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A B S T R A C T   

Biofilms are formed by microorganisms protected by a self-produced matrix, most often attached to a surface. In 
the food processing environments biofilms endanger the product safety by the transmission of spoilage and 
pathogenic bacteria. 

In this study, we characterised the biofilm formation of the following eleven strains isolated from biofilms in a 
meat-processing environment: Acinetobacter harbinensis BF1, Arthrobacter sp. BF1, Brochothrix thermosphacta BF1, 
Carnobacterium maltaromaticum BF1, Kocuria salsicia BF1, Lactococcus piscium BF1, Microbacterium sp. BF1, 
Pseudomonas fragi BF1, Psychrobacter sp. BF1, Rhodococcus erythropolis BF1, Stenotrophomonas sp. BF1. We applied 
whole- genome sequencing and subsequent genome analysis to elucidate genetic features associated with the 
biofilm lifestyle. We furthermore determined the motility and studied biofilm formation on stainless steel using a 
static mono-species biofilm model mimicking the meat processing environment. The biomass and the EPS 
components carbohydrates, proteins and extracellular DNA (eDNA) of the biofilms were investigated after seven 
days at 10 ◦C. 

Whole-genome analysis of the isolates revealed that all strains except the Kocuria salsicia BF1 isolate, har-
boured biofilm associated genes, including genes for matrix production and motility. Genes involved in cellulose 
metabolism (present in 82% of the eleven strains) and twitching motility (present in 45%) were most frequently 
found. The capacity for twitching was confirmed using plate assays for all strains except Lactococcus piscium BF1, 
which showed the lowest motility behaviour. 

Differences in biofilm forming abilities could be demonstrated. The bacterial load ranged from 5.4 log CFU/ 
cm2 (Psychrobacter sp. isolate) to 8.7 log CFU/cm2 (Microbacterium sp. isolate). The amount of the matrix 
components varied between isolates. In the biofilm of six strains we detected all three matrix components at 
different levels (carbohydrates, proteins and eDNA), in two only carbohydrates and eDNA, and in three only 
carbohydrates. Carbohydrates were detected in biofilms of all strains ranging from 0.5 to 4.3 μg glucose 
equivalents/cm2. Overall, the Microbacterium sp. strain showed the highest biofilm forming ability with high 
bacterial load (8.7 log CFU/cm2) and high amounts of carbohydrates (2.2 μg glucose equivalents/cm2), proteins 
(present in all experiments) and eDNA (549 ng/cm2). In contrast, Brochothrix thermosphacta was a weak biofilm 
former, showing low bacterial load and low levels of carbohydrates in the matrix (6.2 log CFU/cm2 and 0.5 μg 
glucose equivalents/cm2). 

This study contributes to our understanding of the biofilm forming ability of bacteria highly abundant in the 
meat processing environment, which is crucial to develop strategies to prevent and reduce biofilm formation in 
the food producing environment.  
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1. Introduction 

Biofilms are microorganisms embedded in a self-produced matrix, 
which in most cases are attached to a surface (Chmielewski and Frank, 
2003; Flemming et al., 2016). The first event of biofilm formation is 
adhesion; single cells attach to a surface. This step is eased if the surface 
is already conditioned with aqueous medium (Donlan, 2002). The 
ability to attach to surfaces depends on numerous properties of the cell 
and the substratum surface, among these, bacterial appendages like pili, 
flagella and membrane proteins (Chmielewski and Frank, 2003). The 
attached microorganisms start to produce extracellular polymeric sub-
stances (EPS) including carbohydrates, proteins, extracellular DNA 
(eDNA) and lipids that, together with surrounding molecules, bacterial 
appendages, and water, form the biofilm matrix. The amount and di-
versity of the EPS-molecules depends on the microorganisms present in 
the biofilm and on environmental factors like nutrient sources (Li et al., 
2016; Mayer et al., 1999). Within a multi-species biofilm, the matrix is 
shared among the whole biofilm community. It is the key part of a 
biofilm, as is constitutes the difference between planktonic and attached 
bacteria, and a biofilm. The matrix acts as a protecting shelter against 
environmental stresses such as desiccation, UV-radiation, antimicrobial 
substances and disinfectants (Flemming and Wingender, 2010). The 
biofilm matrix of single lab strains (e.g. Pseudomonas aeruginosa, Bacillus 
subtilis, Escherichia (E.) coli) is well studied (Dragoš et al., 2018; Flem-
ming and Wingender, 2010). Different studies elucidated the genes 
involved in the production of important extracellular polysaccharides 
such as alginate, cellulose, colanic acid, hyaluronic acid, succinoglycan 
and xanthan, which are often encoded in operons like the alg operon for 
alginate, the bsc operon for cellulose, and the wza operon for colanic acid 
(Franklin et al., 2011; Schmid et al., 2015). In contrast, limited infor-
mation about matrix production of bacteria isolated from the environ-
ment is available. 

The last step of the biofilm lifecycle is the detachment or dispersal 
(Donlan, 2002). Single cells or cell clusters can detach actively or 
passively from the biofilm and spread, restarting biofilm formation at a 
new site. 

Within the food processing environment, the biofilm lifestyle is a 
perfect survival mechanism for microorganisms. Here, microorganisms 
encounter numerous stress factors such as low temperatures, differing 
moisture contents, alternations in nutrient-availability and regular 
disinfection procedures. Biofilms in the food processing environment 
pose serious issues leading to enormous financial costs for the food in-
dustry each year (Brooks and Flint, 2008). On the one hand, biofilms are 
considered to promote corrosion and biofouling and reduce the effi-
ciency of technical processes (Kumar and Anand, 1998). On the other 
hand, biofilms constitute a serious hygiene issue. If they form on food 
contact surfaces, microorganisms of the biofilm can be transferred easily 
to the food product. Biofilms can harbour food-borne pathogens that, if 
transferred to the product and ingested by the consumer, can cause 
serious diseases like listeriosis, salmonellosis, E. coli infections, shigel-
losis, yersiniosis or campylobacteriosis. Furthermore, biofilms can 
harbour spoilage organisms. If transferred to the product they can 
reduce the shelf life, resulting in economic losses (Giaouris and Simões, 
2018; Kumar and Anand, 1998; Odeyemi et al., 2020; Wagner et al., 
2020). 

In the meat processing environment the presence of various spoilage 
organisms has been described (Maes et al., 2019a; Møretrø et al., 2019; 
Møretrø and Langsrud, 2017; Quijada et al., 2018; Røder et al., 2015; 
Zwirzitz et al., 2020). In a former study, we showed that within an 
Austrian meat processing environment 9.3% of all investigated sites 
harboured multi-species biofilms (Wagner et al., 2020). The biofilms 
comprised of spoilage bacteria and residential bacteria frequently found 
in the meat processing environment, such as bacteria from the genera 
Brochothrix (present in 80% of all detected biofilms) and Pseudomonas, 
and Psychrobacter, which were present in 70% of all biofilms, respec-
tively. However, detailed knowledge about the biofilm formation ability 

of these meat processing-associated microorganisms is lacking. 
In this study, we characterised eleven strains, including spoilage and 

residential bacteria, isolated from biofilms in a meat-processing envi-
ronment. We applied whole-genome sequencing and subsequent 
genome analysis to elucidate genetic features associated with the biofilm 
lifestyle. We determined the motility of these strains and studied biofilm 
formation on stainless steel using a static mono-species biofilm model. 
The biomass and three EPS components (carbohydrates, proteins and 
eDNA) of the biofilms were investigated after seven days at 10 ◦C. This 
study contributes to our understanding of the biofilm forming ability of 
bacteria highly abundant in the meat processing environment. 

2. Materials & methods 

2.1. Strains 

All strains were isolated from biofilms in an Austrian meat processing 
plant in 2018 in a previous study of Wagner et al. (2020). All isolates 
(Table 1) were stored in 30% glycerol stocks at − 80 ◦C. Cultures were 
streaked out on tryptic soy agar supplemented with yeast extract (TSA- 
Y) and incubated for 48 h at 20 ◦C. For clarity, the strains are referred to 
by their genus name in all figures. 

2.2. Genomic characterisation 

2.2.1. DNA extraction 
Genomic DNA was isolated using GeneJET Genomic DNA Purifica-

tion Kit (Thermo Scientific) according to the protocol for Gram-positive 
bacteria. DNA concentration was determined using Qubit dsDNA HS 
Assay Kit and Qubit 2.0 Fluorometer (Invitrogen, Thermo Fisher 
Scientific). 

2.2.2. Genome sequencing, assembly and annotation 
Genome sequencing was performed at the Next Generation 

Sequencing Facility at Vienna BioCenter Core Facilities (VBCF), member 
of the Vienna BioCenter (VBC), Austria. An Illumina MiSeq sequencing 
was performed after DNA library preparation using enzymatic shearing 
(300 bp read length). 

Before genome assembly, adapters and low-quality base-calls were 
trimmed from Illumina reads using BBduk (https://jgi.doe.gov/data 
-and-tools/bbtools/ - right -trimmed, q = 15, minlength = 149 bp). 
Trimmed reads were error-corrected using BayesHammer (Nikolenko 
and Alekseyev, 2013) and assembled using SPAdes (SPAdes v3.13.1, 
Nurk et al., 2013). 16S rRNA sequences were extracted from genome 
assemblies with nhmmer (Wheeler and Eddy, 2013) using rfam (Kalvari 
et al., 2018) models for bacterial and archaeal small subunit rRNAs 
(RFAM: RF00177, RF01959). The minimum overlap between sequence 
and model was 300 nucleotides. Sequences were classified using the 
RDP classifier (Wang et al., 2007) as implemented in Mothur (Schloss 
et al., 2009). Additionally the bacterial taxonomy was determined using 
NCBI Nucleotide BLAST Search (Altschul et al., 1990; NCBI Resource 
Coordinators, 2016). 

The subsequent analysis was done using PATRIC (Davis et al., 2020). 
For Microbacterium sp. BF1 genome assembly was also performed in 
PATRIC. We used the PATRIC Similar Genome Finder Service to identify 
the 50 most similar genomes to complete the species identification. 

Genomes were annotated using PATRIC Genome Annotation Service 
with taxonomy name as retrieved from NCBI Nucleotide BLAST Search 
using extracted 16S rRNA gene sequences. Most similar genomes were 
identified using PATRIC and the genomes' were subjected to JSpeciesWS 
Online Service (Richter et al., 2016) which determined the Average 
Nucleotide Identity (ANI) based on MUMmer algorithm (Supplementary 
Table 1). For four species (Arthrobacter sp. BF1, Microbacterium sp. BF1, 
Psychrobacter sp. BF1 and Stenotrophomonas sp. BF1), for which we could 
not identify strains with ANI-values above 95% we used the most similar 
genomes as determined by Most Similar Genome Finder in all public 
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genomes from PATRIC. for the analysis of genetic features and tree 
building. In all other cases, the respective number of genomes > 95% 
was used (Supplementary Table 1). 

The Phylogenetic Tree Building Service (Codon Tree method using 
single-copy genes) was used to compare the genome of the environ-
mental isolates with isolates from the same species (or a subgroup) 
present in the PATRIC database. A maximum of 50 strains was 
compared. We started the analysis from 100 over 500 to 1000 genes, 
starting from maximum deletions and duplications of 0. In case the tree 
building was not successful using these settings (i.e. because the number 
of genes could not be found), the maximum allowed deletions were 
raised to 5 and subsequently to 10. Trees with the highest possible 
number of found genomes and minimum number of deletions and du-
plications are presented. iTol (version 5.7) was used for visual format-
ting of trees ((Letunic and Bork, 2019), https://itol.embl.de/). 

For genome annotation Rapid Annotations using a Subsystems 
Technology tool kit (RASTtk, Brettin et al., 2015) run in PATRIC was 
used. Genomic features (within coding sequences) essential for the 
biofilm lifestyle were identified in representative genomes of the 
respective species or the 40 most similar genomes (if ANI values were 
below 95%), using the exemplary keywords: biofilm, quorum, motility, 
matrix, virulence, adhesion, alginate, cellulose, colanic acid, diutan, 
hyaluronic acid, Pel, Psl, succinoglycan and xanthan, using RefSeq and 
PATRIC databases. Genomic features found in more than one group were 
attributed only to the group with the smaller number of genomic 
features. 

2.3. Phenotypic characterisation 

2.3.1. Motility assays 
Swimming, swarming and twitching abilities were tested using 

different kinds of agar plates according to Rashid and Kornberg (2000, 
stab assay for twitching), with the exception of swarming plates. 
Swarming plates were prepared using 10 g/l tryptone, 5 g/l glucose and 
0.5% agar. Inoculation was done using sterile toothpicks and single 
colonies of a TSA-Y plate. Swimming motility inoculation was done 
sticking into the swimming agar, swarming was tested by inoculation 
onto the swarm plates and twitching was investigated by stabbing the 
inoculum to the bottom of the petri dish of the twitching assay plate. 
Incubation was done at 10 ◦C and the zone of motility (diameter in mm) 
was measured after 24 h, 48 h and 7 days. Motility assays were repeated 
three times in duplicate. Pseudomonas aeruginosa was used as a positive 

control (Supplementary Table 2). 

2.3.2. Static biofilm model 
Biofilms were grown on stainless steel slides (1.4301 polished with 

grit 240, size: 75 × 23 × 1.5 mm) in tryptic soy broth (TSB) 1:10 diluted 
in 100 ml laboratory glass bottles at 10 ◦C for seven days (Fig. 1). 
Inoculation of the model was done as follows: One day prior a single 
colony of the respective strain on TSA-Y plate was inoculated in 1:2 
diluted TSB and incubated for 16 h shaking at 20 ◦C. Overnight cultures 
were pelleted (10 min at 3220 x g) and resuspended in 0.1× TSB to a 
final optical density of 0.1 at 600 nm. The supernatant was discarded, 
and the bacterial pellet was resuspended in 0.1× TSB. A sterilised 
(cleaned and sterilised, as previously described Rodríguez-López et al., 
2015) stainless steel slide was inserted and the bottle was incubated at 
10 ◦C with shaking (150 rpm). The starting densities (from all technical 
(n = at least 3) and biological replicates (n = at least 3), determined as 
(mean + standard deviation) log CFU/ml were: for Acinetobacter (A.) 
harbinensis BF1 7.3 + 0.1, Arthrobacter sp. BF1 7.7 + 0.2, Brochothrix (B.) 
thermosphacta BF1 6.8 + 0.1, Carnobacterium (C.) maltaromaticum BF1 
7.6 + 0.2, Kocuria salsicia. BF1 7.4 + 0.1, Lactococcus (L.) piscium BF1 
7.9 + 0.1, Microbacterium sp. BF1 8.1 + 0.1, Pseudomonas (P.) fragi BF1 
7.2 + 0.1, Psychrobacter sp. BF1 7.2 + 0.1, Rhodococcus (R.) erythropolis 
BF1 7.0 + 0.1, Stenotrophomonas sp. BF1 7.3 + 0.2. After 24 h the slide 
was put into a new flask holding fresh TSB 1:10 using sterile forceps. 
This step was repeated after another 48 h and another 72 h. In total, the 
biofilm was grown for 7 days (Fig. 1). 

Each strain (n = 11) was grown in the biofilm model in at least three 
biological replicates and three technical replicates. The biofilm was 
characterised in terms of the bacterial load by plating of the final 
biomass and in terms of presence of matrix components (see Section 
2.3.4). 

2.3.3. Biofilm harvest and EPS extraction 
After 7 days of growth at 10 ◦C with shaking the biofilm was har-

vested. Therefore, the stainless steel slide was put into a 50 ml tube 
holding 15 g of sterilised glass beads (Ø 4 ± 0.3 mm, Carl Roth) and 10 
ml 0.25× Ringer solution (B. Braun) and vortexed held manually for 3 
min using a vortex shaker (IKA® VORTEX 3, speed set to 6, which is 
equivalent to 2500 rpm). The stainless steel slide was removed and the 
volume transferred into a new tube. Next, 2 g of hydrated cation ex-
change resin (CER, Amberlite® HPR110, 20–50 mesh, Sigma-Aldrich; 
washed twice using 10 ml of 0.1× PBS (Thermo Fisher Scientific) for 

Table 1 
Information of the strains used in this study. Number of RNAs includes tRNA and rRNA-coding sequences.  

Nr. Strain ID Source Number of 
contigs 

Assembly size 
[Mbp] 

GC content 
[%] 

L50 N50 
[kbp] 

Number of coding 
sequences 

Number of 
RNAs 

1 Acinetobacter harbinensis BF1 Biofilm (micro- 
cutter) 

125  3.13  41.0 11  108.11  3101 76 

2 Arthrobacter sp. BF1 Biofilm (drain) 122  4.20  60.5 17  80.12  4035 57 
3 Brochothrix thermosphacta 

BF1 
Biofilm (screw 
conveyor) 

36  2.54  36.3 2  519.10  2509 83 

4 Carnobacterium 
maltaromaticum BF1 

Biofilm (screw 
conveyor) 

35  3.48  34.4 4  441.34  3298 73 

5 Kocuria salsicia BF1 Biofilma (punching 
discs) 

1233  1.82  66.5 235  2.22  2552 17 

6 Lactococcus piscium BF1 Biofilm (cutter 
waggon) 

29  2.27  38.7 4  242.51  2206 52 

7 Microbacterium sp. BF1 Biofilm (drain) 916  2.79  67.0 168  5.03  3730 29 
8 Pseudomonas fragi BF 1 Biofilm (cutter 

waggon) 
58  5.02  58.4 8  221.81  4680 76 

9 Psychrobacter sp. BF1 Biofilm (cutter 
waggon) 

56  3.54  41.8 5  236.86  3123 50 

10 Rhodococcus erythropolis BF1 Biofilm (water hose 
nozzle) 

404  7.77  62.1 52  46.57  8097 56 

11 Stenotrophomonas sp. BF1 Biofilm (water hose 
nozzle) 

1072  3.38  64.8 243  4.20  4347 29  

a Within this biofilm matrix only carbohydrates were detectable. 
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15 min) were added. The sample was shaken in a rack for 20 min at room 
temperature (shaker: Unimax 1010, Heidolph; 500 rpm). For the 
determination of the bacterial load by conventional plating, an aliquot 
of 50 μl was taken and serially diluted. The residual volume was 
centrifuged at 3220 ×g for 20 min. Using a 0.22 μm filter (Filtropur S0.2 
Sarstedt AG & Co KG), the supernatant was filter sterilised and stored at 
− 20 ◦C until EPS analysis. 

A negative control for biofilm growth and harvest was included in all 
experiments. Therefore, a sterile stainless steel slide was inserted into 
sterile media at day 0 and treated like the biofilm samples. 

2.3.4. Biofilm characterisation 
The bacterial load, expressed as colony forming units (CFU), was 

determined after serial plating on TSA-Y plates in triplicate by counting 
after incubation of the plates for 48 h at room temperature. 

The presence and amount of matrix components (carbohydrates, 
proteins, and eDNA) were determined as previously described (Wagner 
et al., 2020). In each precipitation and assay a positive control (i.e. 
glucose for carbohydrates, salmon sperm DNA [10 ng/μl] for eDNA and 
0.1 g/l BSA for proteins) and a negative control (i.e. sterile water) were 
included. In short, carbohydrates were concentrated using 95 ◦C for one 
hour followed by using a phenol-sulphuric acid assay in 96-well plate 
format originally described by Masuko et al. (2005). Proteins were 
precipitated using trichloroacetic acid/acetone over-night (Rychli et al., 
2016) and analysed using SDS-PAGE with subsequent silver-staining. If 
there was at least one clear band visible, the sample was considered to be 
positive for proteins. DNA precipitation for eDNA measurements was 
done as previously described by Zetzmann et al. (2015) using ethanol 
and Na-acetate over-night. eDNA was resuspended in 30 μl ddH2O and 
its concentration was measured twice using 1 μl each of resuspended 
eDNA and the Spectrophotometer/Fluorometer DS-11 FX+ (DeNovix). 

2.3.5. Statistics 
The mean data of the technical replicates of the different biofilm 

response data (CFU, carbohydrates, eDNA and proteins) were used and 
were checked for normality with histograms, QQ-plots for the residuals 
and with Shapiro-Wilks test. Homogeneity of the variance was tested 
with Levene's test. Depending on normality and homogeneity of the data 
the comparison between strains was analysed with Oneway-ANOVA 

followed by Tukey honestly significant difference (HSD) for post-hoc 
testing with Bonferroni alpha correction (i.e. for the carbohydrates 
data) or Kruskal-Wallis test followed by the Dunn's tests (i.e. for the 
log10 transformed CFU and eDNA data). 

To analyse the binomial response “protein” in dependency of the 
different strains we used a Fisher's exact test. Further, pairwise com-
parisons of the binomial response “protein” between different strains 
were analysed, using the function “glht” in the “multcomp” package 
applying a generalized linear model (GLM) and post hoc Tukey contrast 
tests. Because of zero values in the contingency table a Haldane 
correction was conducted. 

For correlation between the continuous response variables (i.e. car-
bohydrates, log10 transformed CFU and eDNA) the strains were ana-
lysed separately using Spearman correlation. The correlation between 
the continuous response variable and the factor protein was analysed 
using logistic regression. The latter was performed under the assump-
tion, that if there is a relationship between the continuous variables and 
the binary outcome protein, the continuous variable should be detected 
as significant predictor protein. Each numeric variable and the strain as 
a factor were used as predictor variable for protein in the logistic 
regression. The correlation between biofilm data (amount of biomass 
and matrix components) and motility data was done using Spearman 
correlation. 

The statistical analyses were implemented using the R statistical 
computing environment (R Core Team, 2020), using the packages 
“dunn.test” (Dinno, 2017), “lme4” (Bates et al., 2015), “gmodels” 
(Warnes et al., n.d.) and “multcomp” (Hothorn et al., 2008). 

Analysis of the motility data was performed using SPSS.20 software 
(SPSS Inc., Chicago, USA). Brown Forsythe and Welch tests were applied 
to confirm variance homogeneity. Games-Howell posthoc test (variance 
heterogeneity) was used to determine significant differences between 
the features of the different strains, while p-values < 0.05 were 
considered to be statistically significant. 

All plots were generated using ggplot in R (Wickham, 2016). Inc-
scape was used for finalising of all figures (Inkscape 0.92.4, https://in 
scape.org). 

2.3.6. Data deposit 
The sequence data reported in this paper have been deposited in the 

Fig. 1. Schematic overview of the static biofilm model.  
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National Center for Biotechnology Information Sequence Read Archive, 
(accession no. PRJNA715602; https://www.ncbi.nlm.nih.gov/sra/PR 
JNA715602). The assembled genomes are deposited under accession 
no SUB9315158. The annotated genomes were deposited in PATRIC 
under the following genome IDs: 1353941.8, 1667.11, 2756.50, 
2751.409, 664639.12, 1364.39, 51671.51, 296.63, 56811.29, 
1833.146, 40323.215. 

3. Results 

3.1. General genomic features 

The smallest genome belonging to Kocuria salsicia BF1, had a length 
of 1.82 Mbp with a GC content of 66.5% and 2552 coding sequences 
(CDS) (Table 1). The biggest genome belonged to Rhodococcus eryth-
ropolis BF1 and was 7.77 Mbp long with 8097 CDS and a GC content of 
62.1%. 

Comparing the genome of the environmental strains with genome of 
isolates from the same species available in the database (n = 2–31) 
revealed that all strains clustered in their assigned taxon (Supplemen-
tary Fig. 1). 

3.2. Genes possibly involved in biofilm formation 

In all biofilm isolates, except the Kocuria salsicia BF1 strain, at least 
one genetic feature assigned to biofilms was identified (Table 2, Sup-
plementary Table 3). The genetic features included genes essential for 
biofilm formation (adhesion, motility), biofilm lifestyle (virulence, 
quorum, biofilm) and EPS components (matrix, alginate, cellulose, 
colanic acid, Pel, Psl, succinoglycan, xanthan). Genome analysis of 
additional strains assigned to the same species or if not possible assigned 
to the same genera as the biofilm strains (n = 1–40, including the BF1 
isolate), revealed that all species/genera harbour genetic features linked 
to the biofilm lifestyle (in total 7–96 different genes, Supplementary 
Table 4). 

The Pseudomonas fragi BF1 strain harboured the highest number of 
genetic features associated with biofilm formation (n = 21, clustered 
into six categories). We identified two genes involved in adhesion, two 
involved in motility (twitching motility proteins), one virulence factor 
(mviM), six genes responsible for alginate production, eight involved in 
cellulose metabolism and two in colanic acid biosynthesis. Analysis of all 
10 available Pseudomonas fragi genomes identified in total 46 potential 
biofilm genes (of seven categories), including also a gene involved in 
quorum sensing which was missing in the biofilm strain Pseudomonas 
fragi BF1. 

The Acinetobacter harbinensis BF1 isolate harboured ten biofilm 
associated genes: three twitching motility proteins, five genes involved 
in the metabolism of poly-β-1,6-N-acetyl-D-glucosamine (PGA), and 
three involved in cellulose metabolism. The same genes were harboured 
by a second A. harbinensis strain, whose genome was available. 

The Lactococcus piscium BF1 genome harboured genes assigned to 
cellulose metabolism (n = 4), motility (n = 1) and biofilm formation (n 
= 1). Genome analysis of all available L. piscium genomes (n = 5) 
revealed that this species has a small number of biofilm-associated genes 
(n = 8). 

The number of the biofilm-associated genes in the Carnobacterium 
maltaromaticum BF1 strain (n = 2), the Brochothrix thermosphacta BF1 
strain (n = 1) and the Kocuria salsicia BF1 strain (n = 0) was lower 
compared to other strains of their species (n = 16, 18 and 7, respectively, 
Table 2, Supplementary Tables 3 and 4). Different genes involved in 
motility (n = 3), cellulose metabolism (n = 3) and alginate production 
(n = 1) were present in the Psychrobacter sp. BF1 genome. Whereas, we 
detected in the genome of other Psychrobacter sp. strains additionally 
genes involved in adhesion, virulence, quorum sensing and colanic acid. 

The strains, whose genome was most similar to that of Steno-
trophomonas sp. BF1 (n = 39) harboured in total 96 different biofilm 

Table 2 
Biofilm associated genes present in the genomes of the used strains. The RASTtk 
search in PATRIC using the biofilm isolates and the following search terms in the 
section “feature” (biofilm, quorum, motility, matrix, virulence, adhesion, algi-
nate, cellulose, colanic acid, diutan, hyaluronic acid, Pel, Psl, succinoglycan and 
xanthan) was used.  

Strain and gene products Category 

Acinetobacter harbinensis BF1  
Alpha-1,3-N-acetylgalactosamine transferase PglA (EC 2.4.1.-) Cellulose 
Biofilm PGA outer membrane secretin PgaA Biofilm 
Biofilm PGA synthesis auxiliary protein PgaD Biofilm 
Biofilm PGA synthesis deacetylase PgaB (EC 3.-) Biofilm 
Biofilm PGA synthesis N-glycosyltransferase PgaC (EC 2.4.-.-) Biofilm 
Glycosyltransferase (EC 2.4.1.-) Cellulose 
Lipid carrier: UDP-N-acetylgalactosaminyltransferase (EC 2.4.1.- 
) 

Cellulose 

Twitching motility protein PilG Motility 
Twitching motility protein PilH Motility 
Twitching motility protein PilT Motility 

Arthrobacter sp. BF1  
Cellulose synthase (UDP-forming) (EC 2.4.1.12) Cellulose 

Brochothrix thermosphacta BF1  
LmaC, associated with virulence in Listeria Virulence 

Carnobacterium maltaromaticum BF1  
Alpha-L-Rha alpha-1,3-L-rhamnosyltransferase (EC 2.4.1.-) Cellulose 
Bactoprenol glucosyl transferase (EC 2.4.1.-) Cellulose 

Kocuria salsicia BF1  
None None 

Lactococcus piscium BF1  
Alpha-D-GlcNAc alpha-1,2-L-rhamnosyltransferase (EC 2.4.1.-) Cellulose 
Alpha-L-Rha alpha-1,2-L-rhamnosyltransferase/alpha-L-Rha 
alpha-1,3-L- rhamnosyltransferase (EC 2.4.1.-) 

Cellulose 

Alpha-L-Rha alpha-1,3-L-rhamnosyltransferase (EC 2.4.1.-) Cellulose 
Bactoprenol glucosyl transferase (EC 2.4.1.-) Cellulose 
Pleiotropic regulator of exopolysaccharide synthesis, 
competence and biofilm formation Ftr, XRE family 

Biofilm 

Twitching motility protein PilT Motility 
Microbacterium sp. BF1  

Alpha-D-GlcNAc alpha-1,2-L-rhamnosyltransferase (EC 2.4.1.-) Cellulose 
Succinoglycan biosynthesis protein ExoA Succinoglycan 

Pseudomonas fragi BF1  
(R)-3-hydroxydecanoyl-ACP:CoA transacylase PhaG (3- 
hydroxyacyl-CoA-acyl carrier protein transferase) (EC 2.4.1.-) 

Cellulose 

Alginate biosynthesis transcriptional activator Alginate 
Alginate biosynthesis two-component system response regulator 
AlgB 

Alginate 

Alginate biosynthesis two-component system response regulator 
AlgR 

Alginate 

Alginate biosynthesis two-component system sensor histidine 
kinase KinB 

Alginate 

Alginate regulatory protein AlgP, positive transcriptional 
regulator of AlgD 

Alginate 

Alginate regulatory protein AlgQ, positive transcriptional 
regulator of AlgD 

Alginate 

Alpha-1,3-N-acetylgalactosamine transferase PglA (EC 2.4.1.-) Cellulose 
Cellulose biosynthesis protein BcsE Cellulose 
Cellulose biosynthesis protein BcsG Cellulose 
Cellulose biosynthesis protein BcsQ Cellulose 
Cellulose synthase catalytic subunit [UDP-forming] (EC 2.4.1.12) Cellulose 
Cellulose synthase operon protein C Cellulose 
Colanic acid biosynthesis acetyltransferase WcaF (EC 2.3.1.-) Colanic acid 
Colanic acid biosynthesis glycosyl transferase WcaI Colanic acid 
Lipid carrier: UDP-N-acetylgalactosaminyltransferase (EC 2.4.1.- 
) 

Cellulose 

Outer membrane low permeability porin, OprD family, OccD6/ 
OprQ involved in adhesion 

Adhesion 

Putative large exoprotein involved in heme utilization or 
adhesion of ShlA/HecA/FhaA family 

Adhesion 

Twitching motility protein PilG Motility 
Twitching motility protein PilH Motility 
Virulence factor mviM Virulence 

Psychrobacter sp. BF1  
Alpha-1,3-N-acetylgalactosamine transferase PglA (EC 2.4.1.-) Cellulose 
Alpha-1,4-N-acetylgalactosamine transferase PglJ (EC 2.4.1.-) Cellulose 
Lipid carrier: UDP-N-acetylgalactosaminyltransferase (EC 2.4.1.- 
) 

Cellulose 

Positive alginate biosynthesis regulatory protein Alginate 

(continued on next page) 
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genes, whereas the BF1 isolate harboured only five (two genes belonging 
to twitching motility, two involved in alginate synthases and one for 
cellulose metabolism). In parallel, the number of biofilm-associated 
genes was low in the Arthrobacter sp. BF1 (n = 1), Microbacterium sp. 
BF 1 and Rhodococcus erythropolis BF1 strains (n = 2) compared to other 
strains of their species/genera (harbouring 28, 42 and 28 different 
genes, respectively). 

3.3. The motility of biofilm isolates 

The swimming, swarming and twitching ability at 10 ◦C was assessed 
after 24 h, 48 h and 7 d. C. maltaromaticum BF1 showed the largest 
swimming diameter at all time points (Fig. 2A, Supplementary Table 4, 
24 h: 4.0 ± 0.8, 48 h: 7.3 ± 1 mm, 7 d: 19 ± 4.4 mm), whereas L. piscium 
BF1 showed the smallest swimming diameter (7 d value: 1.5 ± 0.6 mm). 

R. erythropolis BF1 showed the largest swarming diameter (7 d: 
24.28 ± 16.8 mm) and L. piscium BF1 the smallest (7 d: 2.8 ± 0.6 mm, 
Fig. 2B, Supplementary Table 4). 

The largest twitching diameter after 24 h was seen for the P. fragi BF1 
isolate (3.9 ± 1.0 mm, statistically significantly different from Arthro-
bacter sp. BF1, C. maltaromaticum BF1 and L. piscium BF1) and the 
smallest for the B. thermosphacta BF1 isolate (1.3 ± 0.5 mm, Fig. 2C, 
Supplementary Table 4). After 7 days the C. maltaromaticum BF1 isolate 
had the largest twitching diameter (9.3 ± 1.9 mm, statistically signifi-
cantly different from K. salsicia BF1 and L. piscium BF1) and the 
L. piscium BF1 isolate the smallest (2.7 ± 0.8 mm, statistically signifi-
cantly different from A. harbinensis BF1, Arthrobacter sp. BF1, 
B. thermosphacta BF1, and C. maltaromaticum BF1). 

3.4. Biofilm forming ability 

In biofilms of all strains, bacterial loads from 5.4 to 8.4 log CFU/cm2 

were detected (Fig. 3A, 3E). After growth for 7 days at 10 ◦C on stainless 
steel the Psychrobacter sp. BF1 isolate showed the lowest bacterial load 
(mean 5.4 log CFU/cm2) being statistically significantly different from 
the bacterial load of A. harbinensis BF1, Arthrobacter sp. BF1, Steno-
trophomonas sp. BF1, L. piscium BF1 and Microbacterium sp. BF1 (Sup-
plementary Table 6). 

The Microbacterium sp. BF1 biofilm showed the highest bacterial load 
(mean 8.7 log CFU/cm2), being statistically significantly different from 
that of A. harbinensis BF1, Arthrobacter sp. BF1, B. thermosphacta BF1, 
C. maltaromaticum BF1, Kocuria salsicia BF1, Psychrobacter sp. BF1 and 
R. erythropolis BF1 (Supplementary Table 6). There was no significant 
association between the bacterial load and the amount of EPS compo-
nents (data not shown). In the negative controls, neither bacteria nor 
EPS components were detestable. 

The highest mean carbohydrate concentration was determined in the 
matrix of the C. maltaromaticum BF1 biofilm (4.3 μg/cm2, glucose 
equivalents Fig. 3B, E). These levels were statistically significantly 

different from the biofilms of A. harbinensis BF1, B. thermosphacta BF1, 
and L. piscium BF1. B. thermosphacta BF1 showed the lowest levels of 
carbohydrates (mean: 0.54 μg/cm2 glucose equivalents) with many 
values below the detection limit. This amount was statistically different 
from biofilms of A. harbinensis BF1, C. maltaromaticum BF1, Steno-
trophomonas sp. BF1, Psychrobacter sp. BF1 and R. erythropolis BF1 
(Supplementary Table 7). 

In biofilms of three different strains, no eDNA could be detected 
(Fig. 3C, E), B. thermosphacta BF1, C. maltaromaticum BF1, Kocuria sp. 
BF1). The highest eDNA content was detected in the Acinetobacter sp. 
BF1 biofilms (mean 595.9 ng/cm2), followed by the Microbacterium sp. 
BF1 biofilms (mean 549.2 ng/cm2). The eDNA load of the Micro-
bacterium sp. BF1 biofilms was statistically significantly different from 
that of biofilms from all other strains except R. erythropolis BF1 (Sup-
plementary Table 7). No statistically significant difference was observed 
between the eDNA amount of the Acinetobacter sp. BF1 biofilms and 
those of other strains, due to the high deviation of the values. 

Proteins in the biofilm matrix could be detected in biofilms of six 
strains (Fig. 3D, Supplementary Table 8). In all biofilms of Micro-
bacterium sp. BF1, P. fragi BF1 and Psychrobacter sp. BF1 proteins could 
be detected. In the L. piscium BF1 biofilms proteins could be detected in 
>90% replicates. In the Arthrobacter sp. BF1 biofilms in half of the ex-
periments, proteins could be detected and in R. erythropolis BF1 biofilms 
in a quarter. 

4. Discussion 

In this study we analysed the genome, the motility and biofilm 
forming ability of eleven strains, all isolated from biofilms in a meat 
processing environment (Wagner et al., 2020). These strains are known 
to be frequently encountered in the meat-processing environment, many 
of them have been linked to product spoilage (Maes et al., 2019a; 
Møretrø and Langsrud, 2017; Quijada et al., 2018; Zwirzitz et al., 2020). 
Yet knowledge about the biofilm forming ability of residential microbes 
in the food producing environment is limited. Here, we demonstrated 
that a high bacterial load was detected for all strains on stainless steel 
slides after an incubation of one week at conditions mimicking the food 
producing environment (e.g. stainless steel at 10 ◦C) in a mono-species 
biofilm setting. The set-up of the biofilm model included an attach-
ment phase of 24 h. After this time period all planktonic cells were 
removed, therefore only attached cells could further multiply. 

The analysis of biofilm matrix components showed that all tested 
strains were able to produce at least one component, but at different 
levels. Six strains (Arthrobacter sp. BF1, L. piscium BF1, Microbacterium 
sp. BF1, P. fragi BF1, Psychrobacter sp. BF1 and R. erythropolis BF1) 
produced all three matrix components in our biofilm model, three car-
bohydrates and eDNA and three only carbohydrates. There is evidence 
that additional to the presence of microorganisms the environmental 
conditions (e.g. nutrient availability) significantly affect exopoly-
saccharide production (Li et al., 2016). Additionally the age of the 
biofilm influences also the biofilm matrix composition (Mayer et al., 
1999). 

The Gram-negative, psychrotrophic Pseudomonas fragi is a known 
spoiler for dairy and meat products (Ercolini et al., 2010; Stanborough 
et al., 2018), and is frequently found in food processing environments 
(Møretrø and Langsrud, 2017; Zhang et al., 2019). The P. fragi BF1 
isolate showed a high swarming and twitching ability. Accordantly we 
identified two motility genes, encoding the twitching motility proteins 
PilG and PilH, in the genome. Both genes are essential for an ABC 
transporter involved in twitching motility in P. aeruginosa (Youderian, 
1998). 

Within the P. fragi BF1 biofilms all three matrix components could be 
detected at high levels. Genome analysis identified genes for regulation 
and biosynthesis of alginate, cellulose and colanic acid in P. fragi BF1. 
Genes for alginate, cellulose, and colanic acid biosynthesis seemed to be 
widely distributed among P. fragi isolates. In contrast P. aeruginosa 

Table 2 (continued ) 

Strain and gene products Category 

Twitching motility protein PilG Motility 
Twitching motility protein PilH Motility 
Twitching motility protein PilT Motility 

Rhodococcus erythropolis BF1  
Colanic acid biosynthesis glycosyl transferase WcaE Colanic acid 
Fatty acid desaturase occurring in virulence cluster Virulence 
Large exoproteins involved in heme utilization or adhesion Adhesion 
Putative cellulose-binding protein Cellulose 

Stenotrophomonas sp. BF1  
Alginate lyase precursor (EC 4.2.2.3) Alginate 
Cyclic beta-1,2-glucan synthase (EC 2.4.1.-) Cellulose 
Predicted alginate utilization operon transcriptional repressor 
AlgR 

Alginate 

Twitching motility protein PilH Motility 
Twitching motility protein PilT Motility  
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generally does not produce alginate, except strains isolated from cystic 
fibrosis patients (Franklin et al., 2011). Moreover, despite the genetic 
capacity of producing three different exopolysaccharides, P. aeruginosa 
secretes only one at each time point (Franklin et al., 2011). Therefore, 
only a detailed analysis of carbohydrate composition of P. fragi biofilms 
will give insights in the composition of the biofilm matrix. Moreover, the 
knowledge on the detailed composition of the biofilm matrix will enable 
targeted removal, e.g. by enzymes of specific matrix components leading 
to successful removal of the biofilm. 

This study confirms that P. fragi produces mono-species biofilms on 
stainless steel at conditions found in the meat processing environment. 
This is in accordance with other studies showing that P. fragi is able to 

form biofilms not only on stainless steel at 30 ◦C (Ripolles-Avila et al., 
2019), but also on polystyrene and on meat at 10 ◦C (Wickramasinghe 
et al., 2020). However, Ripolles-Avila et al. (2019) detected only poly-
saccharides in the P. fragi biofilm matrix. In contrast, Wickramasinghe 
et al. (2020) reported the presence of polysaccharides, proteins and 
eDNA in the biofilm matrix, which is in line with our findings. Various 
studies indicate a strain dependent biofilm capability of P. fragi, which is 
in accordance with our genome analysis showing that different strains 
harbour a different number of biofilm-associated genes (Wang et al., 
2017; Wickramasinghe et al., 2020). The biofilm forming ability of 
P. fragi detected in this study is in accordance with the finding of one of 
our previous studies. We isolated strains assigned to the genus 

swimming diameter [mm]

swarming diameter [mm]

twitching diameter [mm]

A

C

B

Fig. 2. Swimming, swarming and twitching motility of the evaluated strains. Diameters (in mm, y-axis) of the motility zones on different agars were measured after 
incubation at 10 ◦C for 24 h, 48 h and 7 d. Results of the pairwise comparison can be found in Supplementary Table 5. 
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Pseudomonas in 70% of all detected multi-species biofilms (Wagner 
et al., 2020). 

Isolates from the genera Brochothrix and Psychrobacter were also 
highly abundant in the biofilms, isolated from 80% and 70% of the 
multi-species biofilms (Wagner et al., 2020). Data on the biofilm for-
mation of Brochothrix thermosphacta are limited. Here we showed that 
Brochothrix thermosphacta had the capability of swarming and twitching, 
but a low ability to form biofilms on stainless steel. We detected only 
polysaccharides at low levels in the biofilm matrix. To our knowledge, 
this is the first study analysing the biofilm formation of B. thermosphacta 
on stainless steel. Two other studies focused on the removal of 
B. thermosphacta biofilms one using glass (Korber et al., 2002) and 
polystyrene microplates (Patange et al., 2017). A recent study using 
scanning electron microscopy reported a filamentous growth phenotype 
for Brochothrix, which organised into tertiary structures resembling 
multistranded cables (Chen et al., 2020). This could be an indication for 
biofilm-like formation. In accordance with the low biofilm forming 

capability of the Brochothrix thermosphacta BF1 strain we identified only 
one biofilm associated gene, related with virulence (lmaC) in its genome. 
The function of this gene in biofilm formation, present also in the 
B. thermosphacta reference strain (DSM 20171), is unknown. Genome 
analysis of other B. thermosphacta strains showed the presence of genes 
for cellulose production, therefore further biofilm studies including 
other B. thermosphacta strains are needed to get insights in the role of this 
trouble-causing meat-spoiler in biofilms. 

Within the Acinetobacter harbinensis BF1 genome four genes involved 
in PGA metabolism were identified. PGA is described to be required for 
biofilm initiation in various species (Ducret et al., 2015). Within 
A. baumannii strains the pgaABCD locus is widely distributed and 
important for thick biofilm formation (Choi et al., 2009). Accordantly, a 
high carbohydrate level was detected in the Acinetobacter harbinensis 
BF1 biofilm matrix. 

In the biofilm of the R. erythropolis BF1 isolate eDNA was also 
detectable. This confirmed the finding of a biofilm study showing that 
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[µg glucose 
equivalents]

eDNA 
[ng]

protein 
presence

Acinetobacter harbinensis BF1 2.74E+06 3.1 595.92 0 1 high
Arthrobacter sp. BF1 8.74E+07 1.62 344.25 0.5 0.9
Brochothrix thermosphacta BF1 1.54E+06 0.54 0 0 0.8
Carnobacterium maltaromaticum BF1 4.83E+05 4.32 0 0 0.7
Kocuria salsicia BF1 1.95E+06 2.63 0 0 0.6
Lactococcus piscium BF1 9.18E+06 1.39 281.83 0.9 0.5
Microbacterium sp. BF1 5.06E+08 2.21 549.25 1 0.4
Pseudomonas fragi BF1 4.98E+07 2.27 277.33 1 0.3
Psychrobacter sp. BF1 2.41E+05 3.91 176.28 1 0.2
Rhodococcus erythropolis BF1 3.36E+06 2.96 156.9 0.25 0.1
Stenotrophomonas sp. BF1 6.79E+06 3.14 48.08 0 0 low

load per cm2

CFU 

E

Fig. 3. Mono-species biofilm analysis. (A) Bacterial 
load of mono-species biofilms expressed as log count 
[CFU/cm2] as determined by plating. (B), (C) and 
(D): Matrix analysis of mono-species biofilms; (B) 
carbohydrates expressed as glucose equivalents [μg/ 
cm2], (C) eDNA levels in [ng/cm2] and (D) protein 
presence (blue) or absence (grey). p-Values of the 
comparisons are summarised in Supplementary 
Tables 6–9. (E) Summary of the biofilm results. The 
mean values of the respective results (A–C; CFU, 
carbohydrates, eDNA per cm2) and the presence of 
proteins (D) are indicated using a colour code. The 
highest values of the respective column are high-
lighted in red, intermediate values in yellow and the 
lowest values in blue. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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R. erythropolis was able to produce eDNA and co-cultivation with 
P. aeruginosa resulted in dense eDNA containing biofilms (Steinberger 
and Holden, 2005). 

Genes involved in cellulose production were identified in 
C. maltaromaticum BF1, L. piscium BF1, and Microbacterium sp. BF1. The 
cabohydrate level of carbohydrate in the C. maltaromaticum biofilm 
matrix was the highest detected in this study. Bacterial cellulose is 
produced by a huge range of microorganisms including food-borne 
pathogens such as Salmonella spp. and E. coli (Pamp et al., 2007). 
C. maltaromaticum and L. piscium have been isolated from spoiled meat 
products (Mokrani et al., 2018; Pothakos et al., 2015) and from multi- 
species biofilms in the meat-processing environment (Wagner et al., 
2020). Additionally, the role of L. piscium as a bioprotective culture 
against various meat spoilers is under investigation (Hilgarth et al., 
2018; Saraoui et al., 2018). Despite the presence of a twitching gene, our 
L. piscium isolate showed low motility, which is in accordance to pre-
vious findings (Sakala et al., 2002). Just the presence of genes does not 
automatically lead to the gene expression and protein production at the 
given conditions. 

The Microbacterium sp. isolate was able to produce a biofilm with a 
high bacterial density and a matrix containing eDNA at a high concen-
tration, and carbohydrates and proteins. This is line with a study of Tang 
et al. (2013), which showed that different isolates of Microbacterium sp. 
were able to produce biofilms with measurable amounts of eDNA on 
polystyrene microtitre plates at 28 ◦C for 24 h (Tang et al., 2013). Due to 
the limited number of available genomes, the Microbacterium sp. BF1 
could not be assigned to a species. This could be the reason for the 
difference in the number of biofilm- associated genes between isolate 
BF1 and strains of the same genera. 

Psychrotrophic Psychrobacter spp. were reported to be spoilers of 
salted fish, fresh meat and poultry (Møretrø and Langsrud, 2017) and 
also frequently isolated from biofilms in the meat producing environ-
ment (Wagner et al., 2020). The Psychrobacter sp. BF1 isolate was 
capable to produce all three matrix components, carbohydrates even at 
high levels. However, the lowest bacterial load in our biofilm was 
observed for this strain. The genetic analysis identified genes involved in 
cellulose metabolism and one regulatory protein in the alginate 
biosynthesis. Whether the high amount of polysaccharides resulted only 
from these two genetic features remains to be elucidated. Psychrobacter 
spp. were frequently identified in meat processing plants (Hultman 
et al., 2015), however different multi-species biofilm studies showed 
that Psychrobacter could not establish itself in high-numbers within 
multi-species biofilms, grown in the laboratory, mimicking the meat 
processing area (Fagerlund et al., 2017; Visvalingam et al., 2019). 
Various studies indicate that different Psychrobacter spp. are able to form 
biofilms including the detection of proteins and carbohydrates in the 
biofilm matrix (Hinsa-Leasure et al., 2013; Kavitha and Raghavan, 
2018). 

Cultivation of Arthrobacter sp. BF1 and Stenotrophomonas sp. BF1., 
also known to be frequently isolated from various meat processing en-
vironments, resulted also in a biofilm containing carbohydrates and 
proteins (Maes et al., 2019a; Røder et al., 2015; Wagner et al., 2020). 
Stenotrophomonas isolated from various food processing environments is 
known as a spoilage bacteria due to its proteolysis, lipolysis and phos-
pholipolysis abilities (Maes et al., 2019a). Biofilms on polyethylene and 
polystyrene of these organisms has been recently reported (Han et al., 
2020; Liu et al., 2014). 

In conclusion, we demonstrated that typical meat-associated bacteria 
(including residential bacteria and meat-spoilage bacteria) harboured 
different biofilm-associated genes resulting in different abilities to form 
biofilms on stainless steel at 10 ◦C. In contrast to other studies we used 
environmental strains, isolated from biofilms and studied their biofilm 
formation at conditions similar to the food processing environment. 

This study used isolates frequently found in the meat processing 
environment. Genome analysis showed different numbers in biofilm- 
associated genes within one species or genera. This is in line with 

previous studies showing strain- dependent biofilm formation (Guilbaud 
et al., 2015; Wickramasinghe et al., 2020). Future studies combining 
biofilm experiments and genome analysis with a high number of strains 
from various environments are necessary to elucidate the strain diversity 
and the correlation between the presence of genes and biofilm 
formation. 

The genome comparison identifying biofilm-associated genes rep-
resents a snapshot of the current available genomic information. The 
quantity and quality of the available genome data is very diverse. Due to 
the limited number of available genome data, four strains (Arthrobacter 
sp. BF1, Microbacterium sp. BF1, Psychrobacter sp. BF1 and Steno-
trophomonas sp. BF1) could not even be assigned to a species. Moreover, 
due to the diverse quality of the genome data and differences in the 
applied bioinformatic methods we can't exclude errors in the identifi-
cation of biofilm- associated genes e.g. that genes located at the end of 
contigs are missing. 

Our data underline that biofilms in the meat processing environment 
are a real concern, as a limited number of environmental studies has 
already indicated (Maes et al., 2019b, 2017; Wagner et al., 2020). 
Moreover, a recent study confirmed that the presence of 
L. monocytogenes is associated with biofilm-forming species such as 
Pseudomonas and Acinetobacter on meat and food contact surfaces 
(Zwirzitz et al., 2021), highlighting the importance of understanding the 
contribution of single species to biofilms in the food environment. The 
understanding of biofilm formation and composition is crucial for the 
targeted prevention and removal of biofilms in the future. Since the 
microorganisms in the environment build multi-species biofilms, rather 
than mono-species biofilms (Jahid and Ha, 2014; Wagner et al., 2020), 
future studies based on the findings of this study are needed. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijfoodmicro.2021.109232. 
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2015. Listeria monocytogenes-carrying consortia in food industry. Composition, 
subtyping and numerical characterisation of mono-species biofilm dynamics on 
stainless steel. Int. J. Food Microbiol. 206, 84–95. https://doi.org/10.1016/j. 
ijfoodmicro.2015.05.003. 

Rychli, K., Grunert, T., Ciolacu, L., Zaiser, A., Razzazi-Fazeli, E., Schmitz-Esser, S., 
Ehling-Schulz, M., Wagner, M., 2016. Exoproteome analysis reveals higher 
abundance of proteins linked to alkaline stress in persistent Listeria monocytogenes 
strains. Int. J. Food Microbiol. 218, 17–26. https://doi.org/10.1016/j. 
ijfoodmicro.2015.11.002. 

Sakala, R.M., Hayashidani, H., Kato, Y., Kaneuchi, C., 2002. Isolation and 
characterization of Lactococcus piscium strains from vacuum-packaged refrigerated 
beef. J. Appl. Microbiol. 92, 173–179. https://doi.org/10.1046/j.1365- 
2672.2002.01513.x. 

Saraoui, T., Leroi, F., Chevalier, F., Cappelier, J.M., Passerini, D., Pilet, M.F., 2018. 
Bioprotective effect of Lactococcus piscium CNCM I-4031 against Listeria 
monocytogenes growth and virulence. Front. Microbiol. 9, 1–10. https://doi.org/ 
10.3389/fmicb.2018.01564. 

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., 
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B., 
Thallinger, G.G., Van Horn, D.J., Weber, C.F., 2009. Introducing mothur: open- 
source, platform-independent, community-supported software for describing and 
comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. 
https://doi.org/10.1128/AEM.01541-09. 

Schmid, J., Sieber, V., Rehm, B., 2015. Bacterial exopolysaccharides: biosynthesis 
pathways and engineering strategies. Front. Microbiol. 6, 1–24. https://doi.org/ 
10.3389/fmicb.2015.00496. 

Stanborough, T., Fegan, N., Powell, S.M., Singh, T., Tamplin, M., Chandry, P.S., 2018. 
Genomic and metabolic characterization of spoilage-associated Pseudomonas species. 
Int. J. Food Microbiol. 268, 61–72. https://doi.org/10.1016/j. 
ijfoodmicro.2018.01.005. 

Steinberger, R.E., Holden, P.A., 2005. Extracellular DNA in single- and multiple-species 
unsaturated biofilms. Appl. Environ. Microbiol. 71, 5404–5410. https://doi.org/ 
10.1128/AEM.71.9.5404-5410.2005. 

Tang, L., Schramm, A., Neu, T.R., Revsbech, N.P., Meyer, R.L., 2013. Extracellular DNA 
in adhesion and biofilm formation of four environmental isolates: a quantitative 
study. FEMS Microbiol. Ecol. 86, 394–403. https://doi.org/10.1111/1574- 
6941.12168. 

Visvalingam, J., Wang, H., Ells, T.C., Yang, Y., 2019. Facultative Anaerobes Shape 
Multispecies Biofilms Composed of Meat Processing Surface Bacteria and Escherichia 
coli O157:H7 or Salmonella enterica Serovar Typhimurium, 85, pp. 1–15. 

Wagner, E.M., Pracser, N., Thalguter, S., Fischel, K., Rammer, N., Pospí̌silová, L., 
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