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Abstract 10 

As the structure of biofilms plays a key role in their resistance and persistence, this work presents for the 11 
first time the numerical characterization of  the temporal evolution of biofilm structures formed by three 12 
Listeria monocytogenes strains on two types of stainless-steel supports, AISI 304 SS No. 2B and AISI 13 
316 SS No. 2R.  14 

Counting methods, motility tests, fluorescence microscopy and image analysis were combined to study 15 
the dynamic evolution of biofilm formation and structure. Image analysis was performed with several 16 
well-known parameters as well as a newly defined parameter to quantify spatio-temporal distribution.  17 

The results confirm the interstrain variability of L. monocytogenes species regarding to biofilm structure 18 
and structural evolution. Two types of biofilm were observed: homogeneous or flat and heterogeneous or 19 
clustered. Differences in clusters and in attachment and detachment processes were due mainly to the 20 
topography and composition of the two surfaces although an effect due to motility was also found.  21 

Keywords: L. monocytogenes, biofilm, image analysis, structure, stainless steel 22 

1. INTRODUCTION 23 

In United States, 2011-2014, 183 persons were infected with the outbreak-associated strain of Listeria 24 
monocytogenes, resulting 39 deaths. Such infections were associated with food, in particular, with three 25 
different cheese brands and cantaloupe (CDC, 2014). In Europe eight strong-evidence food-borne 26 
outbreaks caused by L. monocytogenes were reported among 2011-2012 (ECDC and EFSA, 2013; ECDC 27 
and EFSA, 2014). The outbreaks resulted in 71 cases and 9 deaths. The implicated foods were 28 
sandwiches, bakery products, meat and cheese. Miettinen et al., (1999) showed the persistence ability of 29 
L. monocytogenes in an ice-cream plant during 7 years.  This reflects the relevance of biofilms for the 30 
food industry (Moretro and Langsrud, 2004) and identifies L. monocytogenes as a major concern.  31 

Because of this, a complete cost-effective cleaning procedure and sanitizer protocols are essential to avoid 32 
recontamination of food surfaces and food products by the spread of biofilm-dwelling microorganisms 33 
after detachment promoted by the dynamic nature of biofilms (Chavant et al., 2002). In this concern, 34 
quantification of the biofilm structure of pathogenic bacterial species is of the highest interest and 35 
knowledge of intrastrain variations is basic for understanding biofilm behaviour and designing adequate 36 
disinfection techniques. 37 

A number of studies of materials commonly used in food facilities and premises have shown the presence 38 
of  L. monocytogenes (Moreto and Langsrud, 2004; Sofos, 2008), demonstrating the ability of L. 39 
monocytogenes to adhere and develop on various food-contact surfaces, such as polystyrene (Silva et al., 40 
2008) used e.g. as construction material in floor  drains; polytetrafluoroethylene, PTFE, (Chavant et al., 41 
2002) used in conveyor belts; stainless steel (Kalmokoff et al., 2001) used in smokehouses; polyester 42 
(Blackman and Frank, 1996) used as a floor sealant or rubber (Ronner and Wong, 1993) used in gaskets 43 
and glass (Borucki et al., 2003). Remark that the degree to which L. monocytogenes attaches to these 44 
materials differs. 45 
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The degrees to which cells initially attach to a surface and the amount of biofilm produced have been 46 
studied by indirect and direct methods (Djordjevic et al., 2002). In indirect methods, the number of cells 47 
in situ is estimated in specific assays, such as crystal violet staining on a microtiter plate (Stepanovic´ et 48 
al., 2000), enzyme-linked immunosorbent assays (Wakimoto et al., 2004), polymerase chain reaction 49 
(Lau et al., 2004) and denaturing gradient gel electrophoresis analysis (An and Friedman, 2000), in which 50 
the intensity of the response correlates with attached cells density. In some indirect methods the biofilms 51 
are disrupted by mechanical procedures such as vortexing, sonication and scraping before cells are 52 
counted.  Direct methods are imaging techniques such as epifluorescence, atomic force (ATM), electronic 53 
(SEM) and confocal microscopies (CLSM).  Some of these techniques allow direct quantification of the 54 
number and location of cells within biofilms, cell size and morphology (Daims and Wagner, 2007), the 55 
viability of cells (Twakoli et al., 2013), the amount of extracellular polymeric substance and its 56 
distribution and three-dimensional reconstruction of the biofilms (Zang and Fang, 2001) and the 57 
phylogenetic composition of bacteria (Manz et al., 1999). 58 

Yang et al., (2000) proposed a set of two-dimensional structural parameters for the characterization of 59 
biofilms concluding, however, that areal porosity (AP) and maximum and average diffusion distances 60 
(ADD and MDD) are the most useful parameters of those studied  (Beyenal et al., 2004), as they are 61 
easily interpreted and related. In the same line, Heydorn et al. (2000a) recommended the selection, 62 
depending on the aim of the study, of the smallest set of reasonable parameters.  63 

The formation of biofilms by L. monocytogenes has been widely investigated. Most studies have 64 
addressed cell density or biomass production of biofilms (Djordjevic et al., 2002; Kalmokoff et al., 2001; 65 
Rodríguez et al., 2008) and qualitative structural descriptions of biofilms under different conditions (see 66 
for example, Bremer et al., 2002; Carpentier and Chassaing, 2004; Djordjevic et al., 2002; Marsh et al., 67 
2003, Perni et al., 2007). Chae and Schraft (2000) reported evolution of the thickness of L. 68 
monocytogenes Murray and 7148 biofilms over 2-4 days. 69 

However, surprisingly few experimental studies have been performed in order to numerically characterize 70 
biofilm structure of L. monocytogenes and to establish numerical differences among strains.  In addition, 71 
the dynamic nature of the structure formation has not been considered. Bridier et al. (2010) reported the 72 
biovolume, maximum thickness, substratum coverage and roughness at 24 h of biofilms produced by 10 73 
L. monocytogenes strains, no further dynamic studies were performed. Chae and Schraft (2000) reported 74 
thickness values at only two times during biofilm development (48h and 96h) in order to observe 75 
interstrain differences.  Rieu et al. (2008) studied the evolution of biovolume and thickness for up to 48 h 76 
of maturation of biofilms produced by L.monocytogenes AR009 strain. Again only 3 sampling times were 77 
considered given only limited information about the dynamics.  78 
 79 
This work moves a step forward and considers, for the first time, the dynamic evolution of the formation 80 
of biofilms by L. monocytogenes. A comparative study of the structure formation of three strains on two 81 
types of stainless-steel food-contact surfaces was performed. Two types of biofilms were observed: 82 
homogeneous or flat and heterogeneous or clustered. Differences in clusters and in attachment and 83 
detachment processes were due mainly to the topography and composition of the two surfaces although 84 
an effect due to motility was also found.  85 

 86 
2. MATERIALS AND METHODS 87 

2.1 Microorganism, media and culture conditions 88 

Three L. monocytogenes strains CECT 4032 (from soft cheese, serotype 4b and lineage I) and CECT 89 
5878 (from guinea-pig, serotype 1/2a and lineage II) were obtained from the Spanish Type Culture 90 
Collection (Microbial Resource Centre, University of Valencia, Spain and L1.A1 (serotype 1/2a/3a, 91 
lineage II) was isolated from thermal gloves used in the fishing industry by the Microbiology and Marine 92 
Technology Products research group at our institute. 93 

The strains were frozen and stored at –80 ˚C in Tryptone Soy Broth medium (TSB, Cultimed, S.L., Spain) 94 
containing 50% glycerol in the ratio 1:1 (v/v) until use. For each experiment, strains were grown in 95 
consecutive subcultures on tryptone soy broth medium (Cultimed, Spain) for 24–48 h at 37 ˚C. Volume 96 
ratios of inoculum to broth medium of 1:5 and 1:50 were tested for each subculture. Erlenmeyer flasks 97 
containing 35 ml broth medium were inoculated with 5 ml of 48-h cultures to obtain a final absorbance at 98 
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700 nm of 0.1 (± 0.001), which corresponds to about 108 CFU/ml according to a previous calibration. 99 
These cell suspensions were used directly as the inoculum for subsequent biofilm formation.   100 

2.2 Motility test 101 

The motility of cells was determined by swimming tests. Four different test media were prepared from 102 
25g/L of Lysogeny Broth (BD Difco, USA) with different concentrations of Agar (BD Difco, USA): 103 
0.15%, 0.20%, 0.25% and 0.30%. 25ml of semisolid medium previously dispensed into a culture plate 104 
were stabbed with a sterile needle containing an inoculum of L. monocytogenes strain. Plates were 105 
incubated at 25ºC. Diameters of cells dispersion (µm) were measured after 24h, 48h and 72h from 106 
incubation. Six replicates were performed. 107 

2.3 Biofilm formation 108 

Both 304 and 316 austenitic stainless steel coupons were chosen as work surfaces in this study. These two 109 
grades are widely used in the food and beverage industry as food contact material for transportation; 110 
processing equipment, e.g. in the dairy, fruits, vegetables, cereals industries; for containers such a wine 111 
tanks, for brew kettles and beer kegs or  for utensils such as blenders and bread dough mixers, to name a 112 
few (Heubner, 2009). 113 
 114 
Two diverse grade and finish were tested: AISI 304 (L) SS, No 2B  characterized, according to 115 
manufacture  measurements (Acerinox, Spain), by an average roughness (Ra) value ranged between 0.05-116 
0.15 and AISI 316 (L) SS, No 2R  characterized by Ra value ranged between 0.03-0.06.  In contrast with 117 
the other type, AISI 316 stainless steel presents Molybdenum (Mo). Stainless-steel surface topography 118 
was examined by SEM, and each surface was cut into squares (1 x 1 cm) 1 mm thick. The squares were 119 
pre-treated before culture by immersing them in 96% ethanol solution. 120 
 121 
Cleaned squares were placed in 24-well flat-bottomed microtitre plates and inoculated with 1 ml of active 122 
liquid culture (108 CFU/ml) of each L. monocytogenes strain. The microplates were incubated at 25 ˚C 123 
under static conditions for biofilm formation until harvesting at 24-h intervals and double sampling. 124 
Samples were taken from both support types at 72–312 h on AISI 304 SS and at 24–240 h on AISI 316 125 
SS.  126 

2.4 Number of adherent cells 127 

The number of adherent cells was determined according to Herrera et al. (2007). Samples were collected 128 
at 24, 72, 120, 168 and 216 h from squares removed from the microtitre cavities and immersed in 10 ml 129 
of phosphate-buffered saline for 10 s to release non-adherent cells. Adherent cells were collected with 130 
peptone water-moistened swabs. After the squares had been rubbed twice with the swabs, they were 131 
transferred to 10 ml peptone water and subjected to 1 min of vortexing. The number of adherent cells was 132 
determined by plating the appropriated serial dilutions on tryptic soy agar (Cultimed, Spain) after 133 
incubation at 37 ˚C for 24 h. Outcomes are expressed as log CFU/cm2.  134 

2.5 Epifluorescence microscopy 135 

Squares with attached cells were rinsed in 1 ml of 0.05 M phosphate buffered saline for 10 s to release 136 
non-adherent cells. FilmTracerTM calcein green biofilm fluorochrome (Invitrogen, USA) was used as the 137 
stain according to the manufacturer's instructions. This fluorochrome labels only viable cells in green 138 
after laser excitation (490 nm), excitation emitted by cells (524 nm) and capture by the microscope 139 
detector. This labelling method was chosen because it is non-invasive, allowing visualization of biofilms 140 
in vivo without losing the structure information. We visualized and captured digital images with a LEICA 141 
(DM4500P) epifluorescence microscope from 10 fields per square with a 40x objective. 142 

2.6 Image analysis  143 

Each image was pre-processed, analysed and post-processed with a MATLAB-based code, 144 
BIOFILMDIVER, which we developed to perform dynamic analyses and to process several strains in 145 
parallel. The image parameters computed were AP, ADD, MDD designed by (Yang et al., 2000), covered 146 
area (CA) and the spatio-temporal population distribution (STPD). Details on the computation of the 147 
different parameters are reported in the supplementary data (section 1); a brief description is presented 148 
here. 149 
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AP is the ratio between the number of void pixels and the total number of pixels, the actual area of the 150 
pixel is used to compute covered area; ADD and MDD reflect the mean and maximum distances covered 151 
by cells. We also calculated a new structural parameter, the spatio-temporal population distribution 152 
(STPD), which represents the temporal evolution of the projection of the number of green pixels over one 153 
spatial axis.  154 

For each sampling time, 10 images were selected to compute the parameter values by the representative 155 
elementary area method (Korber el al., 1993; Ma and Bryers, 2010). The results are depicted as boxplots 156 
to show explicitly the differences between images of the same square and replicates.  157 

3. RESULTS  158 

3.1 Motility test results  159 

Motility test results revealed all strains studied are motile as shown in Figure 1. However remarkable 160 
differences among strains were observed. CECT 4032 strain was the most motile whereas L1.A1 strain 161 
was the less motile. Note that after 72h CECT 4032 strain has moved around twice the distance than 162 
L1.A1 strain.  163 

3.2 SEM of stainless-steel squares  164 

SEM of the two support types showed different topographies. The surface of AISI 304 SS No2B was 165 
characterized by grainy boundaries due to the pickling treatment. These boundaries consisted of concave 166 
clefts, generating pseudo-geometric forms (Figure 2A). Micrographs of the AISI 316 SS No.2R surface 167 
displayed smooth crevices (Figure 2B), with zones in which the crevices were more common and deeper.  168 

3.3 Plate count results 169 

Results showed the same range of adhered cell counts (between 6 and 8.5 log CFU/cm2) in all cases. 170 
Remarkably a delay in the adherence is observed in AISI 316 SS. Detailed results may be found in the 171 
supplementary data (section 2). 172 

3.4 Epifluorescence microscopy images  173 

Visual inspection of the images revealed two structural spatio-temporal patterns, with a characteristic 174 
pattern for L1.A1strain, which was conserved in both surfaces, and a different pattern for CECT 4032 and 175 
CECT 5873 strains, also in both surfaces. The L1.A1 strain formed dense biofilms that covered the entire 176 
surface. After the initial sampling, when the cells were randomly distributed over the surface, the biofilm 177 
evolved from a net-like pattern to a homogeneous layer of cells covering the surface. After maximum 178 
coverage (at 120 h), a sharp decrease in adhered cells was observed. Representative images are shown in 179 
Figure 3 (A, B, C). CECT 4032 and CECT 5873 strains did not form dense biofilms. The individual cells 180 
initially distributed randomly on the surface evolved to form cell aggregates or clusters that disappeared 181 
later (Figure 3 (D, E, F) and Figure 3 (G, H, I)). 182 

3.5 Quantitative image analysis 183 

3.5.1 L1.A1 strain  184 

The L1.A1 image parameters (AP, ADD, MDD, CA and STPD) suggested a dynamic profile 185 
characterized by the presence of peaks at 120 h for AISI 304 SS and 168 h for AISI 316 SS, although the 186 
magnitude of the peak differed. The parameters for AISI 304 SS were significantly higher than for AISI 187 
316 SS, except for the AP. The AP value for AISI 304 SS was in the range around 0.69–0.99, whereas 188 
that for AISI 316 SS was narrower (0.87–0.99) (Figure 4, A, B). The maximum percentage of covered 189 
area for AISI 304 SS was about 40% but no more than 13% for AISI 316 SS (Figure 4, C, D). The ADD 190 
was within the range 1.75–2.8 for AISI 304 SS and almost constant around 1 for AISI 316 SS (Figure 4, 191 
E, F). The MDD achieved a maximum of around 17 for AISI 304 SS and about 4.2 for AISI 316 SS 192 
(Figure 4, G, H). 193 

Figure 5 shows the STPD on AISI 304 SS and AISI 316 SS, indicating that L1.A1 cells adhere and 194 
occupy the entire surface simultaneously until they reach a maximum value of occupation (at 120 h). 195 
Cells also detach simultaneously at all positions on the surface, so that the number of viable cells is 196 
similar at all sites at a given time. Replicas grown in same austenitic grade (304L or 316L) achieved 197 
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similar STPD profiles, with slight variations in the number of viable cells. The peaks were delayed by 198 
48 h on one surface with respect to the other as observed in cell counts. 199 

3.5.2 CECT 4032 strain 200 

The CECT 4032 image parameters suggested a dynamic profile characterized by the presence of various 201 
peaks, which differed according to the support, as observed for the L1.A1 strain. The AP was similar on 202 
the two surfaces, ranging from 0.94 to 1 (Figure 6, A, B). As expected, the covered area was also similar 203 
(Figure 6, C, D), reaching values of 13%. Large differences were found in ADD and MDD, with peak 204 
profiles for both parameters on both supports although the magnitude, number and location of the peaks 205 
varied (Figure 6, E, H). 206 

Figure 7 shows the STPD of CECT 4032 strain on AISI 304 SS and AISI 316SS. This strain had a highly 207 
heterogeneous distribution, with two peaks for each surface. The delay between peaks observed with 208 
L1.A1 strain was also observed for this strain.    209 

3.5.3 CECT 5873 strain 210 

The CECT 5873 image parameters suggested a dynamic profile similar to that observed for CECT 4032 211 
strain, with the presence of several peaks of different heights in the squares. The AP was 0.99–1 for AISI 212 
304 SS and 0.98–1 for AISI 316 SS (Figure 8, A, B). The percentage of covered area was more sensitive 213 
to changes but was smaller on both supports (0.2–2.4%) than with the other strains (Figure 8, C, D).  214 

Figure 9 shows the STPD of CECT 5873 strain on AISI 304 SS and AISI 316 SS, indicating highly 215 
heterogeneous distribution. Several peaks were observed over time on both surfaces. The presence of 216 
isolated peaks indicates the presence of larger aggregations than with CECT 4032 strain. 217 

4. DISCUSSION  218 

The temporal evolution of the structure of the biofilms formed by the three L. monocytogenes strains was 219 
largely conditioned by early-stage adhesion. Under our experimental conditions, a batch system with no 220 
nutrient renewal and planktonic cells in a stationary stage, it would be expected that biofilm formation 221 
occurs mainly by cell deposition on surfaces. Under this hypothesis, cell deposition is due mainly to 222 
mechanical forces (Takhistov and George, 2004), whereas cell adherence is conditioned mainly by 223 
electrostatic interactions (λ) and short-range attraction energy (E) (Ivanenko et al., 1999).  224 

In addition to these physical forces, cell distribution on surface is affected by the surface topography. The 225 
topography of AISI 304 SS (Figure 10A), characterized by pseudo-geometric figures formed by deep 226 
clefts induced during pickling, promotes cell entrapment at early stages of biofilm formation. This may be 227 
due to the increase in binding energy caused by the increased microbe–surface contact area (Edwards and 228 
Rutenberg, 2001). The effect can be seen in Figure 10B, where cells form chains along the grainy 229 
boundary. Similar net-like patterns have been observed previously for L. monocytogenes and other 230 
bacteria (Verran et al., 2001; Djordjevic et al., 2002; Marsh et al., 2003). AISI 316 SS presented a 231 
smoother surface (Figure 2B); therefore, biofilm structure evolution was driven by other factors 232 
(Vatanyoopaisarn et al., 2000; Kalmokoff et al., 2001; Lundén et al., 2000; Todhanakasem and Young, 233 
2008). Clear differences in L1.A1 structures on the two supports can be seen in Figure 10. 234 

Accumulation of cells in clefts induces the formation of microcolonies, either because the cells divide and 235 
stay together or because they tend to accumulate in the same crevices (Marsh et al., 2003; Takhistov and 236 
George, 2004). This would explain the higher ADD and MDD values obtained for all strains on AISI 304 237 
SS than on AISI 316 SS, showed in Figure 4 (E, G), Figure 6 (E, G) and Figure 8 (E, G).   238 

Entrapment might be reduced by cell motility; this would partially explain the differences in distribution 239 
and population observed among the strains with different motilities. L1.A1 strain tended to develop flat 240 
biofilms (Figure 3B), whereas CECT 4032 and CECT 5873 strains tended to move and develop cell 241 
aggregates or clusters (Figure 3E and Figure 3H). 242 

Coupon topography differences and the presence of molybdenum - with proved antibacterial properties 243 
(Guggenbichler et al, 2007) - in AISI 316 SS, may explain the delay experienced in the biofilm formation 244 
observed in AISI 316 SS with respect to AISI 304 SS.  245 
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Differences in biofilms on the two supports could be also related to variations in the growth rate of strains 246 
and in random initial cell deposition. Two main biofilm formation patterns were observed. The L1.A1 247 
strain had a characteristic homogeneous distribution of viable cells over the support, with cells that 248 
appeared to attach and detach from the surface simultaneously. The ADD and MDD values Figure 4 (E, 249 
F, G, H), confirm the wrap-like distribution indicated by STPD (Figure 5). The patterns formed by CECT 250 
4032 and CECT 5873 strains, however, had high AP values and low covered area as Figure 6 (A, B, C, D) 251 
and Figure 8 (A, B, C, D) show, indicating lower population levels (in terms of viable cells) than for the 252 
L1.A1 strain. The high ADD and MDD values and STPD profile, showed in Figure 6 (E, F, G, H), Figure 253 
8 (E, F, G, H), Figure 7 and Figure 9; indicate that these two Listeria strains form clusters surrounded by 254 
individual viable cells.  255 

The dynamic evolution of the parameters for CECT 4032 and CECT 5873 also differed from that for 256 
L1.A1 strain. The single peak shown by the L1.A1 strain implies a unique episode of attachment and a 257 
unique episode of detachment, while for CECT 4032 and CECT 5873 strains several episodes of 258 
attachment–detachment were observed. Similar behaviour was observed for biofilm formation of L. 259 
monocytogenes LO28 on stainless steel by Chavant et al. (2002) or even in other microorganisms, such as 260 
Pseudomonas (Heydorn et al, 2000b). Todhanakasem and Young (2008) discussed the possible relation 261 
between population level oscillations and the motility of L. monocytogenes strains. 262 

Although plate counts are typically used to analyse biofilm formation, we found several discrepancies 263 
between plate counts and image analysis. Changes in cluster size or even the presence of clusters 264 
observed with the CECT 4032 and CECT 5873 strains would not have been predicted from the 265 
corresponding plate counts. In addition, AP and covered area do not correspond to the dynamic profiles of 266 
plate counts. Use of plate counts may be misleading in the evaluation of the progress of biofilms (Daims 267 
and Wagner, 2007), as it includes only viable culturable cells, whereas in imaging viable and viable non-268 
culturable cells are taken into account.  269 

Remark that a quantitative comparison of the results achieved with counting and image analysis 270 
techniques is not straightforward. This may be partially explained by the fact that counting methods 271 
consider viable culturable cells, whereas imaging considers culturable and non-culturable and the possible 272 
overestimation of epifluorescence techniques due to the well-known out-of-focus bur.  273 

Nevertheless, not all image-related parameters provide the same amount or quality of information. We 274 
found that AP is less sensitive to changes than the covered area parameter, which may be related to the 275 
fact that the number of pixels is used to compute the AP while area is used to compute the covered area. 276 
This resulted in different ranges of values; for example, the AP (Figure 4A) was 0.42–1, while the 277 
covered area (Figure 4C) was 0–59 for L1.A1 strain and the AP (Figure 8A) was 0.95–1 while the 278 
covered area (Figure 8C) was 0–5.5 for CECT 5873 strain. In addition, large differences between MDD 279 
and ADD reflect the presence of large clusters; for example, L1.A1 strain had higher MDD and ADD 280 
values than the other strains, as Figure 4 (E, F, G, H), Figure 6 (E, F, G, H) and Figure 8 (E, F, G, H) 281 
shows; but this does not mean that L1.A1 strain formed clusters, as seen from the  STPD profile in Figure 282 
5 (homogeneous spatial distribution for L1.A1 strain and peak spatial distributions for the other strains). 283 
The MDD appeared to correspond to the smoother topography of stainless steel AISI 316, as its values 284 
were almost constant around 1, indicating homogeneous distribution of cells or small cell aggregations 285 
(Figure 4H, Figure 6H and Figure 8H). We conclude that a combination of MDD, covered area and STPD 286 
provides the right information to determine biofilm structure from 2D images.  287 

 288 

5. CONCLUSIONS  289 

We have characterized the evolution of biofilm structure by three L. monocytogenes strains in two 290 
stainless-steel supports. Fluorescence image analysis, motility tests and plate counting were used to 291 
identify the key elements of the structures generated by each strain.  292 

The results confirm the expected interstrain variability of this species, with two patterns observed: flat 293 
biofilms with L1.A1 strain and clustered biofilms with CETC 4032 and CECT 5873 strains. The two 294 
structures and their temporal evolution were clearly affected by the topography of the surfaces and by the 295 
motility. This resulted in a delay in biofilm development on smoother surfaces (AISI 316 SS) and cell 296 
grouping in the presence of clefts (AISI 304 SS). The number and size of clusters may be conditioned by 297 
motility as well as by the synchrony of the attachment and detachment processes. 298 
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Average diffusion distance, covered area and spatio-temporal population distribution, proposed here, 299 
were the most informative parameters for quantifying the evolution of biofilm structure. 300 

These results confirm the advantage of image analysis for quantitative characterization of the spatio-301 
temporal evolution of biofilm structures as compared with classical microbiological methods. 302 

 303 
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Figure legends 429 

 430 

Figure 1. Results of motility test in media with A: 0.15% of agar, B: 0.20% of agar, C: 0.25% of agar and 431 
D: 0.30% of agar.  Results reflect  differences in motility among strains, presenting CECT 4032 strain the 432 
highest motile capability and a descendent capability through the time the L1A1 strain, reaching the 433 
lowest values in the test.  434 

 435 

 436 

 437 

 438 

Figure 2. SEM micrographs of (A) AISI 304 SS and (B) AISI 316 SS surfaces. Micrographs show 439 
remarkable differences in surface topography among both support types by use of SE detector. AISI 304 440 
SS micrograph presents deep clefts forming pseudo-geometric patterns and AISI 316 SS micrograph 441 
shows smooth crevices.  442 

 443 

 444 
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 445 

Figure 3. Epifluorescence images of all strains studied on AISI 304 SS, showing the distribution of 446 
adherent cells at different sampling times. L1A1 biofilms are showed at A: 72h, B: 96h and C: 240h. 447 
L1A1 biofilm image at 96h presents a homogenous layer biofilm that shows net-like pattern. CECT 4032 448 
biofilms in D: 72h, E: 168h and F: 240h images, exhibit at 168h small clusters of viable cells. CECT 5873 449 
biofilms presented in G: 72h, H: 144h and I: 240h images show at 144h large clusters surrounded by 450 
individual cells. Biofilms of all strains present similar patterns at 72h and 240h, consisting in individual 451 
and viable cells well distributed on surface in a greater or a lesser extent.   452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 
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 467 

Figure 4. AP (A, B), covered area (C, D), ADD (E, F) and MDD (G, H) obtained from epifluorescence 468 
images of L1.A1 biofilms on AISI 304 SS (red) and AISI 316 SS (blue). Structural parameters reflect the 469 
formation of a dense biofilm. Structural parameters values obtained from biofilms formed in AISI 316 SS 470 
(blue) are clearly lower than those obtained on AISI 304 SS (red). 471 

 472 
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 473 

Figure 5. Spatio-temporal Population Distributions obtained from epifluorescence images of L1.A1 474 
biofilms on AISI 304 SS (A) and AISI 316 SS (B). The homogeneous distribution of cells observed at 72 475 
h, 96 h and 240 h on AISI 304 SS reflect the biofilm status exemplified at the images shown in Figure 3 476 
(A, B, C).  477 

 478 
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 500 

Figure 6. AP (A, B), covered area (C, D), ADD (E, F) and MDD (G, H) obtained from epifluorescence 501 
images of CECT 4032 biofilms on AISI 304 SS (red) and AISI 316 SS (blue). Structural parameters 502 
reflect the presence of clusters as can also be seen in Figure 3E. 503 

 504 
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 505 

Figure 7. Spatio-temporal Population Distributions obtained from epifluorescence images of CECT 4032 506 
biofilms on AISI 304 SS (A) and AISI 316 SS (B). The distribution of cells at 72 h, 168 h and 240 h on 507 
AISI 304 SS reflect the biofilm status exemplified at the images shown in Figure 3( D, E, F). The peaks 508 
of different heights at 168 h correspond to presence of aggregates as those shown in Figure 3E. 509 
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 532 

Figure 8. AP (A, B), covered area (C, D), ADD (E, F) and MDD (G, H) obtained from epifluorescence 533 
images of CECT 5873 biofilms on AISI 304 SS (red) and AISI 316 SS (blue). Structural parameters 534 
reflect the presence of clusters as can also be seen in Figure 3H. 535 

 536 
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 538 

Figure9. Spatio-temporal Population Distributions obtained from epifluorescence images of CECT 5873 539 
biofilms on AISI 304 SS (A) and AISI 316 SS (B). The distribution of cells at 72 h, 144 h and 240 h on 540 
AISI 304 SS reflect the biofilm status exemplified at the images shown in Figure 3 (G, H, I). The isolated 541 
peak at 144 h corresponds to the presence of large isolated clusters as seen in Figure 3H. 542 

 543 

 544 

 545 

 546 

Figure 10. Structural differences in L1.A1 biofilm structure derived from surface topography influence. 547 
SEM micrograph of AISI 304 SS (A). L1.A1 biofilm grown on AISI 304 SS (B). SEM micrograph of 548 
AISI 316 SS support type (C). L1.A1 biofilm grown on AISI 316 SS (D). L1.A1 biofilms presented cell 549 
distribution affected by surface topography, forming chains along the grain boundary in AISI 304 SS 550 
surface, in contrast to those structures formed in the smoother AISI 316 SS support.   551 


