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This work shows that the combination of two-dimensional (2D) and three-dimensional (3D) analyses of 

images acquired by confocal laser scanning microscopy facilitates the quantitative spatiotemporal 

characterization of architectures formed by Listeria monocytogenes biofilms. In particular, the analysis of 

structural features such as maximum thickness, biovolume, areal porosity and maximum diffusion 

distance allowed elucidating differences in biofilm formation of three L. monocytogenes strains (L1A1, 

CECT5873 and CECT4032).  

 

The analysis showed a common sequence for all strains. In the first phase, independent clusters evolve to 

interconnected clusters and honeycomb-like structures. Flat biofilms characterized the second phase. The 

structures disappear in the third phase. 

 

Nevertheless, the duration of the phases differed from strain to strain. L1A1 strain exhibited the slowest 

dynamics and the thickest biofilms while the strain CECT4032 presented the faster dynamics and the 

thinnest biofilms. Also, the number of dead cells varies significantly from strain to strain. 
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From the results of the analysis, it can be concluded that 2D parameters are critical to differentiating 

morphological features while 3D parameters ease the interpretation and comparative study of the different 

phases during the life cycle of biofilms. 

 

 

 

1. INTRODUCTION 

 

Listeria monocytogenes is a major concern in the food industry. In fact, the last European Food Safety 

Authority report (EFSA and ECDC, 2015) still indicates a substantial number of food-related listeriosis 

outbreaks. 

 

Food contamination by L. monocytogenes frequently occurs during post-processing through cross-

contamination, in many cases by food contact with unhygienic work surfaces and facilities (Wilks et al., 

2006). Although food equipment and contact surfaces are routinely cleaned and disinfected, L. 

monocytogenes can grow and persist in harbourage sites (Carpentier and Cerf, 2011; Lundén et al., 2000). 

In those sites L. monocytogenes can form biofilms that in turn can be linked to the intrinsic protective 

character of bacterial communities to disinfectants (Pan et al., 2006; Robbins et al., 2005; Somers and 

Wong, 2004). 

 

Biofilms are heterogeneous and commonly multispecies, communities embedded in self-produced organic 

polymeric matrixes that present complex three-dimensional architectures (Characklis et al., 1990; 

Costerton et al., 1987). This preference to live in biofilms responds to convenient multifactorial resistance 

to both unfavourable environment and antimicrobial agents (Fux et al., 2005; Hoiby et. al., 2010). 

 

Biofilm structure determines the main physiological processes related to persistence and resistance. For 

example, diffusion of antimicrobial agents is conditioned by the shape and thickness of biofilms, thus 

limiting their efficacy towards biofilm elimination. Biofilms that are ten cells thick exhibit diffusion time 

100 times longer than those formed by a single layer of cells (Stewart, 2003). 
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The complexity of biofilm architectures has motivated the development of an array of microscopic 

techniques to study them. For instance, atomic forces microscopy (AFM), wide-field fluorescence 

microscopy (WFM) and scanning electron microscopy (SEM)  provide substantial details for the research 

of biofilms structures (Djordjevic et al., 2002; Marsh et al., 2003; Mosquera-Fernández et al., 2014). 

Besides, confocal laser scanner microscopy (CLSM) enables in situ and in vivo three-dimensional biofilm 

optical imaging (Stoodley et al., 1999).  

 

Despite the evident interest of observing the structures or their development, it is also necessary to 

quantitatively characterise biofilms. In this respect, CLSM together with quantitative image analysis 

allows for the automatic determination of biofilms thickness, biovolume or roughness. This approach 

allows for a quantitative comparison of biofilms among different strains, species or environmental 

conditions (media, temperature, type of culture). 

 

Substantial efforts have been devoted to develop software tools for image analysis. COMSTAT (Heydorn 

et al., 2000), ISA (Yang et al., 2000), ISA 3D (Beyenal et al. 2004), PHLIP (Mueller et al., 2006) or 

BIOFILMDIVER (Mosquera-Fernández et al., 2014) have been already used for the purpose of studies 

related to biofilms.  

 

This contribution focuses on the characterization of the structure and dynamics of L. monocytogenes 

biofilms. Previous works focused on spatial characterization. Rieu et al., 2008 presented a comparison of 

biovolume and mean thickness for L. monocytogenes biofilms under batch and flow conditions using 

CLSM and PHLIP. Bridier et al., 2010 quantified maximum thickness, biovolume and roughness using 

PHLIP for biofilms formed by 10 L. monocytogenes strains at 24h. Similarly Guilbaud et al., 2015 

deciphered the structural diversity of biofilms formed by 96 L. monocytogenes strains at 48 h using also 

mean thickness, biovolume and roughness. These previous works focused their attention on the spatial 

characterization of biofilms at particular given times.  
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In what respects to structure formation and dynamics, the quantitative analysis is still in its infancy. 

Mosquera-Fernández et al., 2014 used fluorescence microscopy together with 2D image analysis to 

characterize the spatiotemporal behavior of three L. monocytogenes strains.  

 

This work goes a step further and presents a complete structure characterization covering the whole life 

cycle of L. monocytogenes biofilms. For this purpose, we combined CLSM with advanced image analysis 

including two-dimensional parameters critical to differentiate morphological features and three-

dimensional parameters to facilitate the comparative temporal analysis.  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 5 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 6 

    





AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 7 

 

3.1. Image qualitative analysis 

 

Visual inspection of the biofilms formed by the L. monocytogenes strains, L1A1, CECT5873 and 

CECT4032 using the IMARIS blend view mode (see Figure 3) revealed that biofilm formation follows 

several phases. For the case of L1A1, it can be clearly seen that biofilms are persistently growing up until 

the final time when the number of damaged cells increases significantly and the structure is lost. The 

images at earlier times (24 h and 48 h) show the presence of small clusters (see, Figures 3 and S1 and S2 

in the supplementary info). These clusters eventually joined to each other in a honeycomb pattern (see 

Figure 3 and Figures S1 A3, A4, B4, B5, in the supplementary info). Later this pattern disappears to form 

an unstructured mass (see Figures 3, S1 and S2). For the case of CECT5873, the phases are similar to 

those observed for L1A1. However, the relative durations are different. Besides, clusters are notably 

larger and damage cells appear earlier in life cycle (Figure 3). Finally, CECT4032 biofilms evolve 

differently. The honeycomb phase is either too short or missing and cells die much earlier. 

 

3.2. Image quantitative analysis 

 

3.2.1. Three-dimensional parameters 

 

The analysis of three-dimensional parameters, i.e. MxT and BV, provide further information about the 

differences among the strains. Maximum height values revealed some differences both in the maximum 

height and the time this maximum was achieved (Figure 4A). L1A1 produced the highest biofilm with a 
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median value of around 50 µm. The detachment of L1A1 cells started after 96 h. CECT5873 achieved a 

maximum height of around 30 µm at 24 h and maintained that height during three days after which a fast 

decay was observed. Remarkably, CECT4032 attained a maximum height of around 25 µm later at 72 h 

and started a smooth decay right after. 

 

In some sampling times, results showed substantial relative variability (Figure 3A). The maximum 

relative variability values corresponded to a 16%, for L1A1 at 96 h; 27%, for CECT5873 at 48 h and 

19%, for CECT4032 at 48 h. CECT5873 measurements showed a higher variability; this may be 

explained taking into account the substantial heterogeneity of the biofilms, possibly due to the presence of 

clusters and deeper emptier areas. In addition, this may indicate that CECT5873 biofilms are certainly 

more unstable than those formed by L1A1 and CECT4032. 

 

Biovolume confirmed critical differences between L1A1 and the other two strains. Contrary to what we 

observed in the temporal evolution of MxT, the BV presents two peaks with maximum biovolume of 

around 5.5 at 48 and 96 h (Figure 4B). These two peaks may indicate a period of detachment between 48h 

and 96h. Biofilms are quite packed at 48 h with small clusters, not yet too high. At 72 h, after a possible 

period of detachment, the same height is obtained, while the biovolume has decreased, possibly due to 

cells in the bulk. At 96 h cells have attached again. Therefore, both height and biovolume increased. Right 

after, cells detach leading to a substantial height reduction. The temporal evolution of BV profiles 

obtained from CECT5873 and CECT4032 biofilms study were similar to each other (Figure 4B), showing 

a first fast growth followed by a flat area that lasts 3-4 days and a final decay. Again, relative variability 

for CECT5873 was quite significant at 48 h. 

 

3.2.2. Two-dimensional parameters 

 

The areal porosity of the biofilms was calculated for the different slices and channels. Figure 5 shows the 

AP profiles throughout time and height for the three strains. For the case of L1A1 GCh profile showed, as 

expected, that biofilm AP decreases with time up to 96 to grow again until 120 h, and the biofilms were 

somehow wrinkled (AP presents peaks in the same z-axis value).  It should be noted that AP=1 values 

regard those times and z-values for which biofilm has been either not formed (earlier times) or already 
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disappeared (later times). Regarding the RCh plot, it can be clearly seen that cells started dying later as 

compared to the other strains, and the cells in most profound layers were the ones that started dying the 

earliest. At 120 h however, the presence of dead cells was quite significant through all biofilm.  

 

CECT5873 resulted in the minimum AP values as compared to other biofilms. This small AP indicates 

that this strain tends to cover the coupon, while not focusing on piling in the z-axis. Surprisingly death 

cells contributed to the maximum height observed at 48 h (and thus to the variability we found in MxT 

and BV). Differently to what we observed for L1A1, death cells could be found at any height in the 

biofilm. This behavior was even more prominent in CECT4032, for which death cells appear to be 

thoroughly mixed with live cells at all times and heights. 

 

Maximum diffusion distance was evaluated for all slices and channels.  Figure 6 presents the results. 

CECT5873 green channel analysis resulted in the maximum values for MDD, while L1A1 resulted in the 

lowest MDD values throughout time and height.  These results indicate that CECT5873 tends to form 

larger clusters (at 24 h ) or honeycomb like patterns (72 h) while L1A1 is wrinkled with a higher number 

of smaller aggrupations.  Of course, the parameter does not provide information about the number or the 

real size of clusters. Nevertheless the timing and shape of the most relevant clusters can be clearly 

recovered from the figures. For example, for CECT5873, it can be clearly seen that a mushroom-type 

cluster appeared at 24 h with a maximum height of around 30 m (see Figure 6C-6D). CECT4032 formed 

clusters but not mushrooms, i.e. similar MDD values are obtained at different heights. Concerning dead 

cells (RGh), for the case of L1A1, cells died at a lower height, with an even distribution, whereas for the 

other strains, cells appeared to die inside or on the surface of the clusters (Figure 6D&F).  
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Fig. 4: A. Maximum Thickness (MxT) and B. Biovolume (BV) determinations for L1.A1 biofilms (blue), CECT5873 biofilms (red) 

and CECT4032 biofilms (green). Dots correspond to mean value; dark shades correspond to 75% confidence region. Independent 

figures for each strain are available at Figure 3 and 4 of supplementary material.  

 

 

Fig. 5: AP as computed by BIFILMDIVER. A, B: GCh and RCh for L1A1; C-D: GCh and RCh for CECT 5873; E-F: GCh and RCh 

for CECT4032. AP=1 (dark red colors) indicates absence of cells.
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Fig. 6: MDD as computed by BIFILMDIVER. A, B: GCh and RCh for L1A1; C-D: GCh and RCh for CECT 5873; E-F: GCh and 

RCh for CECT4032. 
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HIGHLIGTHS 

 

 

 2D and 3D quantitative image analyses allow characterizing the dynamics of biofilms. 

 

 2D parameters identify structures and appearance and location of dead cells.  

 

 3D parameters evaluate thickness and biovolume facilitating life cycle studies.  

 

 Three Listeria monocytogenes strains follow common patterns during life cycle. 

 

 Magnitude and duration of patterns are different: the role of time is critical. 




