mg ml
-1

 
10 – 15 50-70 ºC  15 60 

  

50 
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2.4. Evaluation of biofilm forming ability using the Calgary Biofilm 

Device® (CBD)  

The biofilm forming ability of the strains was evaluated using the CBD with an incubation 

period of 24 hours, at 37 ºC. Four L. monocytogenes were further selected according to their 

origin (dairy environment, human and cheese), serovar (4b, 1/2b and 1/2c) including a 

persistent strain (3107). These strains were also evaluated on their biofilm forming ability at 

12 ºC for seven days. Co-culture biofilms with each of these four strains and P. aeruginosa 

were produced in both growth conditions. 

The CBD was inoculated with 150 µl of inocula in each well, sealed with Parafilm® and placed 

on an orbital shaker set to 150 revolutions per minute, in a humidified atmosphere, at 37 ºC 

(Agitorb 200IC, Aralab, Lisbon, Portugal) or at 12 ºC (Minitron A172, HT infors, Bottmingen, 

Switzerland). After the CBD incubation, the pegs on the lid were rinsed in 200 µl Ringer’s 

solution in a microtiter plate. The quantification of the formed biofilm was then achieved by 

removal (with flamed pliers) of three pegs from the lid of the CBD of each culture and 

immersion into 200 μl Ringer’s solution in a microtiter plate. This plate was then transferred 

onto the tray of a sonicator (P-Selecta, Barcelona, Spain) and the pegs were sonicated for 

one minute, to detach the cells. The resultant suspension was decimal diluted and triplicate 

plated onto TSA-YE. 

Suspensions resulting from co-culture biofilms were additionally plated, in triplicate, onto 

PALCAM (Biokar Diagnostics, Beauvais, France) which by inhibiting the growth of P. 

aeruginosa allowed the estimation of this bacteria population by the difference between the 

total count on TSA-YE and the L. monocytogenes population on PALCAM. Plates were 

incubated at 37 ºC, during 24 h and 48 h, for TSA-YE and PALCAM, respectively, before 

counting the colonies. 
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2.5. Determination of the Minimum Biofilm Eradication Concentration 

(MBEC) 

The MBEC of the four disinfectant agents was determined for the five strains (the P. 

aeruginosa and the four L. monocytogenes strains) either in pure cultures or in co-cultures of 

P. aeruginosa strain with each of the L. monocytogenes strains. The determination of the 

MBEC of each disinfectant was performed in triplicate for the biofilms (either in pure culture 

or in co-culture) produced at 37 ºC and at 12 ºC. 

After biofilm growth and rising as previously described, the CBD lid was transferred to a 

microtiter plate containing serial twofold dilutions of each disinfectant agent in Ringer 

solution in a final volume of 200 µl. After the contact time and temperature with the 

respective disinfectant agent (Table 2) the CBD lid was rinsed twice as described previously, 

for 90 s each time. The lid was then transferred to a recover microtiter plate containing 200 

µl of TSB in each well. This recover plate was sonicated, as described before, in order to 

disrupt biofilms from the surface of the pegs. The recovery plate was then incubated for 24 

hours at 37 ºC and the wells were visually checked for turbidity. 

The MBEC was defined as the lowest concentration of the disinfectant agent required to 

eradicate the biofilm of a selected isolate after a recovery period of 24 hours at 37 ºC. 

2.6. Interpretation of the results and data analysis 

In MBEC assays a result was considered positive, thus presenting microbial growth, when at 

least two of three replicates presented visible growth. When visible growth was detected 

only in one or in none of the three replicates, the result was considered negative. 

In biofilm production data, the homogeneity of variance was confirmed and ANOVA of the 

log CFU values was carried out using Least Significant Differences (LSD) post hoc multiple 

comparison tests by running the program Statistica, version 6, from Statsoft, Tulsa, OK, USA. 

Those values whose probability of occurrence was greater than 95% (p < 0.05), were 

considered as significant values.  
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3. Results and discussion 

3.1. Evaluation of biofilm forming ability using the Calgary Biofilm 

Device® (CBD) 

In order to identify the sonication time necessary and sufficient to promote the detachment 

of biofilms, several sonication times were tested (30 seconds, 1, 2, 5, 6, 10 and 15 minutes) 

using three L. monocytogenes strains (3001, 3077 and 3130). The highest values of CFU/peg 

were obtained after one minute of sonication (data not shown). This sonication time was 

then selected for the removal of biofilms from the pegs.  

The resulting viable count data from biofilm forming ability assessment, at 37 ºC, were 

transformed to log CFU/peg (Fig. II.1). The results ranged from 5.3 to 6.4 log CFU/peg for L. 

monocytogenes. P. aeruginosa displayed significantly higher count data (7.5 log CFU/peg).  

P. aeruginosa PAO1 presented a biofilm forming ability significantly higher than L. 

monocytogenes isolates. For L. monocytogenes it was possible to establish four statistically 

homogeneous groups (p > 0.05). Strain 3007 exhibited biofilm forming ability significantly 

lower than the other strains. Within the other L. monocytogenes isolates it was also possible 

to establish 3 statistically homogeneous groups (p > 0.05). A group with a lower biofilm 

forming ability, an intermediate group, both with 4 strains, and a group with higher biofilm 

forming ability that included isolates (3096, 3172) of the persistent strain used (Fig. II.1 and 

Table II.1). 

In agreement with the reported by Kalmokoff et al. (2001), in the present work the method 

used for evaluation of biofilm forming ability suggested the lack of association between 

biofilm forming ability and the serovar of the strains. When compared the phylogenetic 

group of the isolates with its corresponding biofilm forming ability, it was not possible to 

establish a tendency. In fact, the groups identified as having a poor biofilm forming ability 

included isolates of the three tested serovars (1/2a, 1/2c and 4b). Serovars 1/2a, 1/2b and 4b 

were also identified within the group having a good biofilm forming ability (Fig. II.1 and 

Table II.1).  
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In contrast with other methods, such as cristal violet staining (Djordjevic et al., 2002; Borucki 

et al., 2003), the CBD determinations are based on direct quantification of viable cells which 

gives a more useful information for setting sanitization operation procedures.  

 

Fig. II.1 – Biofilm forming ability of L. monocytogenes isolates, using the Calgary Biofilm Device
®

 

(CBD), after 24 hours of biofilm growth at 37 ºC. Medium values of log CFU/peg ± standard deviation 

(error bars). The lines over the bars group strains with no significant differences among them. Equal 

letters mean no significant differences between count values. Different letters mean that count values 

are statistically different (p < 0.05). 

3.2. Co-cultures of L. monocytogenes and P. aeruginosa at 12 ºC 

Four L. monocytogenes strains were selected based on different serovar, origin and biofilm 

forming ability to be used for culture at 12 ºC and also for co-culture with P. aeruginosa, at 

37 and 12 ºC. When grown in single culture at 12 ºC (Fig. II.2), isolate 3849 showed a 

significantly lower (p < 0.05) biofilm forming ability compared not only to P. aeruginosa but 

also to the other L. monocytogenes strains. Strain 3880, although not significantly different 

from the other two L. monocytogenes strains, was also not significantly different from P. 

aeruginosa, thus presenting an intermediate biofilm forming ability.  



55 

A careful comparison of the strains ability to form biofilms at 37 ºC and 12 ºC must be made 

since the incubation time was different (24 h and 7 days respectively). Despite these 

differences, no significantly different biofilm production ability (log values of CFU/peg) was 

obtained at both temperatures for all strains. Although not quantified in this work, it is 

known that the amount of the biofilm also depends on the amount of polysaccharide in the 

matrix, as well as on its composition which are dependent on incubation time and 

temperature (Zameer et al., 2010). This fact can account for differences in biofilm 

susceptibility and reinforces the importance of using biofilms produced at low temperatures 

in disinfectant testing. 

 

Fig. II.2 - Means values of log CFU/peg ± standard deviation (error bars) corresponding to biofilms of 

P. aeruginosa PAO1 and of four L. monocytogenes strains, respectively, after 7 days of biofilm growth 

at 12 ºC. Equal letters mean no significant differences between count values. Different letters mean 

that count values are statistically different (p < 0.05). 

 

Figure 3 represents the mean values of log CFU/peg obtained for co-culture biofilms of L. 

monocytogenes and P. aeruginosa produced at 37 ºC and at 12 ºC. Among the Listeria 

strains, no significant differences (p < 0.05) were detected either for the co-cultures grown at 

37 ºC or at 12 ºC, except for the co-culture M3 (with the lower biofilm producer L. 

monocytogenes 3849) at 37 º C (Fig. II.3). 

In co-cultures, either at 37 ºC or at 12 ºC, the total log CFU/peg was not significantly 

different from the P. aeruginosa log CFU/peg (Fig. II.3). In fact, P. aeruginosa was the 

dominant species and L. monocytogenes represented an average of 1% of the total biofilm 

although the two species were in initial equal concentrations in the inocula. These results are 
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consistent with those from Fatemi and Frank (1999) in which L. monocytogenes represented 

only 0.01% of the total co-culture biofilm of L. monocytogenes and Pseudomonas sp.. 

Nevertheless, the same order of magnitude of L. monocytogenes cells was obtained in both 

studies (5 log CFU/cm2) (Fig. II.3). 

 

Fig. II.3 – Mean values of log CFU/peg ± standard deviation (error bars) corresponding to co-culture 

biofilms, of each of the four L. monocytogenes strains with P. aeruginosa PAO1, formed at 37 ºC for 24 

hours (gray) and 12 ºC for seven days (white). M1=3107 + PAO1; M2= 3845 + PAO1; M3= 3849+ 

PAO1; M4= 3880 + PAO1.   -Total CFU/peg (37 ºC);  - P. aeruginosa (37 ºC);  - L. 

monocytogenes (37 ºC);  - Total CFU/peg (12 ºC);  - P. aeruginosa (12 ºC);  -L. monocytogenes 

(12 ºC). Upper case equal letters refer to statically undifferentiated values of CFU/peg for biofilms 

grown at 37ºC. Lower case letters refer to statistically undifferentiated values of CFU/peg for biofilms 

grown at 12 ºC. Different letters refer to statistically different values of CFU/peg (p < 0.05). 

3.3. Determination of the Minimum Biofilm Eradication Concentration 

(MBEC)  

In addition to biofilm forming ability evaluation, the CBD allows a rapid screening of several 

isolates to determine the minimum biofilm erradication concentration (MBEC). Biofilms of 

four L. monocytogenes strains and a P. aeruginosa strain as well as the respective co-culture 

biofilms, produced at 37 ºC and at 12 ºC, were challenged against four commercial sanitizers 
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under conditions similar to those recommended by the agent’s manufacturers (Table 2). The 

MBEC values are presented in Table 3. For biofilms produced at 37 ºC, the highest value of 

MBEC of T99 (30720 µg/ml) was recorded for the P. aeruginosa biofilm. At the same 

temperature of growth, the low biofilm forming strain 3880 (Fig. 1) registered the lowest 

MBEC value (1920 µg/ml) among the L. monocytogenes strains. This effect was no longer 

recorded when the biofilm was produced at 12 ºC, for seven days (MBEC of T99 = 30720 

µg/ml) (Table 3). In fact, during growth at 12 ºC, this L. monocytogenes strain presented an 

intermediate biofilm forming ability between L. monocytogenes strains and the higher 

biofilm forming strain of P. aeruginosa. These results suggest that the kinetics of biofilm 

formation and maturation may be strain dependent, but differences among strains will be 

reduced or even eliminated with extended incubation times. This fact also reinforces the 

importance of prompt and proper sanitization of industrial facilities. 

In general, at 12 ºC the MBEC values of T99 obtained for the co-culture biofilms were among 

the values obtained for the pure cultures of L. monocytogenes and P. aeruginosa (Table 3). 

Moreover, the MBEC values of T99 for P. aeruginosa at 37 ºC and at 12 ºC, as well as for 

strain 3880 and the co-culture M1 produced at 12º C (30.7 mg/ml ) were above the 

recommended in use concentrations for this agent (29.7 mg/ml) (Table 2 and Table 3). 

For the biofilms produced at 37 ºC, the sanitizer agent T66 presented MBEC values very 

homogeneous for the L. monocytogenes strains. These values were lower than for the P. 

aeruginosa strain and the co-culture biofilms. Nevertheless, when biofilm growth was 

performed at 12 ºC, the L. monocytogenes strains presented the same MBEC value as P. 

aeruginosa and more remarkable the co-culture biofilms presented higher MBEC values, 

although below the in use concentrations recommended for this agent. 

For the chlorine based agent DD, the pure cultures grown at 37 ºC presented higher MBEC 

values compared with the cultures grown at 12 ºC, however the obtained values were always 

below the in-use recommended concentrations. With this sanitizer, after incubation, the 

recovered suspensions of co-culture biofilms, which had been previously exposed to the 

higher concentrations of this sanitizer, presented a turbidity characteristic of pure cultures of 

L. monocytogenes. In contrast, the recovered suspensions which had been exposed to lower 

concentrations of this sanitizer, presented a turbidity characteristic of pure cultures of P. 

aeruginosa. Nevertheless when Gram staining of these suspensions was performed, both 

species were identified. It is possible that L. monocytogenes will be preferably present in the 
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inner layers of the biofilm, becoming this way more protected of the sanitizer action, 

whereas P. aeruginosa will be preferably present on the outer layers of the biofilm. The fact 

that L. monocytogenes is a facultative anaerobe and P. aeruginosa is an obligate aerobe may 

reinforce this hypothetical species disposition within the biofilm. This will be further 

investigated.  

For agent BP, MBEC for biofilms produced at 37 ºC were within the recommend range of in 

use concentrations (Table 2 and Table 3). However, the biofilms produced at 12 ºC by pure 

cultures of strains 3107, 3880, PAO1 and the co-culture M4 (3880 + PAO1) presented MBEC 

values higher than the recommended concentrations for this agent. 

Generally, co-culture biofilms were less susceptible to biocides than the respective pure 

culture biofilms. These results agree with the findings of Noorwood and Gilmour (2000), 

which by using co-cultures of L. monocytogenes, P. fragi and Staphylococcus xylosus also 

observed a protective effect of the mixed culture biofilms when compared with the pure 

culture biofilms. This effect is pointed out by Carpentier and Cerf (1993) as the result of 

higher numbers of bacteria and higher amounts of extracellular polymeric substances (EPS). 

In fact, although in this work EPS production was not evaluated, the number of total viable 

bacteria (CFU) present in the co-culture biofilms was always al least more than one log 

higher than L. monocytogenes pure culture biofilms (Fig. II.1, Fig. II.2 and Fig. II.3). 

 

 



 

 

 

 

 

Table II.3 – MBEC values of four sanitizer agents for biofilms produced at 37 ºC and at 12 ºC, of four L. monocytogenes strains, 

one P. aeruginosa (PAO1) and the respective co-culture biofilms  

Biofilm 

formation 
Disinfectant agent based on  

Strain/ Co-culture 

3107 3845 3849 3880 PAO1 M1 M2 M3 M4 

MBEC (µg/ml) 

37 º C, 

24 hours 

alkyl amine acetate (T99) 7680 3840 7680 1920 30720 15360 7680 3840 15360 

liquid alkaline/chlorine (T66) 50 50 25 50 400 200 1600 400 800 

powder alkaline/chlorine (DD) 625 1250 312.5 312.5 2500 2500 2500 10000 1250 

phosphoric acid (BP) 1000 4000 1000 4000 8000 4000 8000 2000 4000 

12 ºC, 

7 days 

alkyl amine acetate (T99) 15360 15360 15360 30720 30720 30720 15360 7680 3840 

liquid alkaline/chlorine (T66) 400 400 100 400 400 1600 6400 6400 6400 

powder alkaline/chlorine (DD) 156.3 156.3 78.1 312.5 1250 1250 20000 10000 20000 

phosphoric acid (BP) 16000 4000 1000 16000 32000 4000 1000 1000 32000 

    M1= 3107 + PAO1; M2= 3845 + PAO1; M3= 3849 + PAO1; M4=3880 + PAO1. 
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4. Conclusion 

The study of biofilm forming ability of contaminant microorganisms and especially 

pathogens, on equipments and other surfaces of food industries, is useful for the 

development of effective hygienization routines, and ultimately to ensure food safety. 

Ineffective sanitization operations may allow biofilms to develop and strains to persist for 

long periods which may prompt the occurrence of recurrent contaminations. 

In field conditions, mixed cultures biofilms will predominate. Likewise, since most food plants 

have cold wet growth niches in production and storage areas, susceptibility testing should 

be performed on biofilms produced at refrigeration temperatures. Notwithstanding, to our 

knowledge this is the first study on biofilm susceptibility to commercial sanitizers performed 

on biofilms produced at low temperature. The results presented here show that biofilms 

produced at 12 ºC, were generally less susceptible than the biofilms produced at 37 ºC 

despite cell population was similar in both conditions used.  

In a previous study with the same sanitizers used in this work, the results from susceptibility 

testing of L. monocytogenes strains suggested that except for agent BP (in the presence of 

organic matter), the other in-use sanitizers were bactericidal for persistent and non-

persistent strains at in-use concentrations (Lourenço et al., 2009). In the present study, with L. 

monocytogenes biofilms, in pure culture as in co-culture with P. aeruginosa, persistent 

strains were included in the group of good biofilm formers. Biofilms of L. monocytogenes, P. 

aeruginosa and co-culture biofilms, particularly produced at 12 ºC, retrieved MBEC values for 

agents T99 and BP that were, at times, above the maximum in-use recommended 

concentrations for these agents. We did not observe this with the chlorine based agents (DD 

and T66). In fact, agent T66 was found the most effective sanitizer for biofilm eradication, 

even for biofilms produced at the refrigeration temperature (12 ºC). 

The results presented here highlight the importance of the temperature used for biofilm 

formation, when susceptibility to disinfectants is being accessed. 
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ABSTRACT 

The contamination of ready-to-eat products with this microorganism has been related to the 

presence of biofilms in production lines, as biofilms protect cells from chemical sanitizers. 

The ability of L. monocytogenes to produce biofilms is often evaluated using in vitro 

methodologies. This work aims to compare the most frequently used methodologies 

including high-throughput screening methods based on microplates (crystal violet and the 

Calgary biofilm device) and methods based on CFU enumeration and microscopy after 

growth on stainless steel. Thirty isolates with diverse origins and genetic characteristics were 

evaluated. No or low correlations between methods were observed. The only significant 

correlation was found between the methods using stainless steel. No statistically significant 

correlation (P  0.05) was detected between genetic lineage, serovar and biofilm forming 

ability. Results indicate that biofilm formation is influenced by the surface material; hence the 

extrapolation of results from high-throughput methods using microplates to more 

industrially relevant surfaces should be undertaken with caution. 

 

 

 

Key words: biofilms, Listeria monocytogenes  
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1. Introduction 

Human listeriosis is an infection associated with the consumption of food contaminated with 

Listeria monocytogenes. Although it has a low incidence, its high mortality rate among 

people of advanced age or with weakened immune systems and its association with 

miscarriage and stillbirth makes it an important public health problem. The Centers for 

Disease Control and Prevention reported 29 outbreaks in the USA, with 425 ill people and 48 

associated deaths from December 1998 to June 2009 (http://wwwn.cdc.gov). In the EU, the 

number of confirmed cases increased 19% in 2009 compared to 2008 (European Food Safety 

Authority, 2010.). Outbreaks are often associated with consumption of ready-to-eat foods 

produced in industrial facilities. The contamination of these foods is associated with 

colonization of industrial environments that can remain contaminated for long periods of 

time (Leite et al., 2006; Bērziņš et al., 2010; Chen et al., 2010). 

A biofilm is an aggregation of microorganisms growing on a surface embedded in self-

produced extracellular polymeric substances. Attachment to surfaces and the subsequent 

biofilm formation confer survival advantages for bacteria; of these the one most relevant to 

the food industry is protection from antimicrobial agents (Frank & Koffi, 1990; Møretrø & 

Langsrud, 2004; Silva et al., 2008; Wong et al., 2010). L. monocytogenes has the ability to 

adhere to and form biofilms on food contact materials such as polystyrene, Teflon, marble, 

granite, glass, polypropylene and stainless steel (Blackman & Frank,1996; Lunden et al, 2000; 

Pan et al, 2006; Di Bonaventura et al, 2008; Silva et al., 2008). The biofilm forming ability of L. 

monocytogenes has been assessed by various techniques. The crystal violet method 

proposed by Christensen et al. (1985) and adapted by others (Djordjevic et al., 2002; Borucki 

et al, 2003; Stepanović et al, 2004) has been widely used for simple high-throughput 

screening of cultures. This method involves growing biofilms on microtiter plates, staining 

them with crystal violet, and then solubilizing the bound dye to measure its absorbance. 

Other methods for measuring biofilms rely on the removal of cells from the surface and 

plating of the resulting cell suspension to determine CFUs. Stainless steel is frequently used 

as the surface for biofilm growth (Frank & Koffi, 1990; Moltz & Martin, 2005). Researchers 

have used various means to dislodge cells from the surface including sonicating, vortexing, 

scraping, and swabbing. The Calgary biofilm device consists of a two-part reaction vessel 
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where the top component forms a lid holding 96 polystyrene (PS) pegs where the biofilms 

are formed in an area of 0.44 cm2 if the recommended volume of culture medium (150 µl) is 

used (Ceri et al., 1999; Harrison et al., 2010). It was developed for high throughput by 

providing for the growth of 96 independent biofilms. It differs from the microplate method 

since the biofilm is not formed on the bottom of the well of the microplate, so that 

sedimentation of the cells is avoided (McLandsborough et al., 2006). Direct visualization of 

the biofilm has also been used to assess biofilm-forming ability of L. monoycytogenes, either 

by using confocal scanning laser microscopy (Palmer Jr & Sternberg, 1999; Chae & Schraft, 

2000) or epifluorescence microscopy (Christensen et al., 1985; Blackman & Frank,1996; 

Folson et al., 2006; Takahashi et al., 2009); the latter quantifies area covered by biofilm but 

does not take into account biofilm thickness. Each method is influenced by a combination of 

different factors: the surface material, the growth conditions and the biofilm quantification 

procedure. It is thus not possible to identify the factor(s) responsible for the strains 

categorization, nevertheless the objective of this research was to compare and to correlate 

the ability of these four methods of evaluating the biofilm forming ability of 30 isolates of L. 

monocytogenes. 

2. Materials and methods 

2.1. Characterization of isolates 

Thirty isolates of L. monocytogenes including five culture collection strains were used in this 

work (Table III.1). Procedures for the collection, identification and characterization of some of 

these isolates by serotyping, multiplex PCR and PFGE subtyping were previously described 

(Leite et al., 2006; Neves et al., 2008). The thirty isolates correspond to 22 different 

pulsotypes. Cultures were stored at 80°C in cryoprotectant on cryogenic beads (Microbank, 

Prolab Diagnostics, Austin, TX. USA).  
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2.2. Stainless steel coupons 

Stainless steel coupons (2  5 cm) type 304 finish 4b (University of Georgia Instrument Shop, 

Athens, GA) were used. Before using the coupons were cleaned as described by Folsom et al. 

(2006). Coupons were cleaned in acetone to remove grease, rinsed in distilled water and 

immersed in a phosphoric-acid-based cleaner (CIP200, Steris corporation, Mississauga, ON 

Canada) at room temperature for 20 min. The coupons were then again rinsed in distilled 

water and sterilized individually by autoclaving in test tubes. 
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Table III.1. - Listeria monocytogenes isolates used in this study. 

Isolate 

CBISA
a
 

Serovar/ 

Serogroup 
Pulsotype

b
 Origin 

3001 4b 31 CECT4032
c
 

3004 1/2b 34 CECT936 

3006 4c - CIP78.39
d
 

3007 1/2a 36 CIP104 794 

3049 1/2a 3 Raw milk 

3077 4b 6 Cheese 

3096 4b 6 Cheese 

3102 4b 11 Cheese 

3107 4b 6 Dairy environment 

3119 1/2b 3 Cheese 

3130 1/2a 1 Cheese 

3169 4b 10 Cheese 

3172 4b 6 Dairy equipment 

3176 4b 9 Cheese 

3183 4b 7 Bulk milk 

3188 4b 7 Dairy equipment 

3192 4b 8 Dairy equipment 

3204 1/2c 2 Milking Device 

3230 1/2c 2 Cheese 

3845 4b 20 Human 

3846 4b 21 Human 

3851 1/2b 4 Human 

3858 4b 16 Human 

3859 4b 18 Human 

3880 1/2c 2 Cheese 

3900 1/2c 2 Cheese 

3972 4b 32 Human 

3993 4d/4e 29 Animal product - INRA
e
 

4222 
 

- Raw chiken - UGA
f
 

4223 4b - ATCC 19115
g
 

(a) CBISA – Colecção de Bactérias do Instituto Superior de Agronomia, ISA/UTL; (b) From Leite et al. 

(2006) and Neves et al. (2008); (c) CECT – Collección Española de Cultivos Tipo; (d) CIP – Collection de 

l’ Institut Pasteur; (e) INRA – Institut National de la Recherche Agronomique; (f) UGA - University of 

Georgia; (g) ATCC – American Type Culture Colection. Pulsotype 6 (in bold) - isolates with this 

pulsotype were collected during one year from three different cheese manufacturing facilities (Leite et 

al., 2006). 
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2.3. Evaluation of biofilm forming ability on stainless steel by cell 

enumeration (SSC) 

Tubes with 25 ml of TSB (Difco, Detroit, MI. USA) were inoculated with each culture directly 

from frozen storage and incubated for 20 h at 25°C. Coupons were immersed in these 

cultures for 4 hours at 25°C to promote attachment. After the attachment period, coupons 

were rinsed with 10 ml distilled sterile water to remove unattached cells, placed in fresh 25 

ml of TSB, and incubated for 24 hours at 25ºC. After this incubation, the coupons were rinsed 

again, as previously described, and placed in fresh 25 ml of TSB for an additional incubation 

of 24 hours at 25 °C. Coupons were rinsed with distilled water to remove unattached cells 

and swabbed on both sides with calcium alginate fiber disposable swabs (Fisher brand®, 

Pittsburgh, PA USA). The swabs and the coupons were transferred to a 50 ml disposable tube 

with 10 ml PBS and vortexed for approximately 1 min. The resulting suspension was then 

decimal diluted, if necessary, and plated (50 µl) using a spiral plater (Autoplate 4000, Spiral 

Biotech, Bethesda, MA USA) onto TSA. TSA plates were incubated at 25ºC for 24 hours 

before colony enumeration.  

2.4. Evaluation of biofilm forming ability on stainless steel by 

microscopy (SSM) 

The procedure for biofilm formation on stainless steel to be accessed by microscopy was 

performed as previously described for SSC. After formation of the biofilms, the coupons were 

covered with a solution (0.05 mg/ml) of Hoechst 33258 (Sigma Chemical Co., St. Louis, MO 

USA), a fluorescent nucleic acid stain, and incubated in the dark at room temperature for 30 

minutes. Coupons were then rinsed with water and air dried before visualization using an 

epifluorescence microscope equipped with an excitation filter of 330 to 380 nm, an emission 

filter of 435 to 485 nm, and a dichroic mirror of 400 nm. Images of the biofilms were 

acquired using a Nikon Eclipse E600 epifluorescence microscope (Southern Micro 

Instruments, Marietta, GA USA) equipped with a Magnafire CCD camera (Southern Micro 

Instruments) under 100 magnification. Ten images were randomly captured from each 

coupon (40 images in total for each strain). The images were converted to gray scale by 
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using the shareware software GIMP 2.6.8 (http://www.gimp.org/). Using the software 

UTHSCSA Image Tools 3.0 (Health Science Center, University of Texas, San Antonio, USA) the 

images were converted to black and white by thresholding, so that the stained cells were 

black and the background was white. Black and white pixels were counted and the 

percentage of occupied area calculated. 

2.5. Evaluation of biofilm forming ability by crystal violet 

The CV assay was based on the procedure described by Borucki et al. (2003). Briefly; a 

suspension with a concentration of 1 x 10
7 

CFU/ml was prepared by collecting bacterial 

colonies from the surface of TSA with Yeast Extract plates previously incubated for 20 h at 

37ºC. For each isolate, 150 µl was inoculated in six wells of a polystyrene microtiter plate 

(Nunclon™, Roskilde, Denmark). Six other wells were filled with 150 µl each of sterile culture 

medium to serve as sterility control and to provide a zero standard for absorbance 

measurements. The microtiter plates were sealed with Parafilm® and placed on an orbital 

shaker (Agitorb 200IC, Aralab, Sintra, Portugal) at 25°C for 24 hours with the shaker set to 

150 revolutions per minute. 

After biofilm growth, the wells were emptied and rinsed three times with 150 µl of sterile 

distilled water. Plates were dried in an inverted position for 30 min. Crystal violet (50 µl of a 

0.1 % (w/v) solution) was then added to each well and allowed to stain for 45 min. Each well 

was rinsed again three times with 150 µl of sterile distilled water to remove the unabsorbed 

stain. The absorbed crystal violet was solubilized by adding 200 µl of 95% (v/v) ethanol and 

incubating at 4°C for 30 min. From each well 100 µl were transferred to a new microtiter plate 

and the absorbance measured at 600 nm using a microplate reader (Model 680, Bio Rad, 

Hercules, USA). 

http://www.gimp.org/
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2.6. Evaluation of biofilm forming ability using the Calgary Biofilm 

Device® (CBD) 

The inoculation of the CBD was done in the same way as described for the biofilm formation 

on microtiter plates. After biofilm growth on the polystyrene pegs, biofilms were rinsed for 

90 seconds by transferring the CBD lid into a microtiter plate containing 200 µl Ringer’s 

solution per well. The biofilm population was enumerated after transferring the CBD lid into a 

fresh microtiter plate with 200 μl Ringer’s solution per well and sonicating it on the tray of a 

sonicator (P-Selecta, Barcelona, Spain) for one minute, as described in Lourenço et al. (2011). 

The resulting suspensions were then serially diluted and spot plated on TSA-YE. Each strain 

was tested at least four times. 

2.7. Data analysis 

Measurements from the four methods (CV, CBD, SSC and SSM) resulted in different types of 

raw data (absorbance values at 600 nm, CFU/cm2, CFU/cm2 and % of covered area, 

respectively). Statistica® version 7.0 (Statsoft, Tulsa, OK, USA) was used for statistical analysis. 

Percentage of covered area were analyzed using box plots to identify outliers. No more than 

5 out of forty values for each strain were identified as outliers. Data from the four methods 

were tested for ANOVA assumptions. Conformance to normality was determined using the 

Anderson-Darling test. Conformance to homogeneity of variance was determined using 

Levene's test. Due to the lack of normality of the data, non-parametric analysis was used to 

compare the methods as well as to determine the influence of isolate characteristics within 

each method. The amount of variation within each method was evaluated by calculating the 

coefficient of variation. Comparison of the four methods was obtained through the 

calculation of the Spearman rank correlation coefficients ρ, and their relationships were 

explored subsequently by using a factorial analysis (Principal Component Analysis). Kruskal-

Wallis one-way analysis of variance was used to compare lineages, serovars and pulsotypes 

of the isolates within each method. For all tests, the confidence level for significance was 95 

% (p < 0.05). 
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3. Results  

Biofilm forming ability for the 30 isolates ranged from 0.09 to 0.39 (Abs 600 nm) using the 

CV method (Table 2). CFU data obtained using the CBD method ranged from 9.94103 to 

1.54106 CFU/cm2. CFU data obtained by swabbing coupons (SSC) ranged from 1.11105 to 

2.85106 CFU/cm2. Microscopy (SSM) provided of area covered ranged from 0.54% to 15.6%. 

The variation coefficient was 0.305 for CV, 0.998 for CBD, 0.707 for SSC and 0.703 for SSM, 

indicating that the CV method provided the less scattered biofilm determination (Table III.2).  

The values of biofilm forming ability of the thirty isolates evaluated by the four methods 

were transformed into rank orders and evaluated by principal components analysis (PCA). By 

using this approach, the initial 4-dimensional space (4 variables – methods) was reduced to a 

plane F1-F2 defined by the two principal components which account for 72.3 % of the 

variability of the data (47.5 on the first component and 24.8 % on the second component) 

(Figure III.1). When the strains are plotted on the plane defined by the first (F1) and second 

(F2) principal components one can observe that biofilm forming ability is not determined 

consistently by the four methods. The four methods are positively correlated along the F1 

axis, indicating that higher F1 values corresponded to a general increase in biofilm forming 

ability for the four methods. Likewise, variation in the opposing direction denotes a generally 

decreasing biofilm forming ability of the strains. This can be illustrated by isolates 3119 and 

3169 as good biofilm formers and by 3006 and 3993 as low biofilm forming isolates. The 

second axis (F2) represents the comparison of methods SSC and SSM, which are shown to be 

inversely correlated with the methods CBD and CV. For example, isolates 3230 and 3007, 

which have high F2 values, are described by methods SSC and SSM as good biofilm formers 

but are described by methods CV and CBD as low biofilm formers. Isolates 3130 and 3096, 

on the other hand, which have low F2 values, are described by methods CV and CBD as good 

biofilm formers but by methods SSC and SSM as low biofilm formers. 

The non-parametric Spearman rank order correlations calculated for the four methods 

confirm these trends. The correlation coefficient for methods SSC and SSM (0.57) is 

significant (p = 0.001), but not high. The correlation coefficient between CBD and CV (0.31) 

was not significant (p = 0.091) (Table III.3). Other pairwise comparisons also did not produce 

significant correlations.  
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In this study, the percentage of covered areas for some of the tested strains was similar but 

the morphology of the biofilms differed (Figure III.2). For example, isolate 4222 (Figure III.2B) 

showed compact agglomerations of biofilm with high cell density, in contrast to isolate 3230 

(Figure III.2C), which presented well distributed microcolonies throughout the surface. 

Figures III.2A and III.2D show the morphology of the lowest and the highest biofilm 

producing strains. 

The association between serovar, as well as lineage and biofilm formation, was also 

determined, but again no significant differences were detected (the P values for Kruskal-

Wallis one-way analysis of variance were 0.39, 0.41, 0.32 and 0.21 for CV, CBD SSC and SSM, 

respectively when biofilm formation was tested against serovar and 0.35, 0.40, 0.33 and 0.16 

for CV, CBD SSC and SSM, respectively when biofilm formation was tested against lineage). 

Moreover, the three isolates with the highest biofilm forming ability in each method 

belonged to both lineages I and II. 
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Table III.2. – Biofilm forming ability accessed by the four tested methods: CBD- Calgary Biofilm 

Device, CV – Crystal violet, SSC – Direct plate count from stainless steel coupons, SSM – Visualization 

by epifluorescence microscopy of stainless steel coupons. Isolates are indicated by their reference 

number (Table 1). 

 

Isolate 

CBISA
a
 

CBD 

(CFU/cm
2
) 

CV 

(A600 nm) 

SSC 

(CFU/cm
2
) 

SSM 

(%)
b
 

3001 3.02E+05 0.155 8.08E+05 1.58 

3004 9.94E+03 0.184 7.72E+05 4.46 

3006 3.19E+04 0.094 2.21E+05 0.54 

3007 9.10E+04 0.171 2.85E+06 3.75 

3049 3.73E+04 0.181 1.11E+05 1.51 

3077 1.04E+05 0.222 6.28E+05 2.10 

3096 9.60E+05 0.256 4.25E+05 2.33 

3102 9.37E+04 0.199 3.36E+05 6.83 

3107 3.82E+05 0.153 2.74E+05 4.81 

3119 9.13E+05 0.301 1.34E+06 15.60 

3130 1.54E+06 0.392 2.75E+05 2.93 

3169 9.90E+05 0.310 9.41E+05 5.77 

3172 7.27E+05 0.267 5.09E+05 2.62 

3176 2.87E+05 0.273 7.31E+05 7.32 

3183 3.04E+05 0.247 9.83E+05 2.56 

3188 1.19E+06 0.175 5.97E+05 6.30 

3192 5.34E+05 0.194 7.45E+05 2.42 

3204 1.11E+06 0.199 8.30E+05 3.09 

3230 3.99E+04 0.185 1.24E+06 9.83 

3845 7.82E+05 0.140 8.24E+05 5.27 

3846 1.16E+06 0.167 1.06E+06 6.77 

3851 5.78E+05 0.208 5.73E+05 5.45 

3858 1.28E+05 0.223 1.24E+06 7.82 

3859 1.77E+05 0.177 6.65E+05 6.39 

3880 3.39E+05 0.206 3.50E+05 5.16 

3900 5.04E+04 0.197 4.19E+05 1.37 

3972 2.16E+05 0.143 5.42E+05 2.50 

3993 1.72E+04 0.105 1.65E+05 2.01 

4222 1.13E+05 0.239 1.04E+06 9.08 

4223 7.83E+04 0.281 4.84E+05 0.67 

(a) CBISA – Colecção de Bactérias do Instituto Superior de Agronomia, ISA/UTL; 

(b)  (b) Percentage of covered area by the biofilm.  
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Figure III.1. - Principal Component Analysis of the four methodologies used to assess biofilm forming 

ability: CBD- Calgary Biofilm Device, CV - Crystal violet, SSC - Direct plate count from stainless steel 

coupons, SSM - Visualization by epifluorescence microscopy of stainless steel coupons. Isolates  are 

indicated by their reference number (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2. - Epifluorescence microscopy images of biofilms from isolates (A) 3006, 0.54%; (B) 4222, 

9.1%; (C) 3230, 9.8%; and (D) 3119,11.9%, using fluorescent dye Hoechst 33258 under a magnification 

of ×100. The percentages represent the area covered by the biofilm.  
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Table III.3. - Pairwise Spearman rank order correlation coefficient (ρ) for biofilm analysis methods. 

CBD - Calgary Biofilm Device, CV - Crystal violet, SSC - Direct plate count from stainless steel coupons, 

SSM - Visualization by epifluorescence microscopy of stainless steel coupons. 

 

 CBD CV SSC 

CV 
ρ: 0.3139 

P-level: 0.091 
  

SSC 
ρ: 0.201335 

P-level: 0.286 

ρ: 0.164405 

P-level: 0.385 
 

SSM 
ρ: 0.289878 

P-level: 0.120 

ρ: 0.225806 

P-level: 0.230 

ρ: 0.567075 

P-level: 0.001 

4. Discussion 

The methods evaluated in this study each have advantages and limitations. Swabbing and 

plating of biofilms detects only viable cells, but incomplete disintegration of clumps may 

have resulted in an underestimation of cell numbers. Use of epifluorescence microscopy to 

determine area covered does not account for the tridimensionality of the biofilms, and the 

staining of nucleic acids may include those of nonviable cells. Therefore, the swabbing and 

plating method may work best with young or immature biofilms. The CV assay relies on the 

property of the dye to bind to negatively charged surface molecules and polysaccharides in 

the matrix (Li et al., 2003). This assay may be influenced by the amount of exocellular 

polymer and by cell sedimentation and which increases with planktonic growth. 

The use of microscopy to quantify biofilms is useful since it allows working with industrially 

relevant surfaces such as stainless steel; it also provides information regarding biofilm 

morphology. Nevertheless, microscopy-based methods are not practical for rapid screening 

of cultures. 

In this study, we observed a low correlation between data obtained using methodologies 

commonly employed to assess biofilm-forming ability of L. monocytogenes. Data from SSC 

and SSM methods had the highest correlation (0.56). Data from the CV and CBD methods 

had the second highest correlation (0.31 but not significant (p =0.091)). The better-

correlated methods used the same substrate for biofilm formation: stainless steel for SSC 

and SSM and polystyrene for CV and CBD. These materials have different physiochemical 

properties that influence adhesion. Polystyrene is more hydrophobic, with low surface 

energy, whereas stainless steel is moderately hydrophilic and has a slight negative charge 
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(An et al., 1996). L. monocytogenes often initiates biofilm formation on stainless in the 

crevices formed by mechanical polishing, whereas polystyrene lacks such attachment sites 

(Frank, 2003). In fact, when comparing the results obtained from CBD and CV (polystyrene 

test surface), with the results from SSC and SSM (stainless steel test surface) one can see that 

the relative biofilm forming ability of the test strains is underestimated when using the PS 

surface with a rank difference of at least ten positions, five to seven times out of the thirty 

isolates.  

The lack of a significant relationship between CV and SSM is consistent with previous reports 

of Djorvdjecic et al. (2002) for L. monocytogenes and Rivas et al. (2007) for E.coli. Takahashi 

et al. (2009) observed a correspondence between results obtained using the CV assay and 

SSM assay, since the two methods were able to separate ten isolates selected from the 

extremes of the 61 isolates group into high and low biofilm formers. If a similar exercise is 

performed in this study by selecting the four isolates (two highest and two lowest biofilm 

producers) from the CV assay and recalculating the Spearman correlation coefficient of CV 

against the SSM, it increases to 0.8 with p < 0.05. Therefore, the correlation between 

methods is highly dependent on strain selection, as the more homogeneous the selected 

strains, the less agreement there will be between methodologies. Some serovars and 

pulsotypes are underrepresented in the group of strains used in this work. Strains were 

selected for this study to represent a genetically diverse group of the species, so rare or 

infrequently isolated subtypes were included (Doumith et al., 2004). The lack of equal 

representation of subtypes in the selected strains results in underrepresented subtypes being 

less likely to provide statistically significant correlations between genetic lineage, serovar or 

pulsotype and biofilm forming ability. Takahashi et al. (2009), who also used the crystal violet 

assay, observed significantly higher biofilm forming ability among isolates of lineage I. In 

contrast to these findings, Borucki et al. (2003) found a higher biofilm forming ability for 

isolates of lineage II. Djordjevic et al. (2002) used the CV method and reported a higher 

biofilm forming ability for lineage I (serovars 1/2b e 4b) than for lineage II (serovars 1/2a e 

1/2c) and III. In addition, ranking of L. monocytogenes by biofilm-forming ability may differ 

when different growth media are used (Folsom et al., 2006). Results of this study indicate that 

extrapolation of the relative ability of different strains of L. monocytogenes to produce 

biofilm in an industrial environment based on rapid screening methods using polystyrene 

surface must be undertaken with caution. 
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Comparison of Listeria monocytogenes exoproteomes from 

biofilm and planktonic state: Lmo2504 a protein associated with biofilms 

António Lourenço, Aitor de Las Heras, Mariela Scortti, Jose Vazquez-Boland,  

Joseph F. Frank, Luisa Brito 

 

ABSTRACT  

The foodborne pathogen Listeria monocytogenes is the causative agent of the severe human 

and animal disease listeriosis. The persistence of this bacterium in food processing 

environments is mainly attributed to its ability to form biofilms. The search for proteins 

associated with biofilm formation is an issue of great interest, with most studies targeting 

the whole bacterial proteome. Nevertheless, exoproteins constitute an important class of 

molecules participating in various physiological processes such as cell signaling, 

pathogenesis and matrix remodeling. The aim of this work was to quantify differences in 

protein abundance between exoproteomes from biofilm and from planktonic state. For this, 

two field strains previously evaluated as good biofilm producers (3119 and J311) were used, 

and a procedure for the recovery of biofilm exoproteins was optimized. Proteins were 

resolved by 2D-DIGE and identified by ESI-MS/MS. One of the proteins identified in higher 

abundance in the biofilm exoproteomes of both strains was the putative cell wall binding 

protein Lmo2504. A deletion mutant strain on this gene was produced (3119lmo2504) and 

its biofilm forming ability compared to the wild type using the crystal violet and the 

ruthenium red assays, as well as scanning electron microscopy. The results confirmed the 

involvement of Lmo2504 in biofilm formation, as strain 3119lmo2504 showed significantly 

(p 0.05) lower biofilm forming ability, compared to the wild type. The identification of 

additional exoproteins associated with biofilm formation may lead to new strategies for 

controlling this pathogen in food processing facilities.  

 

Keywords: Listeria monocytogenes, exoproteome, biofilm, planktonic, Lmo2504 (putative 

cell wall binding protein). 
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1. Introduction  

Listeria monocytogenes is a foodborne pathogen able to persist in food processing 

environments. It is the causative agent of the severe human and animal disease, invasive 

listeriosis, whose features frequently include meningitis or sepsis. Listeriosis has a mortality 

rate of 23.7 % (Mitjà et al., 2009) and is especially severe in the elderly and in 

immunocompromised persons. In the case of pregnant women it may lead to premature 

birth, abortion or stillbirth.  

The ability of these bacteria to form biofilms is often associated with their ability to survive 

adverse conditions in food processing environments. Its biofilm forming ability has been 

evaluated by several methods more or less correlated to the conditions found in the food 

industry, namely the type of surface material (Lourenco et al., 2012). In addition to microbial 

cells, the biofilm matrix is composed by exopolysaccharides, lipids, glycolipids, DNA and 

proteins (Karatan & Watnick, 2009). The evaluation of biofilm forming ability may be 

performed by several methods that target different biofilm components. Methods such as 

the crystal violet assay (Borucki, 2003) are directed towards the viable cells within the biofilm, 

and methods such as the ruthenium red assay (Borucki, 2003) target the biofilm matrix 

exopolysaccharides. A more reliable comparison between strains is obtained when 

agreement between such different approaches is verified.  

The role of proteins within the biofilm matrix has also been demonstrated by the decrease in 

adhesion which occurs after treatment of L. monocytogenes cells with proteases (Longhi et 

al., 2008).  

The cells within biofilms are characterized by gene expression patterns different from their 

planktonic counterparts. Bacterial transcriptomic analysis does not always correlate with 

detected proteins and their functional activity. The proteomic approach allows a glimpse into 

the presence of functional molecules (Keller & Hettich, 2009). 

The aim of this work was to evaluate differences in exoproteins from biofilm cells versus its 

planktonic counterpart by using two-dimensional difference gel electrophoresis (2D DIGE) 

and electrospray tandem mass spectrometry (ESI-MS/MS) identification. We have developed 

a suitable method to obtain an appropriate amount of biofilm exoproteins for analysis and 

to minimize the contamination with proteins from planktonic cells. Protein Lmo2504, 
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putative cell wall binding, was one of the most abundant proteins in the biofilm 

exoproteomes. A deletion mutant on the gene coding for this protein was constructed and 

its biofilm forming ability compared with the wild type. This allowed to experimentally 

confirm, for the first time, the involvement of this protein in biofilm formation. 

2. Materials and methods 

2.1. Strains  

Two field strains of L. monocytogenes, previously identified as good biofilm producers 

(Lourenco et al., 2012), were selected for this study: strain J311 (serovar 4b) was isolated from 

raw chicken (Berrang et al., 2005) and strain 3119 (serovar 1/2b) was isolated from cheese 

(Leite et al., 2006). To construct a mutant of strain 3119, Escherichia coli strain DH5α carrying 

pAUL-A (Chakraborty et al., 1992) was used. For mutant construction, E. coli strain was grown 

at 37 °C with shaking in LB medium or on LA plates and when required, erythromycin was 

added to a final concentration of 250 μg ml-1. L. monocytogenes strains were grown at 37 °C 

with shaking in BHI broth or on BHI plates and when required, erythromycin was added to a 

final concentration of 5 μg ml-1. Cultures were stored at -80 °C in Tryptic Soy Broth or LB with 

15% (w/v) glycerol, until use. 

2.2. Growth of biofilm and planktonic cultures and protein secretion 

Cultures from -80 ºC were struck onto TSA-YE (Oxoid, Hampshire, UK) and incubated 

overnight at 25 ºC. For each isolate, 10 ml of Modified Welshimer's broth (MWB) (Premaratne 

et al., 1991) was inoculated and incubated 24 hours at 25 ºC to obtain pre-inocula. 

For planktonic growth, 1 ml of each pre-inoculum was used to inoculate 30 ml of MWB and 

incubated for 24 h at 25 ºC at 150 rpm. The cultures were then centrifuged at 3000 g for 20 

minutes and the supernatant fluid discarded. Cells were resuspended in 30 ml of fresh MWB 

and centrifuged again to discard the supernatant fluid. Thirty ml of fresh MWB was used to 

resuspend the pellet and incubation proceeded for 6 hours at 25 ºC for protein secretion. 
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Biofilms were grown on stainless steel coupons prepared as described by Lourenco et al. 

(2012). Disposable test tubes with 24 ml of MWB were inoculated with 1 ml of each pre-

inoculum and incubated for 24 h at 25 ºC. After this period, 14 stainless steel coupons were 

immersed in the cultures and incubated for 4 hours at 25 ºC to allow attachment. After this 

contact period, unattached cells were removed by replacing the media with 25 ml of fresh 

MWB. The biofilm was then allowed to form by incubating 48 h at 25 ºC followed by media 

renewal and subsequent incubation of another 48 hours. After biofilm formation, the biofilm 

was rinsed with 25 ml of fresh MWB to remove planktonic cells. Twenty five ml of fresh MWB 

was placed in contact with the biofilm, for 6 hours at 25 ºC, to allow for protein secretion. 

Three biological replicates were obtained for each strain-condition combination. 

2.3. Protein precipitation and quantification 

Proteins were precipitated from culture supernatant fluids as described by Cabrita et al. 

(2010). Just before use, protein samples were dissolved in 300 µl of buffer solution A (8 M 

urea, 2 M thiourea, 4 % CHAPS, 20 mM Tris pH 8.5, 0.2% SDS). Two µl of Benzonase® 

nuclease (Novagen, Madison WI, USA) and MgCl2 (final concentration of 5 mM) were then 

added. The protein concentration in the samples was determined using the EZQ™ Protein 

Quantitation Kit according to manufacturer instructions (Invitrogen, Ltd., USA).  

2.4. Two-dimensional Difference Gel Electrophoresis (2-D DIGE) 

A total of 35 µg of protein from each sample was labeled with a different CyDye according to 

the three dye protocol for minimal labeling (GE Healthcare Inc., USA). Briefly, adding dye 

solution (400 pmol/μl), vortexing, centrifuging and incubating on ice, in the dark, for 30 min. 

The labeling reaction was then stopped by adding 1 μl of 10 mM lysine and incubation on 

ice, in the dark, for 10 min. An internal standard pool was created from all of the samples and 

35 µg was also labeled for use in each gel. Dye swapping between experimental samples was 

performed to control dye-specific artifacts. In each gel, 120 µg of unlabeled protein was 

added. The total volume of the samples was normalized to 500 µl by adding Dithiothreitol 
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(DTT) solution to a final concentration of 100 mM, IPG buffer pH 4-7 and 2 µl of Orange G 

dye (Fisher Scientific, Fair Lawn NJ, USA) and buffer solution A. The samples were loaded on 

IPG strips (24 cm pH 4-7) (GE Healthcare Biosciences AB, Uppsala, Sweden) and rehydrated 

overnight (16 -18 hours). An Ettan IPGphor 3 (GE Healthcare) was used for isoelectric 

focusing. The proteins on IPG strips were then reduced and alkylated in NuPAGE® LDS 

Sample Buffer (Invitrogen) with 100 mM DTT and then 2.5 % iodoacetamide. The strips were 

subsequently loaded on 8.0 % to 16.0 % Tris-Glycine gradient, 1 mm thick gels (Jule Inc. 

Biotechnologies, Milford CT, USA). A 25 -225 kDa ladder (GE Healthcare) was loaded in each 

gel. The electrophoresis of the six gels was performed simultaneously in an Ettan DALTsix (GE 

Healthcare) at 12 ⁰C with an initial step of 80 V for one hour at 1 W/gel followed by an 

overnight run at 150 V and 2 W/gel. 

2.1. Gel analysis 

Gels were scanned with a Thyphoon Trio + scanner (GE Healthcare) with a pixel size of 100 

µm using the appropriate excitation lasers and emission filters depending on the dye 

according to manufacturer (GE Healthcare). The gel images were analyzed using DeCyder™ 

image analysis software, Biological Variation Analysis (BVA) module (GE Healthcare). Spots 

were selected based on a fold difference higher than 1.5 and with a significance of p < 0.05 

(Student’s t test for paired samples) excised using Investigator™ ProPic protein picking robot 

(Genomic Solutions Ltd, Ann Arbor MI, USA) and combined. The samples were destained 

twice with 50 % (v/v) ACN, and 50 mM ammonium bicarbonate (ABC) (Fisher Scientific) 

solution. The solution was then removed and dried using a speed vaccum centrifuge 

(Labconco Corporation, Kansas City MO, USA). 

The samples were rehydrated in 100 µl of 45 mM DDT at 55 ⁰C for 45 min. The tubes were 

chilled to room temperature, DTT quickly removed and replaced by 100 µl of 100 mM 

iodoacetamide (IAA) followed by incubation in the dark at room temperature, for 45 minutes. 

IAA was removed and the samples washed three times with 1:1 ACN:ABC solution. The gel 

pieces were then dried down in speed vaccum for 15 minutes. Protein in-gel digestion was 

obtained using 10 µl of a 12.5 ng/µl solution of porcine trypsin (Promega, Madison WI, USA) 

and covering it with 30 µl of ABC to keep the gel pieces immersed throughout the digestion 
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of 12 hours at 37 ⁰C. Peptides were extracted by removing the supernatant fluid to fresh 

tubes. Digestion tubed were washed 200 µl of 80 % ACN, 0.1 % formic acid (FA) in order to 

increase the peptide recovery. The samples were s speed dried. 

For mass spectrometry the peptides were solubilized in 11 µl of a solution 30 % ACN, 1 M 

FA. The samples were then sonicated for two minutes and vortexed. The samples were 

subsequently washed using Zip Tip® Pipette tips C18 (Millipore, Billerica MA USA) with 0.1 % 

FA solution, and eluted from the Zip tips using 5 µl of a 20 % isopropyl alcohol (IPA), 30 % 

ACN, and 0.1 % FA solution.  

After prediction of the volume of protein present in each sample, the ones with higher 

concentration were identified in ESI-MS/MS through direct infusion. The less concentrated 

samples were dried and solubilized in 50% ACN, 0.1% FA for high performance liquid 

chromatography – electrospray tandem mass spectrometry (HPLC-ESI-MS/MS). 

2.2. Peptide sequencing by ESI-MS/MS 

LC-MS/MS: The enzymatically digested samples were injected onto a C18 trap column (SGE 

Incorporated, TX) and desalted for 5 min with a flow rate 3 µl/min of 0.1% v/v formic acid. 

The samples were loaded onto an LC Packing® C18 Pep Map nanoflow HPLC column. The 

elution gradient of the HPLC column started at 3 % solvent B, 97 % solvent C and finished at 

50% solvent B, 40% solvent C for 20 min then brought back to initial conditions for protein 

identification. Solvent B consisted of 0.1% v/v formic acid, 96.9% v/v ACN, and 3% v/v H2O. 

Solvent C consisted of 0.1% v/v formic acid, 3% v/v ACN, and 96.9% v/v H2O. 

A LTQ Orbitrap XL mass spectrometer (ThermoFisher Scientific, West Palm Beach, FL) was 

used for LC-MS/MS analysis. The ion spray voltage was set to 2200 V. Full MS scans were 

acquired with a resolution of 60,000 in the orbitrap from m/z 300–2000.The ten most intense 

ions were fragmented by collision induced dissociation (CID). Dynamic exclusion was set to 

60 seconds.  
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2.3. Protein Search Algorithm 

MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.2.2). 

Mascot was set up to search a L. monocytogenes database extracted from NCBI assuming 

digestion with trypsin. Mascot was searched with a fragment ion mass tolerance of 0.8 Da 

and a parent ion tolerance of 15 ppm. Iodoacetamide derivative of Cys, deamidation of Asn 

and Gln, oxidation of Met, were specified in Mascot as variable modifications. Scaffold 

(version Scaffold-3.3.2, Proteome Software Inc., Portland, OR) was used to validate MS/MS 

based peptide and protein identifications. Peptide identifications were accepted if they could 

be established at greater than 95.0 % probability as specified by the Peptide Prophet 

algorithm (Keller et al., 2002). Protein identifications were accepted if they established at 

greater than 99.0% probability and they contained, at least, two identified unique peptides. 

Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 

2003). 

2.4. Construction of deletion mutant strain (L. monocytogenes 

3119Δlmo2504) 

Genome sequence of strain FSL J1-175 (from the same serovar 1/2b) provided by the BROAD 

Institute (http://www.broad.mit.edu) was used for primer design to generate the isogenic in-

frame deletion mutant of strain 3119. Two flanking regions, upstream and downstream of 

the gene homologous to lmo2504 in strain EGDe, with approximately 700 base pair (bp) 

each, were generated by PCR from strain 3119 genomic DNA, using primers P1 together with 

P2 and P3 together with P4 (Table 1), respectively. The PCR product obtained by using 

primers P1 and P4 and using as templates the up and downstream regions digested with 

Bam HI and Eco RI, was ligated to the temperature-sensitive suicide vector pAUL-A 

(Chakraborty et al., 1992) previously linearized with the same enzymes. The resulting plasmid 

(pFARRUQ) was electroporated using Gen Pulser® (Biorad) set at 400 Ω, 10 kV/cm, 25 µF, into 

strain 3119, integrated and excised as described by Arnaud et al. (2004) for homologous 

recombination. 
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The resulting mutant strain (3119Δlmo2504) was confirmed by PCR analysis using primers P5 

together with P6 (flanking the gene), P7 together with P8 (intragenic region) and also P8 

together with P5 and P7 together with P6 (Table IV.1). 

 

Table IV.1 – Primers used for construction and confirmation of strain 3119Δlmo2504  

Primer 5’                                                                            3’ 

P1 CGGGATCCACAGCTTTACGTGAA 

P2 TGGATCGACTGGAATTAGTGGCGCGGAAAT 

P3 ATTTCCGCGCCACTAATTCCAGTCGATCCA 

P4 GGAATTCCACCCATTGCATCATA 

P5 CATGAATATGAAGCACAACA 

P6 ACCAACATCTCCATCGATTA 

P7 TGGTTATTTCCGCGCCACTA 

P8 GGTGCTGGATCGACTGGAAT 

Restriction sites for Bam HI and Eco RI are marked in bold in primers P1 and P4 sequences, 

respectively. 

2.5. Evaluation of biofilm forming ability: crystal violet, ruthenium red 

and scanning electron microscopy (SEM) 

For SEM, biofilms of wild type and mutant strain 3119Δlmo2504 were grown on 1×1 cm 

stainless steel coupons as described in section 2.2. After biofilm formation, the coupons were 

washed with phosphate buffer, fixed with gluteraldehyde 2.5 % (v/v) for 3 hours and washed 

by overnight immersion in phosphate buffer. Biofilms were then dehydrated in a 10 minutes 

steps gradient of 30-50-70-90-100 % (v/v) ethanol. Each coupon was attached to a stub and 

coated with gold using a JEOL JFC-1200 Sputter Coater. The samples were observed in a 

JEOL JSM-5200LV electron microscope operating at 25 kV and with an analysis distance of 

10/20 mm. Digital images were directly captured. 

Biofilm-forming ability was evaluated using the crystal violet (CV) and the ruthenium red (RR) 

assays according to the procedures described by Lourenço et al. (2012) and Borucki et al. 

(2003), respectively, with MWB as growth media. 

Conformance to normality of the data generated by CV and RR assays was checked using the 

Anderson-Darling test and conformance to homogeneity of variance was determined using 

Levene's test. The comparison between wild type and mutant was then performed by 



92 

ANOVA Least Significant Differences (LSD) post hoc multiple comparison test by running the 

software Statistica® version 7.0 (Statsoft, Tulsa, OK, USA). 

3. Results  

Preliminary 2-D gel electrophoresis analysis of the exoproteome from planktonic and biofilm 

cells, using a wide range pH gradient (3 - 10), showed that the majority of the proteins had 

their isoelectric point (pI) in the acidic region (data not shown), therefore the analysis 

performed in this study used IPG strips pH 4-7. Figure 1 shows representative gel images of 

three biological replicas for the two strains in bioflm and planktonic form. The exoproteins 

from biofilms of strains L. monocytogenes 3119 and J311 are shown in Fig. 1A and Fig. 1C, 

respectively. The corresponding exoproteins from planktonic state are shown in Fig. 1B and 

Fig. 1D. Approximately 472 spots were matched. The protein spots that were significantly 

more intense in the biofilm state, for the joint analysis of the strains, are numbered in the 

Figure 1 according to table 2.  

For strain 3119, statistical analysis of the images indicated 40 spots (23 identified) with 

significant higher intensity in biofilm state when compared with the planktonic state (average 

ratio > 1.5 and p < 0.05, Table 2). In the same analysis, 39 spots (29 identified) were 

significantly less intense in the biofilm state. For strain J311, 32 spots (18 identified) had a 

significant higher intensity in the biofilm state when compared with the planktonic state. 

Twenty eight spots (21 identified) were detected as having significantly less intensity in the 

biofilm than in the planktonic state (Table IV.2).  

Data from both strains was combined to strengthen the comparison between biofilm and 

planktonic growth states. The joint analysis allowed the detection of 26 spots (16 identified) 

as having significantly higher intensity in the biofilm state than in the planktonic state and 12 

(10 identified) were significantly more intense in the planktonic state. 

The identification of these proteins indicated that PlcA, Lmo2504 and ActA were the proteins 

with significantly higher intensity in the biofilm state compared with planktonic state, either 

for both strains individually as for the joint analysis. On the other hand, for both strains 

individually and for the joint analysis, antigen A and internalin C were among the proteins 

with the more negative ratios (Table IV.2). 
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With strain 3119, compared with strain J311, more spots, either with a positive or with a 

negative ratio, were detected. Consequently, more differences between biofilm and 

planktonic state were observed. In fact, when the spots with significant intensity and a 

positive ratio are compared, strain 3119 has 10 spots that were not considered on strain 

J311, whereas only five spots were not significant for strain 3119. Likewise, on the negative 

ratio, strain 3119 has 13 spots that were not considered on strain J311, whereas only five 

spots were not significant for strain 3119 (Table IV.2). It can also be seen that, for strain 3119, 

the absolute values of the ratios are generally higher than for strain J311, making strain 3119 

a better candidate for the construction of a deletion mutant. 

A deletion mutant on the gene coding for the protein with the second highest ratio between 

biofilm and planktonic state (Lmo2504) was subsequently obtained on strain 3119. The 

resulting mutant strain (3119Δlmo2504) and the wild type strain were grown separately in 

triplicate in MWB at 25 ⁰C and growth rates (µmax) were for both strains approximately 0.072 

h-1. 

The results obtained with crystal violet and ruthenium red assays for the mutant strain 

3119Δlmo2504 and its wild type are presented in Table IV.3. For both assays, either after 24 

or 48 hours of growth, the values obtained for the wild type strain were significantly higher 

than for the deletion mutant strain. Figure 2 shows SEM images of 3119 and 3119Δlmo2504. 

The wild type strain produced more numerous and larger microlonies as compared to the 

mutant.  
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Table IV.2 – Exoproteins present in the supernatant fluids obtained from biofilms and planktonic cells, after six hours of secretion in MWB* at 25 ºC.  

 

Master Gel 
Spot Number 

Biofilm/Planktonic   

Identification ** 
Accession 
Number ** Gene ** 

unique 
pep 

% 
cov. 

Joint analysis 
 

3119 
 

J311 
 

Av. Ratio T-test   Av. Ratio T-test   Av. Ratio T-test   

1342 6.5 0.000026  9.54 0.0046  4.79 0.0047  PlcA  gi|16802247 lmo0201 7 21 

1334 4.55 0.000026  6.1 0.0046  3.56 0.0081  PlcA  gi|16802247 lmo0201 6 18 

250 4.53 0.001  7.17 0.0046  3.55 0.015  Lmo2504 gi|16411992 lmo2504 5 19 

870 4.03 0.0034  7.73 0.0046  2.98 0.045  Lmo2504 gi|16411992 lmo2504 3 15 

1243 3.34 0.000067  3.37 0.0074  3.31 0.013  
actA actin-assembly inducing protein 
precursor  gi|16802250 lmo0204 7 11 

1312 3.3 0.00057  4.99 0.0055  - -  flagellin gi|17433724 lmo0609 11 38 

1376 2.75 0.00024  2.63 0.021  2.88 0.039  internalin C gi|16803826 lmo1786 11 39 

865 2.63 0.014  4.94 0.0046  1.93 0.042  Lmo2504 gi|225877514 lmo2504 5 19 

400 2.39 0.00015  2.55 0.021  2.25 0.0073  putative penicillin-binding protein gi|16410867 lmo1438 4 25 

1594 2.24 0.0003  2.76 0.0053  - -  upp  gi|16412026 lmo2530 6 34 

788 2.17 0.0014  3 0.0095  1.61 0.037  hypothetical protein Lmo0927  gi|16802967 lmo0297 3 6.9 

1367 2.11 0.000048  2 0.0081  2.25 0.0047  internalin C gi|16803826 lmo1786 14 49 

1530 1.74 0.042  2.85 0.014  - -  indole-3-glycerol phosphate synthase  gi|21363054 lmo1630 7 27 

398 1.7 0.002  1.87 0.044  1.56 0.0094  putative penicillin-binding protein gi|16410867 lmo1438 20 36 

860 1.7 0.05  2.85 0.0076  - -  Lmo2504 gi|16411992 lmo2504 2 11 

793 1.53 0.023  2.21 0.0091  - -  hypothetical protein Lmo0927 gi|16802967 lmo0927 9 16 

397 - -  1.55 0.026  - -  putative penicillin-binding protein gi|16410867 lmo1438 6 12 

773 - -  - -  1.84 0.02  glucose-6-phosphate isomerase gi|16804405 lmo2367 9 22 

936 - -  - -  1.71 0.0073  enolase gi|16411943 lmo2455 18 49 

1000 - -  2.31 0.014  - -  peptidoglycan lytic protein P45 gi|16804543 lmo2505 5 19 

1023 - -  - -  1.64 0.028  
glyceraldehyde-3-phosphate 
dehydrogenase gi|16804497 lmo2459 12 52 

1134 - -  -1.77 0.0063  - -  translation elongation factor Ts gi|16803697 lmo1657 6 22 

1255 - -  2.71 0.017  - -  6-phosphofructokinase gi|16803611 lmo1571 8 29 

1283 - -  2.08 0.03  - -  
putative AA3-600 quinol oxidase 
subunit II gi|16802061 lmo0013 3 12 

1414 - -  - -  -6.76 0.028  internalin C gi|16803826 lmo1786 5 24 
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Table IV.2 – (continued) 
 

Master Gel 
Spot Number 

Biofilm/Planktonic   

Identification ** 
Accession 
Number ** 

Gene ** 
unique 

pep 
% 

cov. 
Joint analysis 

 
3119 

 
J311 

 

Av. Ratio T-test   Av. Ratio T-test   Av. Ratio T-test   

1425 - -  - -  -6.65 0.014  internalin C gi|16803826 lmo1786 10 32 

1433 - -  -3.97 0.013  -11.22 0.0047  internalin C gi|16803826 lmo1786 15 64 

1436 - -  -2.63 0.016  -7.55 0.014  internalin C gi|16803826 lmo1786 15 63 

1615 - -  -2.45 0.013  - -  hypothetical protein Lmo0125 gi|16802173 lmo0125 10 53 

1618 - -  -2.37 0.0065  - -  hypothetical protein Lmo0125 gi|16802173 lmo0125 11 51 

1702 - -  -1.54 0.014  - -  Antigen A gi|16802166 lmo0118 5 34 

1736 - -  -1.98 0.013  - -  Antigen A gi|16802166 lmo0118 5 27 

1800 - -  4.56 0.0064  - -  Antigen A gi|16802166 lmo0118 4 30 

1886 - -  -2.13 0.018  - -  antigen B gi|16802165 lmo0117 4 26 

1894 - -  7.6 0.0046  2.87 0.016  listeriolysin O precursor gi|16802248 lmo0202 8 15 

1962 - -  -6.1 0.046  - -  
actA actin-assembly inducing protein 
precursor  gi|16802250 lmo0204 4 6.6 

1987 - -  -2.01 0.014  -4.97 0.0085  listeriolysin O precursor gi|16802248 lmo0202 2 4.5 

2007 - -  -2.09 0.014  -10.4 0.0077  P60 extracellular protein gi|1171970 lmo0582 4 9.9 

2015 - -  -8.46 0.0055  - -  listeriolysin O precursor gi|16802248 lmo0202 2 4.5 

2034 - -  -9.02 0.0046  - -  listeriolysin O precursor gi|16802248 lmo0202 2 4.5 

2058 - -  -9.29 0.0053  - -  30S ribosomal protein S10 gi|16804671 lmo2633 2 23 

2097 - -  -2.1 0.0065  - -  listeriolysin O precursor gi|16802248 lmo0202 2 4.5 

2118 - -  - -  -1.95 0.034  listeriolysin O precursor gi|16802248 lmo0202 2 4.5 

2276 - -  -9.65 0.014  -6.58 0.034  internalin C gi|16803826 lmo1786 14 64 

2279 - -  - -  -2.1 0.016  listeriolysin O precursor gi|16802248 lmo0202 15 38 

2280 - -  -2.49 0.0074  - -  Lmo0127  gi|16409486 lmo0127 10 58 

2281 - -  - -  -3.91 0.0077  P60 extracellular protein gi|1171970 lmo0582 4 11 

2282 - -  - -  1.93 0.014  
glyceraldehyde-3-phosphate 
dehydrogenase gi|16804497 lmo2459 10 42 

2283 - -  - -  2.9 0.021  listeriolysin O precursor gi|16802248 lmo0202 2 4.5 

2284 - -  -12.35 0.0091  -11.01 0.013  internalin C gi|16803826 lmo1786 18 53 
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Table IV.2 – (continued) 

 

Master Gel 
Spot Number 

Biofilm/Planktonic   

Identification ** 
Accession 
Number ** 

 

unique 
pep 

% 
cov. 

Joint analysis 
 

3119 
 

J311 
 

Gene ** 

Av. Ratio T-test   Av. Ratio T-test   Av. Ratio T-test    

2287 - -  -9.43 0.0053  -9.99 0.0047  internalin C gi|16803826 lmo1786 16 47 

2288 - -  6.22 0.0063  2.8 0.038  Lmo2504 gi|16411992 lmo2504 3 8.9 

685 -2.2 0.04  -1.75 0.03  -2.45 0.0047  listeriolysin O precursor gi|16802248 lmo0202 4 10 

678 -2.44 0.018  -1.91 0.012  -2.78 0.0077  listeriolysin O precursor gi|16802248 lmo0202 16 33 

1379 -6.26 0.00018  -6.23 0.011  -6.32 0.013  internalin C gi|16803826 lmo1786 15 56 

878 -7.68 0.00018  -7.76 0.0064  -7.63 0.0047  
actA actin-assembly inducing protein 
precursor  gi|16802250 lmo0204 8 13 

1078 -8.14 0.00037  -8.81 0.0063  -7.84 0.0055  
actA actin-assembly inducing protein 
precursor  gi|16802250 lmo0204 15 26 

1510 -8.27 0.0000068  -7.12 0.0053  -9.27 0.0055  Lmo0129 gi|16409488 lmo0129 9 41 

1712 -9.32 0.004  -5.25 0.019  -11.42 0.014  antigen A gi|16802166 lmo0118 3 20 

1410 -11.52 0.0044  -14.91 0.013  -10.78 0.0047  internalin C gi|16803826 lmo1786 4 18 

1435 -13.54 0.0003  -15.32 0.0055  -12.89 0.0062  
actA actin-assembly inducing protein 
precursor  gi|16802250 lmo0204 11 18 

1382 -14.34 0.00017   -16.95 0.0074   - -   internalin C gi|16803826 lmo1786 2 12 

Positive ratio values indicate higher abundance in the biofilm state. Negative ratios indicate higher abundance in the planktonic state. 

The spots ratios marked with a dash did not comply with the established cutoff parameters for considering a valid difference of protein abundance between biofilm 

and planktonic states (absolute value of ratio > 1.5 with p  0.05). 

*MWB – Modified Welshimer's broth 

 ** According to EGDe strain 
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Figure IV.1- 2D-gel electrophoresis of the exoproteins of L. monocytogenes strains 3119 and J311 from biofilm (A and C) and from planktonic cells (B and D), 

respectively, on pH 3–7 IPG strips. Spots are numbered according to table 2.  

A B 

C D 
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Figure IV.2 – Scanning electron microscope (SEM) images of strain 3119 (A1 and A2) and strain 3119Δlmo2504 (B1 and B2) on stainless steel coupons. Biofilms 

grown in MWB for 48 h at 25 ºC followed by media renewal and subsequent incubation of another 48 hours. 

A1 

A2 

B1 

B2 
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Table IV.3 - Biofilm forming ability of strains 3119 and 3119Δlmo2504 using the crystal violet assay 

(Abs600nm) and the ruthenium red assay (Abs450nm) after growth for 24 or 48 h in MWB at 25 ºC. 

 

Strain 

 
Crystal violet 

 
Ruthenium red 

 
24 hours 

 
48 hours 

 
24 hours 

 
48 hours 

3119 
 

0.1412 ± 0.0044 
 

0.2561 ± 0.0164 
 

0.3546 ± 0.0865 
 

0.3440 ± 0.0134 

3119Δlmo2504 
 

0.1331 ± 0.0048 
 

0.2101 ± 0.0096 
 

0.1320 ± 0.0527 
 

0.2105 ± 0.0774 

Average values ± standard deviation are indicated. For both assays and both times, the difference 

between wild type and mutant were significant (p < 0.05).  

 

4. Discussion 

In this study some proteins were identified in more than one spot. This same effect has been 

verified by other authors. Dumas et al. (2008) stated that PlcB and InlC, from L. 

monocytogenes were present in five and four spots, respectively, with different pIs and Mrs. 

These authors explained this effect by the possible presence of protein orthologues with 

different Mrs, pIs, and/or posttranslational modifications (isoforms). Trost et al. (2005) on the 

analysis of extracellular and intracellular proteomes of Listeria reported that following 2-DE, 

120 spots were identified as belonging to 58 different proteins. Posttranslational 

modifications or isoelectric focusing artefacts due to TCA precipitation or desulphuration 

were pointed out by the authors as explanatory. 

The major sources for protein isoforms include: variable spliced forms of the same gene 

product (in eukaryotes), (ii) N- and C-terminal truncations, (iii) co-and post-translational 

modifications (includes modifications that influence the charge of the protein such as 

phosphorylation, deamidation, glycosylation, and N-terminal acetylation), (iv) endogenous 

protein degradation, and (v) oligomerisation (reviewed by Harry et al., 2000). Protein 

modification by proteases that remove short peptides from either end of the protein such as 

the cleavage and the removal of specific signal peptides will result in a unique migration 

position on a 2-D gel. A narrow-range IPG allows the separation of isoforms that differ only 

by a single amino acid substitution (reviewed by Harry et al., 2000). In this work, the narrow- 

range of IPG (pH 4-7) used, may also account for these results. 
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By comparing the exoproteomes of L. monocytogenes from biofilms and planktonic cells we 

have detected and identified, for the two strains, 16 protein spots that were significantly 

more intense in the biofilm state (Fig.IV.1 and Table IV.2). Within this group of proteins were: 

phospholipase PlcA (Lmo0201), flagellin (FlaA), a putative penicillin-binding protein 

(Lmo1438), an actin-assembly inducing protein (ActA) and a putative cell wall binding 

protein (Lmo2504). 

PlcA, phosphatidylinositol-specific phospholipase C is a L. monocytogenes virulence factor 

that synergizes with listeriolysin O (LLO) and another phospholipase, PlcB, for the 

destabilization of the membranes of primary and secondary phagosomes. PlcA, secreted by 

the Sec system, is positively regulated by the positive regulatory factor A (PrfA) (de las Heras 

et al., 2011). Lemon et al. (2010) have shown that this virulence regulator has a significant 

role in biofilm formation. The transcription of prfA is under the control of three promoters, 

including PplcA that is autoregulated by PrfA and results in a bicistronic transcript for both 

plcA and prfA. Nevertheless, Lemon et al. (2010) reported that a double mutant lacking plcA 

and plcB unlike the ΔprfA mutant did not show defective biofilm formation. 

Flagellin is a protein monomer secreted by the flagella export apparatus (FEA) that 

polymerizes to form the flagella. The importance of flagella for biofilm establishment and 

development has been reported (Lemon et al., 2007; Tresse et al., 2009; Ouyang et al., 2012). 

In a comparison of the whole proteome of L. monocytogenes cells from planktonic and 

biofilm state, Tremoulet et al. (2002) reported that flagellin was the only protein that 

decreased in biofilm, compared to planktonic state. Nevertheless, Hefford et al. (2005) 

observed higher amounts of flagellin in biofilm grown cells than in planktonic cells. In the 

present study, the joint analysis, with input from the two strains showed a significantly higher 

abundance of flagellin in the biofilm exoproteome. However, when the comparison between 

growth states was performed separately for each strain, only strain 3119 had a significantly 

(p  0.05) and valid higher abundance (average ratio  1.5). 

In both strains, a putative penicillin-binding protein (PBP) was observed at greater levels in 

the exoproteomes of biofilm compared to the ones from planktonic state. The PBP’s are a 

group of proteins responsible for the final steps of peptidoglycan exoskeleton synthesis. In L. 

monocytogenes EGDe 10 putative genes coding for PBP’s have been identified (Korsak et al., 

2010). The protein identified in our study is similar to the one coded by lmo1438 of strain 

EGDe.  
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Ouyang et al. (2012) verified the importance of a PBP for biofilm formation, as an insertion 

mutant in this gene presented 86 % reduction in biofilm forming ability, compared to the 

wild type.  

The actin-assembly inducing protein, ActA, is a virulence factor, as it allows assembly of actin 

from the host cytoskeleton. The actin polymerization in one pole of the bacterial cell, 

forming the comet tail, allows the propulsion of the bacteria towards the host cell’s outer 

membrane (Kocks et al., 1992). Travier et al. (2013) have pointed out a new role for ActA, 

showing the importance of PrfA and ActA for cell aggregation, as the mutants for these 

genes displayed very low aggregation levels. Also, these authors found evidence that the 

deletion of actA caused a reduction in biofilm formation, similar to the one caused by the 

deletion of prfA. These authors further observed, by confocal microscopy, a thin and 

homogenous layer biofilm for the L. monocytogenes ΔactA opposed to a mushroom-shaped 

and dense biofilm from the wild type strain. The results presented here reinforce a possible 

extracellular function of this protein as higher amount of ActA was detected in the biofilm 

exoproteomes from both strains. 

A predicted protein, coded by a gene homologous to L. monocytogenes EGD-e lmo2504, 

(Lmo2504) was secreted by both strains in greater amounts in the biofilm state, especially for 

strain 3119 (Table IV.2). This protein, similar to cell wall binding proteins, is predicted to be 

secreted according to Secretome 2.0 Server (Bendtsen et al., 2005) with a signal peptide 

starting at position 1 and ending at position 25. Eight conserved domains are identified for 

this protein, including a domain belonging to the peptidase family M23, a group of zinc 

metallopeptidases (pfam 01551) (Finn et al., 2006). This group of enzymes may have various 

functions involving murein hydrolytic activity, cell growth, cell wall turnover, peptidoglycan 

maturation, cell division and separation, formation of flagella, sporulation, chemotaxis and 

biofilm formation (Popowska et al., 2004). An endopeptidase from this same family, along 

with other proteins with mureinic activity from Staphylococcus aureus, has been shown to 

have influence on biofilm forming ability, as the induction of a regulator for those genes 

increased their expression levels and an increase in biofilm forming ability was verified 

(Dubrac et al., 2007). 

Lmo2504 may also have a role in a structural maintenance of chromosomes (SMC). Like P45, 

Lmo2504 has a SMC-related N-terminal domain and therefore may play a role in 

peptidoglycan remodeling during segregation of the nucleoid (Bierne & Cossart, 2007). 
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Since Lmo2504 was the second most abundant protein detected in the supernatants of both 

strains when grown in biofilm state compared to planktonic state and since the most 

abundant one (PlcA) had already been shown not to have influence on biofilm formation 

(Lemon et al., 2010), a deletion mutant was created on the gene coding for this protein and 

therefore access its influence in biofilm formation. The deletion mutant strain 3119Δlmo2504 

constructed in the present study allowed confirming the importance of this protein in biofilm 

formation both by the crystal violet assay that mainly targets cells, and by the ruthenium red 

assay that targets exopolysaccharides (Fig. IV.2). Observations using SEM (Fig. IV.3) 

corroborate these results, as it was possible to observe larger and more numerous 

microcolonies for the wild type strain and fewer and more dispersed for 3119Δlmo2504 

indicating lower attachment ability and a less structured biofilm of the mutant. 

The role of proteins in biofilm development has been a subject of intense study in the recent 

years and some progress has been made in several species. The role of biofilm associated 

proteins (BAP’s) has been established for Gram positive species such as S. aureus, S. 

epidermidis and Enterococcus faecalis. These proteins present characteristics in common 

such as high molecular weight, the presence of tandem repeats, and the role in bacteria’s 

infectious processes (reviewed by Lasa and Penades, 2006). In the present work, the 

exoproteins more intensely detected in the biofilm than in planktonic state are of lower 

molecular weight than those reported for BAPs. Nevertheless, three of them are virulence 

factors (PlcA, ActA and InlC), two (Lmo2504 and Lmo0927) have tandem repeats of small 

length and the protein ActA has a tandem repeat with potential biological meaning 

according to T-REKS algorithme (Jorda & Kajava, 2009). 

In this work we have explicitated differences in the exoproteomes of L. monocytogenes 

biofilms versus its planktonic counterparts opening new avenues for future investigation. 

Furthermore, we provide evidence for the importance of a cell wall binding protein in biofilm 

formation. These results will assist in work to identify compounds capable of inhibiting the 

expression of proteins required for biofilm production. 
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Chapter V  

Final Conclusions and Future Perspectives 
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1. Final conclusions and future perspectives 

An ever growing awareness of food safety issues by consumers and unprecedented interest 

in the way foods are produced and marketed has made authorities and regulatory agencies 

reinforce legislation, monitoring systems and strengthen the communication of food 

associated risks. In order to face these challenges the food industry has turned to the 

scientific community in search for ways to produce and distribute safe foods. 

L. monocytogenes, has been widely used as a model organism for foodborne pathogens. Its 

pathogenicity characteristics along with other phenotypic characteristics such as the ability 

to grow at low temperatures and biofilm forming ability allow L. monocytogenes to be used 

to predict microbial population behavior in conditions relevant for the food industry. Effort 

has been put into the research of hygienization to improve its ability to prevent pathogen 

contamination of food production facilities and therefore improve food safety. Recently this 

research has focused on the response of bacteria, either in pure or mixed cultures, growing 

as biofilms rather than as planktonic cells, it is generally accepted that this way of living 

allows bacteria to resist stress and persist in the environment. 

The work here presented aims to provide a contribution towards the understanding of the 

behavior of L. monocytogenes in the biofilm state. 

Using a high-throughput model, it was possible to verify the effect on the ability of L. 

monocytogenes to produce biofilms at optimum (host temperature) and low temperature 

both in pure and co-culture as well as its susceptibility to disinfectants. Pseudomonas 

aeruginosa has been widely used as a model organism for the study of biofilms and 

therefore it was chosen for co-cultures due to its strong ability to produce EPS components 

such as alginate, levan and cellulose. It was verified that L. monocytogenes was able to reach 

a same cell count after 7 days of incubation at 12 ºC than 24 hours at 37 ºC. Since biofilms 

produced at 12 ºC were less susceptible to sanitizers it was hypothesized that differences in 

matrix composition may account for this. To clarify this, the kinetics of biofilm formation 

should be determined. This should include not only a quantification of cells, but also a 

quantification of other biofilm matrix main components: the exopolysaccharides, the eDNA 

and the total proteins. 
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An extraction of specific components of the biofilm matrix, and subsequent addition to 

formed biofilms will also provide useful information by enabling an evaluatation of changes 

in the susceptibility behavior to disinfectants. 

After disinfectant testing of co-culture biofilms, it was verified that the recovered 

suspensions presented a growth characteristic of one of the species (P. aeruginosa) despite 

both species being present. This observation raised the question on how was the species 

disposition inside the biofilm. The matrix biofilm is known to create diffusional constraints, 

for nutrients and oxygen but it is not yet clear how it conditions species disposition. Studies 

using confocal fluorescence microscopy associated with fluoroprobes will allow elucidating 

this mater. 

The aim to approximate biofilm study conditions to the ones relevant to the food industry 

led to the use of low temperatures, since refrigeration is widely used method for food 

preservation. However, expedited and high-throughput methods needed to be compared 

with methods that use surfaces common in the industry in order to properly extrapolate 

laboratory results and therefore provide more useful information for the industry. To that 

end, four methods were compared. A low correlation between methods frequently used to 

assess biofilm formation was found, but a tendency towards surface dependence was 

observed. Also the methods that used a polystyrene surface for biofilm formation generally 

underestimated the biofilm forming ability of the strains. These observations emphasize the 

importance of the assessing biofilm formation under conditions as close to industry reality as 

possible; by using a relevant surface in the industry such as the stainless steel. In addition, in 

order to better mimic industrial conditions, and since it is established that nutritional 

availability determines biofilm formation, the assessment of biofilm formation and posterior 

assessment of susceptibility, should be looked into using different grow media in order to 

identify nutritional components relevant to the biofilm formation and its final composition. 

In this work, the use of several methods allowed an identification of several strains of L. 

monocytogenes with high biofilm forming ability. The exoproteome of two of the strains 

with the highest biofilm forming ability was further investigated and comparedwith its 

planktonic exoproteome counterpart. It was possible to identify proteins that were produced 

with higher abundance when the strains were grown in the biofilm state. These results 

opened a wide range of possibilities for further studies. In fact, out of all the proteins 

identified as more abundant in the biofilm state, one was further investigated by 
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construction of a deletion mutant and evaluation of the mutant biofilm forming ability. The 

same should be performed for other the proteins identified in this work since it is likely that 

the role of such proteins will be relevant for biofilm formation. Many other proteins were 

identified as more abundant in the planktonic state. These proteins may be detrimental to 

the species ability to form biofilm, therefore, in a similar way, interfering with the genes 

coding for these proteins may also provide clues to the biofilm formation process. 

The two strains used to study the exoprotetome despite having good biofilm forming ability, 

had shown by epifluorescence microscopy images differences in the biofilm pattern on 

stainless steel. The analysis of the strains exoproteomes both in biofilm and planktonic state, 

also allowed the comparison of the strains. Several proteins were identified that may be 

associated with the differences in the strains behavior. This should be further investigated 

since it may lead to the finding of genes relevant for the biofilm structural characteristics and 

therefore a new and useful way to characterize strains. All strains of L. monocytogenes 

should be regarded as able to form biofilms; however, it was seen in this work a wide range 

of variability, but not a correlation either with serovar or virulence. The study of the 

exproteome and comparison between strains with different biofilm forming ability should be 

extended to more strains with different biofilm forming abilities since it may help to 

understand and identify key factors for biofilm formation. 

The proteomic approaches allows uncovering interactions of many gene products important 

for the establishment and maturation of the biofilms, however the expression of the genes 

coding for differential secreted proteins should also be evaluated by real-time reverse 

transcription PCR (RT-PCR). Such work will allow identifying ways to block specific biofilm 

components and therefore develop novel anti-biofilm strategies such as antiadhesion agents 

or signals to promote bacterial dispersal. 
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