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ABSTRACT 
 

The idea of primary colonization of surfaces by Pseudomonas as a requirement or a 
decisive step for Listeria monocytogenes (Lm) integration in biofilms (Sasahara & 
Zottola, 1993) has been of primary influence in food industry sanitation. The assumption 
has been that L. monocytogenes is not capable of sufficient EPS production to create 
biofilms on its own and that Pseudomonas (fluorescens, putida, fragi or other species) are 
clearly superior in this respect and can provide a generous matrix able to host unobtrusive 
guests such as Listeria. For further insight into this classic 20-year-old topic, mixed 
biofilms with several strains of Lm and P. fluorescens (Pf) were obtained at room and 
refrigeration temperatures to be studied with confocal microscopy. Differential labeling 
of both species allowed identification of their respective location in biofilm structure. 
Both types of cells were separately quantified by plating in specific media. Co-culture 
benefits for Lm were confirmed in biofilms, particularly at 4ºC, although not in 
planktonic cells. Besides, Listeria cells appeared preferentially located in the deeper, 
more anaerobic layers, with Pseudomonas cells placed on top of them. It is well known 
that bacteria in biofilms are better protected against various antimicrobial agents than 
planktonic cells; the protection is increased for cells in mixed biofilms and even more so 
when the cells are located in their deeper layers. The observed distribution pattern may 
guide the development of new and more effective cleaning and disinfection strategies to 
be used in food processing associated surfaces. 
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INTRODUCTION 
 
Biofilms are communities of microorganisms embedded in a matrix of extracellular 

polymeric substances (EPS) produced by themselves (Kjelleberg & Givskov, 2007; 
Karunakaran,., 2011). This matrix is an adhesive gel that attaches to a surface and provides 
protection to the biofilms inhabitants (Flemming & Wingender, 2010). In the food industry 
context, this protection stands against sheer forces of flowing liquids and chemical action of 
tensoactives and biocides during cleaning and disinfection operations (Chmielewski & Frank, 
2003; Fratamico et al., 2009; Srey et al., 2013; Valderrama & Cutter, 2013). When these 
operations do not achieve efficient biofilm elimination, the biotransfer of shed cells or biofilm 
fragments may contaminate raw materials or foods (Verran et al., 2008). This is more 
dangerous when the embedded cells are pathogens, as it is the case for Lm, when the 
contaminated food can support their growth during the storage and commercialization 
lifespan and when the foods do not receive further hygienic treatment, as in Ready To Eat 
(RTE) foods. When biofilm inhabitants are very active food spoilage agents, as it is the case 
of Pf, they tend to be widely widespread and abundant in food processing plants, having an 
impact not only on the product’s organoleptic and preserving qualities, but also on different 
aspects of the plant’s technological performance (Fratamico et al., 2009) and on costs of 
cleaning and disinfection. So, even if biofilms are pathogen-carrying or not, their eradication 
from food associated surfaces is a challenge for the food hygienist. 

Pseudomonas sp. is a versatile and fast psychrotroph known to dominate the spoilage 
pace and pattern of protein-rich refrigerated foods (Huis in’t Veld J. H. J., 1996). Pf is most 
prominent in milk dairy products, while P. putida and P. fragi are more commonly associated 
with meat products (Liao, 2006). P. aeruginosa has minor importance as a food pathogen, but 
it is obviously the best known Pseudomonas species (Silby et al., 2011) because of its role in 
cystic fibrosis; it is thus a reference for the whole gender. Pseudomonas biofilms have been 
extensively studied, not just for their clinical and food related relevance (Mettler & 
Carpentier, 1998; Mann & Wozniak, 2012), but as a convenient biofilm model (Lopez et al., 
2010) due to rapid development, considerable thickness and rich structural complexity. 

Pseudomonas interactions with Listeria were already studied in planktonic cultures in 
milk (Farrag & Marth, 1989) and special media (Buchanan & Bagi 1999). Pseudomonas 
protective role on surfaces was described very early (Breen et al., 1982). Observation of 
mixed biofilms of Lm strain Scott A and P. fragi served to draw the inspiring idea of 
Listeria’s utilization of a primary colonizer to enhance its attachment to food related surfaces 
(Sasahara & Zottola, 1993). P. putida and Lm have been found to actually coincide in real 
biofilms in the food industry (Hassan et al., 2004) and similar partnerships are likely to be 
common in the refrigerated food processing context. 

Human listeriosis owes its “emergence”, in the eighties of the twentieth century, to 
advances in food industry sanitation (Ryser, 2007). Before that, Lm was not able to achieve 
significant figures due to its poor competitive skills to face the resident microbiota, 
traditionally kept at much higher levels than now. Interestingly enough, some of the 
antagonistic mechanisms used by other organisms, such as lactic acid bacteria, are now 
attempted for Lm control without the use of biocides (Nilsson et al., 1999; Mariani et al., 
2011). Additionally, certain food preservation conditions, such as refrigeration or multiple-
hurdle strategies, have offered a unique chance for Lm to occupy “new” niches. Thus, from 
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the ecological point of view, the upsurge and persistence of this pathogen in the food chain is 
a remarkable case of manmade situation (Carpentier & Cerf, 2011; Valderrama & Cutter, 
2013).  

Many Lm strains have been tested in their ability to form monospecies biofilms in 
experimental conditions (Moretro 2004, Nilsson et al., 2011; da Silva et al., 2013). Their 
structure is very different from the more frequently described biofilm models, which are 
mushroom-like, such as those of Pseudomonas (Costerton, 2007). The structures of Lm are 
thin and sparse, sometimes described as scattered colonies or knitted chains (Rieu et al., 
2008). Their matrix composition is also rather different and particularly rich in protein and 
extracellular DNA (Harmsen et al., 2010; Combrouse et al., 2013). Listeria’s interactions 
with various bacteria in mixed biofilms have been previously investigated (Jeong & Frank, 
1994; Carpentier & Chassaing, 2004).  

In real environments of food processing Lm is thought to be present in biofilms in 
commensal association with compatible partners (Elias & Banin, 2012) one of which seems to 
be Pseudomonas. As multispecies biofilms are more resistant to cleaning and disinfection 
agents than monospecies biofilms (Simoes et al., 2009) better knowledge of their structural 
features may help to develop more efficient eradication alternatives.  

This chapter focuses on three issues: 1) Global outcome of the interactions between Lm 
and Pf on both biofilm and planktonic cell numbers. 2) Comparison of the results at 20 and 
4ºC, as low temperatures are very relevant in the food industry context. 3) Spatial distribution 
of the two species in biofilms, as seen by CLSM. One psychrotrophic Pf collection strain was 
used for these aims, together with six different Listerias: the reference strain of Lm, Scott A, 
four persistent strains of the same species, repeatedly sampled in a meat product processing 
plant (Ortiz et al., 2010) and one strain of L. innocua. 

 
 

MATERIALS AND METHODS 
 

Bacterial Strains  
 
Pf ATCC 948TM, Listeria innocua ATCC 33090TM and five strains of Lm: 4 persistent 

strains, S1 (serotype 1/2a; lineage II), S2 (1/2a; lineage II), S4-1 (1/2b; lineage I), and S10-1 
(1/2a; lineage II), isolated from an Iberian pig slaughterhouse and a processing plant by Ortiz 
et al., (2010) and Lm Scott A (4b; lineage I), were selected as former biofilm organisms. All 
the strains were stored at −20°C in Tryptone Soya Broth (TSB, Oxoid) with 15% glycerol. 
Preinocula were obtained after incubation for 24h under shaking (80 rpm) at 20°C in TSB and 
reaching up to mid-exponential phase. Cells were harvested by centrifugation at 4000 × g for 
10 min, washed twice in sterile TSB and their OD600 adjusted in order to reach 104 CFU·mL−1 
of each bacteria after inoculation, whether in single or binary cultures. 

 
 

Experimental System 
 
Biofilms were developed on single-use 22 × 22 mm thin, borosilicate commercial 

microscope glass coverslips. As described in Orgaz et al., (2011), 16 coverslips were held 
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vertically by marginal insertion into the narrow radial slits of a Teflon carousel platform (6.6 
cm diameter). The platform and its lid were assembled by an axial metallic rod for handling 
and placed into a 600 mL beaker. The whole system, i.e. coverslips, carousel and the covered 
600 mL beaker, were heat-sterilized as a unit, before aseptically introducing 60 mL of 
inoculated TSB. In the case of multispecies biofilms both bacteria were inoculated at the 
same initial level, and their corresponding monospecies biofilms were used as controls. 
Incubation was carried out at 20°C/96h or 4ºC/20 days, in a rotating shaker at 80 rpm. Under 
these conditions, the biofilm growth occupied about 70% of the coverslip’s surface.  

 
 

Cell Recovery and Counting 
 
For sampling biofilm cells, glass coverslips were withdrawn with tweezers and were 

carefully rinsed in sterile 0.9% NaCl to discard weakly attached cells. Then, attached cells 
were removed by swabbing both coverslip faces and then dispersed into tubes containing 1.5 
mL peptone water. These were then vigorously stirred in a vortex to break up cell aggregates. 
Sampling of the planktonic phase was also carried out in parallel by withdrawing 100 µL of 
the culture medium at each time. Biofilms and planktonic cells were appropriately diluted in 
peptone water and the pertinent dilutions were plated according to the drop method described 
by Hoben & Somasegaran (1982). Briefly, 3 drops of 20µL were deposited into plates of 
selective media, PALCAM (Oxoid) and Pseudomonas Agar Base (Oxoid) for counting 
Listeria spp. and Pseudomonas spp., respectively. Colonies were counted after 48 h 
incubation at 37°C or 30°C, for Lm or Pf, respectively.  

 
 

Biomass Determination 
 
To evaluate the attached biomass (cells plus matrix) two coverslips of each carousel were 

dried and stained for 2 min in a 1‰ Coomassie Blue solution in acetic acid/methanol/water 
(1:2.5:6.5). Once rinsed and dried again, coverslips were scanned in a Bio-Rad GS-690 
densitometer, with Molecular Analyst software (Bio-Rad Inc.) for image analysis. The 
average optical density of the whole glass coupon surface was obtained, using a green filter 
corresponding to a 520–570 nm wavelength.  

 
 

Apparent Attached-cell Generation Times 
 
Apparent generation times of the attached counts over the exponential phase were 

calculated. Apparent means that a combination of the overall proliferation and the balance 
between attached and detached cells is integrated in each result of viable attached cells. 
Apparent generation times were calculated for monospecies biofilms of Lm Scott A and 
binary biofilms of Lm Scott A and Pf ATCC 948TM, at 20ºC and 4ºC, using the following 
equations: 

 
μ = (Log N2-Log N1)/(t2-t1)  (1) 
g = log 2/μ (2) 
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being N2 the attached cell density at the end of the exponential growth phase; N1 the attached 
cell density at the beginning of the exponential growth phase; t2 and t1 were the length of time 
to attain N2 and N1, respectively.  

 
 

Statistical Analysis 
 
Analysis of the association effect was performed on planktonic and biofilm counts of Pf 

and Lm both in mono and binary cultures. Data were analyzed using Statgraphics Plus 5.0 
software (Statistical Graphics Corporation, Rockville, Md., USA) and ONE-way ANOVA 
analysis of variance. Mean comparisons were carried out to determine significant differences 
at a 95.0% confidence level (p < 0.05). 

 
 

Confocal Laser Scanning Microscopy (CLSM) 
 
For CLSM observation, biofilms developed in glass coverslips were rinsed with sterile 

0.9% NaCl and then stained with ViaGramTM Red+ Bacterial Gram Stain and Viability kit 
(V7023, Invitrogen). This kit includes DAPI, which stains all the cells and Texas Red-X, 
which selectively binds surfaces of Gram-positive bacteria. Thus, the blue cells here 
correspond to Pf, whereas cells that exhibit red surfaces correspond to Lm. CLSM images 
from 0.12 x 0.12 mm coupon areas were obtained using a TCS SP2 microscope (Leica 
Lasertechnik, Heidelberg, Germany) with a water immersion objective lens 63X. Three-
dimensional projections (Maximum Intensity Projection, MIP) and extended section views of 
biofilm structures were reconstructed from z-stacks using IMARIS® 7.6 software (Bitplane 
AG, Zúrich, Switzerland). In order to analyze the spatial distribution of the Lm population 
within the binary species biofilms, a parameter here called biovolume was calculated using 
the MeasurementPro module of Imaris 7.6. For this, the whole image was first segmented and 
analyzed to obtain the total volume occupied by cells (that is, blue cells plus red cells); then 
the image was divided into two sections, the top layer corresponding to the upper 50% of the 
biovolume and the bottom layers to the inferior 50%. Listeria spatial distribution was thus 
calculated as a percentage of red in each of the above-mentioned sections. 

 
 

RESULTS 
 

Counts in Planktonic Phase and Biofilms from Monospecies and Dual-species 
Cultures  

 
In the planktonic phase of the dual cultures with Pf and Lm strain Scott A, the net 

outcome of species interaction for Lm, in terms of viable cells, was practically neutral at both 
temperatures (Figure 1A and B). In other words, Lm growth was not affected by the presence 
of Pf. At some intermediate culture stages at 4ºC, however, the interaction outcome was even 
negative for Lm. Pf cell counts, planktonic or in biofilms, were not affected by the presence 
of Lm (data not shown). 
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Figure 1. Counts of Lm Scott A in monospecies (white bars) or in dual cultures with Pf (black), 
incubated at 20ºC (left) or 4ºC (right). Planktonic cells above, biofilm cells below. Error bars represent 
the confidence interval for the mean (n = 4). Biofilm counts in mono- and multi-species cultures were 
all significantly different (P < 0.01).  

At least with the inocula sizes used in these experiments (yielding 104 CFU ml-1 of each 
species at the start of the culture) all the strains, tested here, of Lm produce monospecies 
biofilms. Therefore, no absolute dependence for Pseudomonas primary colonization was 
observed. However, in the dual cultures biofilm phase (Figure 1C and D) the combination of 
Pf and Lm Scott A was always beneficial for Lm (at least 1 log extra growth) and even more 
at 4ºC. There were up to 200-fold more Lm cells per cm2 in 5-day biofilms at 4ºC with 
Pseudomonas than without. The apparent growth rate for Lm Scott A in biofilms, i.e. the 
figure combining attached cell multiplication rate and new cell attachment, was 0.05 h-1 at the 
monospecies and 0.09 h-1 at the dual-species biofilms at 4ºC.  



Spatial Distribution of Listeria monocytogenes and Pseudomonas fluorescens ... 121

 

Figure 2. Counts of Lm Scott A in monoespecies (white bars) or dual species (black) biofilms and Pf 
counts in the dual species biofilms (lined bars), along incubation time at 20ºC (A) or 4ºC (B). Lines 
represent biomass OD in pure (white circles) or dual-species cultures (gray circles). (n=5). Differences 
between Lm counts in pure and dual-species biofilms were all significantly different (P < 0.02), except 
for the cases of 1h, 2h and 3h at 20ºC. 

Figure 2 presents count levels of the two species in mixed biofilms, from the early stages. 
The proportion between them was quite large initially; one Lm for every 10 or more Pf, but 
figures of the two species became closer later on. It could also be noted that during the first 
3h at 20ºC, Lm adhered at the same pace with or without Pf. At 4ºC, however, Lm attachment 
was helped by Pf from the early stages.  

Overall biofilm biomass (cells plus matrix) had a significantly different development 
pattern, depending on temperature and the biofilm being mono- or dual species. Matrix 
development in pure Lm biofilms was very scarce from the point of view of optical density 
and was practically unchanged even when the cell density reached 107 CFU cm-2. In mixed 
biofilms the matrix was poorly developed until it rather suddenly started to grow. This sharp 
start took place at 20ºC when Pf reached 104 CFU cm-2 in biofilms, but appeared delayed to a 
density of 107 CFU Pf cm-2 when at 4ºC. Over time, the biomass quantitative profile also 
varied with temperature (Figure 2 A and B); at 4ºC, a larger decrease of biomass in old 
cultures was observed.  

 
 

CLSM Images of Biofilms with Pf and Listeria 
 
In monocultures of Lm Scott A cells look more aggregated at 20ºC than at 4ºC (Figure 3), 

but in both cases, biofilms were sparse and thin (3µm thick). In the zenital images of dual 
species with similar Lm cell density, known from selective media plate counting (Figure 3B 
and D), red cells (Lm) were less visible and apparently much fewer at 4ºC than at 20ºC. The 
hypothesis then was that a masking effect of Pf was hiding most of Lm cells underneath. 

An effect of blanketing or layering, to confirm that hypothesis, could be observed in the 
images of Figure 4, showing profiles of dual species biofilms with Pf and Lm Scott A, 
obtained at different temperatures and times. A layering distribution with Lm underneath Pf 
was observed in all cases, except after 15 days at 4ºC, where few Pf were visible. It must be 
remembered that images such as those in Figure 4 do not correspond to the same individual 
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biofilm through time, but to randomly taken zones of different coupons taken from the same 
culture at different times of incubation. 

 

 

Figure 3. CLSM zenital images of biofilms such as those in Figure 1, with Lm Scott A in red and Pf in 
blue. A) Monospecies of Lm, after 24h at 20ºC (CFU·cm-2: 2.4 x 105; thickness ≤ 3µm). B) Dual 
species, 24h at 20ºC (CFU·cm-2: 6.4 x 106 Lm and 1.3 x 106 Pf; thickness 20 µm). C) Monospecies of 
Lm, after 10 days at 4ºC (CFU·cm-2: 9.7 x 104; thickness ≤ 3µm). D) Dual species, 10 days at 4ºC 
(CFU·cm-2: 1.5 x 106 Lm and 1.1 x 106 Pf; thickness 14 µm). 

In order to confirm this pattern further, four Lm persistent strains obtained from a food 
industry facility were incubated with the same Pf for 10 days at 4ºC. The resulting biofilm 
profiles are shown in Figure 5. Two types of structure could be there observed: a thin and 
compact one, with clear layering of the two species, shown by consortia containing Lm 
strains S1 and S10, and a spongy, fluffy and more complex profile, with less clear layering, in 
the case of biofilms with S2 and S4-1. Besides, whereas in most cases biofilm profiles show 
mixtures of single cells, in those of consortium Pf/Lm S2 the local accumulation of 
microcolonies of just one of the species was visible.  
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Figure 4. CLSM transversal images of dual species biofilms with Lm Scott A in red and Pf in blue. A) 
After 48h at 20ºC (CFU·cm-2: 2.14 x 107 Lm and 2.93 x 107 Pf). B) 72h at 20ºC (CFU·cm-2: 2.87 x 107 
Lm and 2.93 x 108 Pf). C) 96h at 20ºC (CFU·cm-2: 1.17 x 106 Lm and 1.01 x 106 Pf). D) 4 days at 4ºC 
(CFU·cm-2: 4.27 x 103 Lm and 2.41 x 104 Pf). E) 8 days at 4ºC (CFU·cm-2: 6.73 x 105 Lm and 3.12 x 
107 Pf). F) 15 days at 4ºC (CFU·cm-2: 1.53 x 106 Lm and 1.10 x 106 Pf). 

 

Figure 5. CLSM transversal images of dual species biofilms with four different persistent Lm strains in 
red, and Pf in blue, after 10 days at 4ºC. S1) CFU·cm-2: 5.48 x 105 Lm and 2.82 x 107 Pf. S2) CFU·cm-

2: 1.74 x 105 Lm and 5.01 x 107 Pf. S4-1) CFU·cm-2: 2.45 x 105 Lm and 3.39 x 107 Pf. S10-1) CFU·cm-

2: 2.24 x 105 Lm and 5.01 x 107 Pf. 
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Figure 6. CLSM extended section view (z-y and z-x planes) of dual species biofilms with Listeria 
innocua ATCC® 33090TM in red and Pf in blue. A) after 96h at 20ºC (CFU·cm-2: 1.27 x 108 L. innocua 
and 6.16 x 108 Pf; Thickness 28 µm). B) 20 days at 4ºC (CFU·cm-2: 2.02 x 105 L. innocua and 4.86 x 
107 Pf; Thickness 8 µm). 
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In consortia of Pf with L. innocua (Figure 6), species layering in the biofilms was similar 
to that observed for Lm, with a spongy but neat stratification after 96h at 20ºC and a denser 
picture, apparently with less EPS, in the 20-day at 4ºC case, probably corresponding to an old 
biofilm. 

Listeria’s percentage distributions between the top half and bottom half of the profile of 
each dual species biofilms of Pf with Listeria studied here are shown in Table 1. The figures 
represent the % of Listeria color label present in the top and bottom halves of the biofilm 
biovolume, the bottom being the substratum’s surface. Of the twelve cases checked for 
quantifiable layering, nine presented more cells in the “deep compartment” or bottom layer of 
the biofilms, although in two of those cases only 54% of the total Listeria cells were there. 
The more clear-cut layered distribution could be observed at early and intermediate 
incubation times. L. innocua dual biofilms with Pf also presented layering in the images from 
cultures at 20ºC. No relationship between serotype or lineage of Lm strains and their spatial 
distribution in dual biofilms was detected (Valderrama & Cutter, 2013). 

 
Table 1. Layering of Listeria cells in the dual-species biofilms shown in figures 4 to 6 

 
    Distribution (%) 

Species Strain 
Serotype  
(lineage) 

T  
(°C) 

Time 
Top 
Layer 

Bottom 
Layer 

L m Scott A 4b (I) 20 48h 19 81 

L m Scott A 4b (I) 20 72h 45 54 

L m Scott A 4b (I) 20 96h 22 78 

L m Scott A 4b (I) 4 4days 19 81 

L m Scott A 4b (I) 4 8days 11 89 

L m Scott A 4b (I) 4 15 days 45 54 

L m S1p 1/2a (II) 4 10 days 53 47 

L m S2p 1/2a (II) 4 10 days 34 66 

L m S4-1p 1/2b (I) 4 10 days 63 37 

L m S10p 1/2a (II) 4 10 days 40 60 

L. innocua ATCC® 33090TM - 20 96h 14 86 

L. innocua ATCC® 33090TM - 4 20 days 72 28 

 
 

DISCUSSION 
 

Outcome of the Interactions between Pf and Lm Scott A on the Planktonic 
and Biofilm Phases of Dual Cultures  

 
In the conditions used, there was a striking contrast between the neutral relationship in 

the planktonic phase of the co-culture and the positive relationship (at least for Lm) in 
biofilms. This was more intense at low temperatures, where the specific cold adaptation 
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physiology of both species apparently meet or are introduced in a way that gives an advantage 
to Lm (Chan & Wiedmann, 2009).  

Many interactions are likely to take place between these two species, their outcome 
depending on strains, environment, time and relative populations. In an attempt to find a 
specific Pf isolate to limit growth of Lm, Buchanan & Bagi (1999) worked with co-cultures of 
another (non-siderophore producing) Pf strain on Scott A Lm’s planktonic growth kinetics. 
They concluded that all ecologica outcome possibilities, that is, no effect, stimulation or 
inhibition of Lm, could be found with those co-cultures depending on environmental 
conditions and initial population levels. Buchanan achieved a remarkable reduction in 
Maximal Population Density of Lm (over 3-log) in spite of a decrease in generation time, as a 
result of the coculture at 4ºC, pH 7 and 5% NaCl in BHI medium. Inhibition of Lm by 
Pseudomonas spp. had been related on other occasions to the production of siderophores or 
bacteriocins, factors that were checked out in Buchanan’s work.  

Other authors, however, have described the stimulation effects on planktonic growth of 
Lm by various species and strains of Pseudomonas (Farrag & Marth, 1989; Gram, 1993). One 
of the reasons frequently suggested to account for positive effects on Lm was Pseudomonas 
ability to produce extracellular proteinases that could mobilize essential amino acids, 
particularly in media such as milk. Extracellular enzymes such as proteinases, lipases and 
other hydrolases are very often produced by Pseudomonas (Sorhaug & Stepaniak, 1997) and 
at least some of them are particularly well expressed at low temperatures (Jaspe et al., 1995) 
and could contribute to nutrient commensalism.  

Published antecedents on biofilm consortia involving Lm have reported the influence of 
strain precedence in contact with the substratum surface and the partners respective initial 
population; in general, reports on Pseudomonas stimulation tend to dominate those on 
inhibition of Lm attachment (Breen et al., 1982; Sasahara & Zottola, 1993; Carpentier & 
Chassaing, 2004; Hassan et al., 2004; Mellefont & Ross, 2007). Ecological interaction 
mechanisms involving cell-to-cell communication are likely to be more effective inside 
biofilms than in the planktonic environment (Elias & Banin, 2012) as the smaller distance 
between cells allows for higher concentrations of autoinducers, metabolic end-products that 
may act as precursors or inhibitors, enzymes, etc., playing a syntrophic role (Morris et al., 
2013).  

 
 

EPS and Layering in Dual Biofilms 
 
The main and more frequently proposed factor for Pf cooperation with Lm in biofilms 

has always been EPS, large amounts of Pseudomonas EPS that would physically fix, embed 
and protect Lm. According to our results, however, dual Pf/Lm biofilms are not particularly 
thick and do not have much EPS. Some mutual benefit between Pf and Lm (nutrient or signal-
based) may be holding or reinforcing their interaction at the expense of reduced EPS 
production. This appeared to be regulated by a QS switch mechanism, having a lower cell 
density threshold at 20º and at 4ºC.  

The most characteristic feature of these dual Pf/Lm biofilms was layering; a characteristic 
type of spatial distribution that may be a key to decipher the specific interactions between 
these two species when living in biofilms. Lm appeared to be located at the bottom layers of 
the dual biofilms, but at early stages Lm attached cells were fewer than those of Pf. There 
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were many more Pf than Lm cells to cover the substratum surface for quite a long time, 
particularly at 4°C, so Lm cells probably have to make their way towards the biofilm bottom 
across the Pf matrix. It may be that the extracellular chitinase activity, that Tirumalai & 
Prakash (2011) have described for Lm, helps their cells get through the entangled Pf’s EPS 
network. Amino sugars, acetylated or not, have been described as components of Pf’s 
extracellular polysaccharides (Kives et al., 2006). In our experience we found an exception to 
layering with Listeria (Lm and L. innocua) where at the bottom were old biofilms grown in 
batch; spontaneous or physiological shedding or detachment of superficial Pf cells located at 
upper layers could account for it (Kaplan, 2010; McDougald et al., 2012). 

A bottom location in the biofilm structure is, so to say, not comfortable but safe. Survival 
in anaerobiosis (Lungu et al., 2009) and through starvation stress (Lungu et al., 2010) has 
been described for Lm. Depth and very slow doubling time would contribute to the highly 
increased resistance to antimicrobials observed for Lm in multispecies biofilms by different 
authors (Bourion & Cerf, 1996; Fatemi & Frank, 1999; Simoes et al., 2009; Lourenco et al., 
2011; Ibusquiza et al., 2012). 

Layering is a structural setup fit for cooperation (Elias & Banin, 2012) or syntrophy 
(Morris et al., 2013). When its outcome is negative for the covered partner, it is called 
blanketing (Rendueles & Ghigo, 2012). One such case involving Lm in coculture at 25°C has 
been described (Habimana et al., 2011); also in the bottom layers, Lm was overtaken by 
Lactococcus lactis. Further, Almeida et al. (2011) reported a clear case of layering in biofilms 
at 21°C involving Lm at the bottom layers together with Salmonella enterica, being covered 
by fast growing Escherichia coli. 

 
 

Is Pseudomonas a Primary Surface Colonizer Needed for Lm Attachment? 
 
Pseudomonas early colonization of surfaces is beneficial for Lm attachment but not 

indispensable. Diversity in Lm independent biofilm forming ability according to strain and 
environment has been previously reported (Borucki et al., 2003; Moretro & Langsrud, 2004; 
Moltz & Martin, 2005). Lm in TSB can form monospecies biofilms reaching rather high 
cellular densities, around 105 CFU cm-2 at 20ºC and slightly less at 4ºC. When Pf was present 
however, Lm cells per cm2 in biofilms increased about 1 log at 20ºC and 2 log at 4ºC; not 
needed, right, but very convenient.  

The primary colonization concept may be complemented by the subsequent layered 
structure: the first surface colonizer (Pf) could be later colonized itself (its matrix) by a guest 
(Lm) that may work out a thorough restructuration of its initial shelter. Pf could be somehow 
compensated by Lm, possibly providing the host with some useful service, such as acting as a 
sink for a self-inhibitory end product that would otherwise be dumped outside. 

 
 

Dual Biofilms at Low Temperatures 
 
Pf/Lm co-culture appeared to be more beneficial for Lm at 4ºC than at 20ºC. Shortening 

of the lag phase, which is rather long for Lm at low temperatures (Chan & Wiedmann, 2009) 
seems to be one of the mechanisms; the other presumably being the migration to the bottom 
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layers, later on. This late advantage would disappear when Pf cells get detached, as the 
biofilm reaches a dispersion or detachment stage (McDougald et al., 2012). 

In the food chain context, refrigeration of foods and equipment represent a selective niche 
for psychrotrophs such as Pf and Lm (Valderrama & Cutter, 2013). There is therefore a need 
to know the conditions or factors that allow or enhance Lm growth, survival or cell transfer in 
the cold. Biofilms favor all that, and the presence of Pseudomonas favors higher levels of Lm 
in biofilms. Elimination of Pseudomonas and layered Pf and Lm-carrying biofilms are 
therefore adequate targets to reduce Lm prevalence and improve food safety. 

Other saprophytic, psychrotrophic and good biofilm former bacteria different from 
Pseudomonas, which could form layered biofilms  the strain of Pf used here. And maybe not 
all Lm strains are fit to dive into the biofilm’s bottom layers; they may stay in more 
accessible locations, to the advantage of the food plant hygienist. In summary, cleaning 
procedures aimed at detaching the top biofilm layers occupied by Pseudomonas or a similar 
host, or penetration through them, could be a good strategy for Lm eradication. 
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