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The biofilm prevalence (50% of 80 biofilm samples) and Listeria contamination (20% of 200 samples, includ-
ing biofilm and additional samples), were very high, indicating a low hygiene status of the five companies. We
detected 40 biofilms in total, including food contact surfaces such as storage tanks. Furthermore, 40 of the 200
sampling sites were positive for Listeria. We isolated 46 strains, including 38 L. innocua, 7 L. monocytogenes, and
1 L. grayi isolates, resulting in a prevalence of 19% for L. innocua, 3.5% for L. monocytogenes, and 0.5% for L.
grayi. Listeria were frequently present in biofilms (n = 11), 27.5% of 40 biofilms harbored Listeria. The genetic
diversity of the L. innocua strains was low, as the isolates mainly belonged to sequence type (ST) 1489 (n= 21)
and 1085 (n=6). The L. monocytogenes strains, assigned to ST3, ST5, and ST619, harbored the full set of essen-
tial virulence genes, indicating a virulent genotype. Gene profiling confirmed the presence of many stress resis-
tance genes in all Listeria spp. strains and the presence of plasmids in 54.3% strains.
In conclusion, we successfully identified biofilm and Listeria spp. contamination hotspots in Albanian dairies,

which should intensify cleaning and disinfection to improve food safety.

A  B  S T R A C T

Biofilms in food processing environments are a major concern for hygiene and food safety as they can harbor 
spoilage bacteria and pathogens. The aim of this study was to determine the prevalence of biofilms and Listeria 
(L.) species (spp.) in five Albanian dairies. We analyzed the presence of biofilms on 80 visibly clean sites by 
enumeration of the bacterial load (>100 bacterial cell equivalents /cm2) and quantification of extracellular
DNA, carbohydrates, and proteins of the biofilm matrix. We furthermore isolated and characterized Listeria
spp. from 200 samples, including 80 biofilm and 120 additional samples.
Biofilms in food processing environments are a major concern for 
hygiene and food safety. The biofilm architecture includes different 
microbial species embedded in a self-produced extracellular matrix
consisting of major biofilm components such as proteins, carbohy-
drates, and extracellular DNA (eDNA) (Flemming et al., 2016, 2023;
Sharan et al., 2022). The biofilm matrix protects the microorganisms 
from diverse environmental stressors such as desiccation, nutrient
scarcity, cleaning and disinfection, or osmotic stress (Flemming 
et al., 2023). Environmental factors in the food processing environ-
ment, such as nutrients, humidity, or hard-to-clean niches, e.g. pipes, 
support the establishment and persistence of biofilms. Biofilms can fur-
ther lead to surface material damage in the processing environment
(Goetz et al., 2025; LaPointe et al., 2025). Resistance against cleaning 
procedures and sanitizers contributes to the persistence of biofilms in
the food processing environment (Møretrø & Langsrud, 2004). Impor-
tantly, biofilms are a potential harborage site for food spoilage bacteria
and pathogens (Wagner et al., 2020; Sharan et al., 2022). Previous 
research identified bacterial taxa with biofilm formation and spoilage 
potential, such as Pseudomonas , Microbacterium, Streptococcus, or Sta-
phylococcus in the dairy environment (Maes et al., 2019; Sadiq et al.,
2024). Detachment of bacterial cells from the biofilm and dispersal 
in the processing environment can result in contamination of food
products during processing stages or in the final product
(Chmielewski & Frank, 2003; Dass & Wang, 2022). 

Listeria (L.) monocytogenes is a significant food pathogen in the 
dairy environment, causing the disease listeriosis, which has a high 
mortality rate. In the European Union, the overall occurrence of 
L. monocytogenes in dairy products was 0.47%, including milk and
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different types of cheeses in 2023 (EFSA, 2024). Listeria are well-
described for their ability to survive and grow under hostile environ-
mental conditions and to persist despite cleaning measures (Bucur 
et al., 2018; Matereke & Okoh, 2020; Muchaamba et al., 2022). Bio-
films are suggested to contribute to the persistence of Listeria in the
food processing environment (Sterniša et al., 2023; Tuytschaever
et al., 2023; Rolon et al., 2024); however, there is limited knowledge 
on the prevalence of Listeria in biofilms present in food processing
environments (Pracser et al., 2024), because many studies only focus 
on lab-grown biofilms. Additionally, there is a lack of studies identify-
ing biofilms in the dairy processing environment.

In the current study, we investigated the occurrence of biofilms and 
Listeria species (spp.) in five Albanian dairies. We additionally charac-
terized the detected Listeria isolates by whole genome sequencing,
focusing on stress resistance and virulence genes, and plasmids.

Methods 

Sampling. The processing environments of five different Albanian 
dairies (companies A – E) that process milk and produce different 
types of cheese, yogurt, and dairy drinks were sampled between 
2023 and 2024, including food-contact and non–food-contact surfaces. 
Companies were selected based on their availability and accessibility.
One sampling event was conducted for each company. In total, 80 sites
without visible food residues were tested for the presence of biofilms
and Listeria spp. (Table S1). Further, 120 additional samples were only 
used for Listeria spp. isolation as food residues were visible. Negative
controls were included in each sampling event (Table S2). The number 
of sampled sites depended on the size of the processing environments 
and accessibility in the respective facilities. In detail, the number of 
samples included 50 sites in company A (12 sites testing for biofilms 
and Listeria spp. (BF+L), 38 sites testing for Listeria spp. only (L)), 
49 sites in company B (11 BF+L, 38 L), 30 sites in company C (22
BF+L, 8 L), 34 sites in company D (20 BF+L, 14 L), and 37 sites in
company E (15 BF+L, 22 L). For biofilm detection, each sampling site
was horizontally and vertically wiped with a cell scraper (length:
225 mm, blade width: 20 mm; Carl Roth) and Nylon® flocked swabs
(552C, FLOQSwabs, COPAN) (Maes et al., 2017; Wagner et al.,
2022). The size of the sampled surface area ranged from 1 to 
1600 cm2 . Samples taken with scrapers and flocked swabs were trans-
ported in 10 ml of 0.25 × Ringer solution (B. Braun Austria GmbH). 
For detection of Listeria spp., sampling sites (surface areas from 31 
to 13,500 cm2) were horizontally and vertically wiped with a hydrated
polyurethane (PU) sponge swab (HiCap Neutralizing swabs, Nasco
Whirlpak). All samples were transported under cool conditions. Sam-
ples for biofilm detection were stored at −20 °C until further
processing.

Detection and confirmation of Listeria spp.. Ten ml of 1 × cooled 
phosphate-buffered saline (PBS) was added to each sample from com-
pany A and company B, followed by a homogenization step for 1 min 
using a lab blender. From each sample, 8 ml of the suspension was 
removed. No PBS was added to samples from companies C, D, and E. 
Cultural enrichment and detection of Listeria spp. were performed 
according to ISO 11290-1:2017 with modifications. Briefly, 70 ml of 
Half-Fraser broth (Noack) was added to each bag containing a PU 
swab, followed by incubation at 30 °C for 48 h. From the primary 
enrichment, 1 ml was transferred to 10 ml of Fraser broth (Noack)
and incubated at 37 °C for 48 h for secondary enrichment. For cultural
detection of Listeria spp., 1 ml of the primary and secondary enrich-
ment was centrifuged at 8,000 × g for 5 min. The resulting pellets were
resuspended in 50 µl of 1 × PBS and plated on RAPID’L.mono (Bio-
Rad) agar plates, which were incubated for 48 h at 37 °C. A single col-
ony of each presumptive Listeria spp. was selected for further charac-
terization based on the colony morphology on RAPID’L.mono agar.
Due to the high background flora, putative colonies were additionally
2

streaked out on ALOA (Noack) agar plates and incubated at 37 °C for 
48 h. Putative Listeria spp. isolates were confirmed, and species were
differentiated by a PCR approach (Border et al., 1990; Bubert et al.,
1999). DNA was extracted from putative Listeria spp. colonies with a 
Chelex-based DNA extraction method (Chelex 100, Sigma-Aldrich)
(Walsh et al., 1991). Briefly, Listeria colonies were transferred to a 
solution of 50 µl 0.01 M Tris-HCl (pH 7.0) and 200 µl of Chelex solu-
tion (stock: 2.5 g Chelex 100 in 2.5 ml 0.01 M Tris-HCl (pH 7.0) and 
95 ml autoclaved ddH2O). The putative Listeria isolates in the Chelex
solution were incubated at 95 °C for 10 min, shaking at 550 rpm. Then,
the samples were centrifuged at 15,000 × g for 30 s, and 150 µl of the
supernatant containing the bacterial DNA was transferred to a new
1.5 ml tube.

PCR was performed to detect Listeria spp. targeting the respective 
16S rRNA fragment (primer sequences: 5′-CAG CAG CCG CGG TAA 
TAC-3′,  5′-CTC CAT AAA GGT GAC CCT-3′), and the hly gene for 
detection of L. monocytogenes (primer sequences: 5′-CCT AAG ACG 
CCA ATC GAA-3′,  5′-AAG CAC TTG CAA CTG CTC-3′). The final con-
centration of reagents in the PCR reaction was 1.08 µM for the primers, 
1.5 mM MgCl2, 200 µM dNTPs (Thermo Fisher Scientific), 1 × PCR buf-
fer (Invitrogen), and 1.25 U PlatinumTM Taq DNA polymerase (Invitro-
gen). The final volume of the PCR reaction was 25 µl and contained 
2 µl DNA template. PCR settings included an initial denaturation at 
94 °C for 2 min, 30 cycles of denaturation at 94 °C for 30 s, annealing 
at 50 °C for 30 s, extension at 72 °C for 1 min, and a final extension step 
at 72 °C for 5 min. A second PCR targeted the iap gene, aiming for the 
differentiation and identification of different Listeria spp.. Upstream 
primer sequences targeted L. monocytogenes (5′-CAA ACT GCT AAC 
ACA GCT ACT-3′), L. innocua (5′-ACT AGC ACT CCA GTT AAA C-3′), 
L. grayi (5′-CCA GCA GTT TCT AAA CCT GCT-3′), and the L. ivano-
vii/L. welshimeri/L. seeligeri group (5′-TAA CTG AGG TAG CGA GCG
AA-3′). The downstream primer sequence was 5′-TTA TAC GCG ACC
GAA GCC AAC-3′. The final concentration of reagents in the PCR reac-
tion was 128 nM for the primers, 1.5 mM MgCl2, 200 µM dNTPs
(Thermo Fisher Scientific), 1 × PCR buffer (Invitrogen), and 1.5 U Plat-
inumTM Taq DNA polymerase (Invitrogen). The final volume of the
PCR reaction was 25 µl and contained 2 µl DNA template. PCR settings
included an initial denaturation at 94 °C for 2 min, 30 cycles of denat-
uration at 94 °C for 30 s, annealing at 56 °C for 30 s, extension at 72 °C
for 30 s, and a final extension step at 72 °C for 5 min. Confirmed Lis-
teria spp. were grown in liquid cultures in BHI with yeast extract (BHI
+Y; Biokar Diagnostics) overnight, and cryo-cultures were made for
long-term storage.

Whole genome sequencing of Listeria spp. Isolates. Listeria spp. 
isolates were recovered from cryo-cultures and streaked out on tryptic 
soy agar with yeast extract (TSA+Y; Biokar Diagnostics) agar plates. 
For DNA extraction, a bacterial pellet was recovered from 1 ml of over-
night culture by centrifugation at 12,000 × g for 2 min. The pellet was 
resuspended in 1 ml of 1 × PBS, and the centrifugation step was 
repeated. DNA was extracted using the Monarch® Spin gDNA extrac-
tion kit (New England Biolabs) according to the manufacturer’s
instructions for DNA extraction for gram-positive bacteria. The final
elution step was carried out with 20 µl of preheated H2O for molecular
biology. DNA extraction of samples with low DNA-yield was repeated
with 2 ml or 3 ml overnight culture volume.

Sequencing was performed on an Oxford Nanopore MinION 
sequencing platform using R10.4.1 (FLO-MIN114) flow cells. For 
library preparation, 200 ng of genomic DNA per sample was used. 
Unique barcodes were added to each sample using the Rapid Barcod-
ing kit V14 (SQK-RBK114.24 / SQK-RBK114.96) to run the pooled 
sample on the same flow cell. AMPure XP Beads (AXP) were added 
to the entire pooled barcoded sample for library cleanup. Quantifica-
tion of the DNA library was done with a Qubit fluorometer using the 
Qubit dsDNA BR assay. Sequencing adapters (Rapid Adapter) were
added to the library. The sequencing run was performed for 72 h. Base-
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calling was carried out with dorado v0.7.2+9ac85c6 using the dna_r 
10.4.1_e8.2_400bps_sup@v5.0.0 model. Demultiplexing was done
with dorado v0.9.1+c8c2c9f. Samtools v1.20 (Danecek et al., 2021) 
was used to convert file formats. Quality filtering of raw reads for a 
minimum read length of 200 bp and a q-score of greater than 9 was
done with chopper v0.8.0 (De Coster and Rademakers, 2023). Assem-
bly was carried out using flye v2.9.4-b1799 (Kolmogorov et al., 2019), 
and polishing of sequences was done with medaka v1.12.0 using the 
r1041_e82_4 00bps_sup_v5.0.0 model. The assemblies were assessed
using busco v5.8.2 (Simão et al., 2015) and evaluated with QUAST
v5.0.2 (Gurevich et al., 2013)  (Table S3). The raw sequencing reads 
can be found online in the NCBI data repository under the BioProject
number PRJNA1312463 https://www.ncbi.nlm.nih.gov/. 

Characterization of Listeria spp.. Multilocus sequence typing 
(MLST) of L. monocytogenes and L. innocua was done using the MLST
scheme from Institut Pasteur (Moura et al., 2016) and mlst v2.16.1
(Seemann, n.d.). Further, phylogenetic trees were generated using a 
reference-based alignment produced with Snippy v4.6.0 (Seemann, 
2015). Using IQ-TREE v2.0.3 with automated model selection (model
for Fig. S4: TVM+F+I+G4; model for Fig. 2B: TVM+F+I; model for
Fig. 2C: TVM+F+I) (Kalyaanamoorthy et al., 2017; Minh et al., 2020) 
and 1000 ultrafast bootstrap replicates (Hoang et al., 2017), phyloge-
netic trees were constructed. Phylogenies in combination with heat-
maps for displaying the genetic repertoire of Listeria were visualized
with R packages ggtree v3.12.0 (Yu et al., 2017) and ggplot2 v3.5.1
(Wickham, 2016) in R v4.4.1.

Local in-house BLAST databases comprising virulence genes 
(n = 100) (Table S4), stress resistance genes (n = 107) (Table S5), 
and plasmid sequences (n = 10) and plasmid genes (n = 13)
(Table S6) were used to investigate the genetic repertoire of the
detected Listeria (Pracser et al., 2024). The presence of genes and plas-
mid sequences was first determined using blastN (ncbi-blast v2.16.0) 
and a custom-made Python script. An e-value of 0.01 and a culling 
limit of 1 were set. A minimum alignment ratio of 70% relative to 
the reference sequence length and a minimum nucleotide identity of 
99% were set to determine the presence of plasmids. Coding sequences 
from the stress resistance and virulence gene search were translated 
into amino acid sequences using transeq (EMBOSS v 6.6.0.0). The 
appropriate reading frame was selected using a custom-made Python 
script. Using blastP (ncbi-blast v2.16.0), the translated amino acid 
sequences were compared against the local virulence and stress resis-
tance gene databases in protein format. For L. monocytogenes, genes
were classified as present if the amino acid identity of translated
sequences was ≥92% and if the alignment ratio relative to the refer-
ence sequence length was ≥70%. Sequence alignments of genes below
these thresholds were classified as “absent”. An alignment ratio (rela-
tive to the reference sequence length) of ≥70% but <100% or >100%
was further investigated, and the type of length deviation (either
“shorter variant” for length deviations <100%, or “longer variant”
for length deviations >100%) was determined in Supplementary 
Tables S7, S9, and S10. For other Listeria spp., the threshold for the 
amino acid identity was lowered to ≥80%.

Detection of biofilms. Samples taken with scraper and flocked 
swabs were processed as described in previous studies (Wagner 
et al., 2020; Pracser et al., 2024). Two grams of hydrated cation 
exchange resin (CER, Amberlite® HPR110, 20–50 mesh, Sigma-
Aldrich) were added to each sample taken with scraper and flocked 
swabs. Samples were incubated on a shaker at room temperature at 
500 rpm for 15 min, followed by centrifugation at 3,220 × g  at
20 °C for 15 min. The supernatant was collected, sterile filtered using
a 0.22 µm filter membrane (Filtropur S.02, Sarstedt AG & Co KG), and
stored at −20 °C for later analysis of extracellular matrix components.
The remaining cell pellet, including CER, was kept and stored at
−20 °C for analysis of the bacterial cell content.
3

Detection of bacterial cells in biofilms. Pellets and CER were 
thawed, and 5 ml 1 × PBS (Thermo Fisher Scientifc) was added to 
wash and to separate the bacterial cells from the CER. Samples were 
mixed by vortex agitation, and after the CER settled for 2 min, the 
supernatant was transferred to a new tube. The washing step was 
repeated a second time. The bacterial cell pellet was recovered by cen-
trifugation for 5 min at 3,220 × g. DNA was extracted from bacterial
cell pellets using the DNeasy® PowerSoil® ProKit (Qiagen) according
to the manufacturer’s instructions. The elution step was carried out
twice with 25 µl of preheated (70 °C) water for molecular biology.
DNA concentrations were measured using a Qubit fluorometer (Invit-
rogen) with a Qubit high-sensitivity dsDNA kit (Invitrogen).

Enumeration of bacterial cell equivalents was performed with qPCR 
targeting the 16S rRNA gene (primers: 5′-CCT ACG GGA GGC AGC AG-
3′, 5′-ATT ACC GCG GCT GCT GG-3′), similar to previous studies
(Dixon et al., 2019; Wagner et al., 2020; Pracser et al., 2024). The final 
concentration of primers was 250 nM, and a final concentration of 
1 × Brilliant III Ultra-Fast SYBR® Green qPCR master mix with low 
ROX (Agilent) was used. A single qPCR reaction was performed with 
1 µl template DNA. The qPCR run settings were as follows: 1 cycle 
of denaturation at 95 °C for 3 min, 40 cycles of ampli fication at 95 °
C for 5 s and 60 °C for 20 s, and 1 cycle for generation of the melting
curve at 95 °C for 1 min, 60 °C for 30 s, and 95 °C for 30 s. To calculate
total BCE, we used an average of 5.5 16S rRNA gene copy numbers,
estimated from rrnDB (Větrovský & Baldrian, 2013; Stoddard et al.,
2015). Background controls from the DNA extraction kit were sub-
tracted from the copy numbers of samples to account for bacterial con-
tamination of the used reagents.

Detection of extracellular matrix components. eDNA was pre-
cipitated using an ethanol precipitation method according to
Zetzmann et al. (2015). Briefly, 0.1 × (of sample volume) 3 M Na-
acetate pH 5.2, 0.1 × 0.1 M MgCl2, and 2.5 × ice-cold ethanol absolute 
were added to each sample. Subsequently, the samples were incubated 
at −20 °C for 24 h. Recovery of precipitated DNA was done by cen-
trifugation at 20,817 × g for 15 min at 4 °C. After discarding the super-
natant, the recovered pellet was washed with 70% ethanol at a 1:1
ratio to the initial sample volume. A repetition of the centrifugation
step followed, and the resulting pellets were allowed to air-dry for
1 h at room temperature. The pellets were resuspended in 21 µl sterile
H2O. The concentration of eDNA was measured with a Qubit fluorom-
eter (Invitrogen). Negative precipitation controls were used to assess
the limit of detection.

Samples were concentrated using a vacuum concentrator to evapo-
rate all the liquid for the detection of carbohydrates in the extracellu-
lar matrix. The pellet was resuspended in 200 µl sterile H2O.
Carbohydrates were detected using a phenol–sulfuric acid method
(Masuko et al., 2005). A standard curve was created with glucose stan-
dards for the calculation of glucose equivalents in each measured sam-
ple. The limit of quantification (LOQ) was 1.52 mg/l glucose
equivalents.

Proteins were precipitated overnight with 0.1 × (of sample volume) 
TCA/Acetone (1 g/ml) and 0.01 × 2% sodium d eoxycholate at 4 °C
(Rychli et al., 2 016). A pellet of precipitated proteins was recovered 
by centrifugation at 20,817 × g at 4 °C for 30 min. Subsequently, the 
pellet was washed with ice-cold acetone, and a repetition of the cen-
trifugation step was done. The supernatant was discarded, and the pel-
let was allowed to air-dry for 1 h at room temperature. The pellet was 
dissolved in 20 µl 50 mM Tris-HCl for 1 h at room temperature. Mea-
surement of the protein content was done using a Quant-iTTM protein 
assay kit (Invitrogen) according to the manufacturer’s instructions 
with modifications. Due to the low biomass in biofilm samples, we 
spiked the Quant-iT protein buffer with 250 ng bovine serum albumin
per sample to overcome the detection limit of the kit. The fluorescence
of the spiked solution was subtracted from the real samples.

https://www.ncbi.nlm.nih.gov/
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The threshold for matrix component detection was set at 2 ng/cm 2

for biofilm identification (Wagner et al., 2020). 

Results and discussio n

Bacterial load and the presence of biofilms. We detected bacte-
rial cells in all 80 samples, which were evaluated for the presence of 
biofilms. The average density of bacterial cell equivalents ranged from
9 × 10−2 to 4.2 × 107 bacterial cell equivalents (BCE)/cm2 (Fig. 1A, 
Table S1). The lowest bacterial load was detected on the walls of a 
freezer (# 62) in company D, and the highest load was in a water hose
used for cleaning (# 11) in company A. Because biofilms are densely
populated structures (Flemming et al., 2016), only sites with 
>100 BCE/cm2 were defined as potential biofilm-harboring sites, 
which was the case for 51 biofilm samples (Fig. 1B). Since biofilms 
are characterized by the presence of extracellular matrix components, 
at least two of the three investigated matrix components (eDNA, carbo-
hydrates and proteins) had to be detectable for a sample to be defined
as a biofilm.

eDNA exceeding the threshold of 2 ng/cm2 (Wagner et al., 2020) 
was detected in 13 samples (16.25%), ranging from 2.32 to
241.08 ng/cm2 (Fig. 1B, Table S1, Fig. S1). Carbohydrates were 
detected in all 80 samples, ranging from 4.90 ng/cm2 at a table for 
cheese salting in company D (# 54) to 120,875 ng/cm2 at a whey hose
joint in company B (# 15) (Fig. 1B, Table S1, Fig. S2). Proteins exceed-
ing the threshold of 2 ng/cm2 were present in 75% of biofilm samples 
ranging from 2.09 (drain company C, # 42) to 3,902.42 ng/cm2 (whey
output, # 75) (Fig. 1B, Table S1, Fig. S3). 

Although only samples from visibly clean surfaces (i.e. no visible 
food residues with the naked eye) were included, we cannot fully 
exclude that non-visible food residues like lactose, casein, or whey pro-
teins likely increased the number of carbohydrate- and protein-
positive samples.
Figure 1. (A) Bacterial cell equivalents per cm2 . Mean values ± standard deviat
was defined as the minimum bacterial density for detection of biofilms in this study
sites harboring >100 BCE/cm2 (black squares) and at least two extracellular matri
presence of L. innocua, L. monocytogenes, and L. grayi (orange squares). (For interpre
the web version of this article.)

4

Overall, we detected 40 biofilms among 80 samples (50%; Fig. 1, 
Table S1): four of 12 samples in company A (33.3%), six of 11 samples 
in company B (54.6%), 13 of 22 samples in company C (59.1%), eight 
of 20 samples in company D (40%), and nine of 15 samples in com-
pany E (60%) were biofilm positive. Biofilms were detected on food 
contact surfaces, for example a milk storage tank (# 9, #25), a cheese
cutting machine (# 18, 19), a milk hose (# 21), a working table (# 35,
# 53), a yogurt hoses for filling (# 45), cans (# 51), a table for cheese
salting (# 54), a brine tank (# 78), and a brine can (# 79).

In comparison to other studies, the prevalence of biofilms was high 
in the Albanian dairies. Data on biofilm prevalence in food processing 
environments are rare. This is the second study targeting biofilms in 
the dairy processing environments and the first analyzing biofilms in 
Albanian food-producing environments. Previous studies found bio-
films at a prevalence of 12.7% in a frozen vegetable facility (Pracser 
et al., 20 24), 9.3% in a meat processing facility (Wagner et al .,
2020), or 17% in diverse types of food processing facilities, including 
two dairies from Belgium with a limited number of samples (Maes 
et al., 20 17). One reason for the high biofilm occurrence in the Alba-
nian dairies could be insufficient or incomplete cleaning. As we used 
sensitive methods for the detection of biofilm matrix components, 
we cannot fully exclude that carbohydrates and proteins from non-
visible food residues interfered with matrix component detection, 
leading to false positive results. Future research in dairies is necessary 
to gain knowledge about baseline concentrations of proteins and car-
bohydrates in dairy processing environments, enabling the definition 
of cut-off values for biofilm detection. Biofilms on food contact sur-
faces, such as working tables or storage tanks, which were contami-
nated in the Albanian dairies, pose a potential threat for product 
s afety, as pathogens could reside in the biofilms. Moreover, contami-
nation of products with spoilage bacteria could occur (Voglauer 
et al., 2022; Zarei et al., 2023; Alves et al., 2024). In our study, all 
water hoses except one harbored a biofilm. Water hoses have been
ions are shown. A dashed line indicates the cut-off for BCE > 100/cm2 , which 
. (B) Presence of biofilms. The presence of biofilms (red squares) is defined as 
x components (eDNA, proteins, carbohydrates; blue squares). Overview of the
tation of the references to colour in this figure legend, the reader is referred to

move_f0010
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identified as a hidden harborage site for biofi lms in the food-producing
environment (Liu et al., 2016; Soto-Giron et al., 2016; Voglauer et al.,
2022; Moreno et al., 2024). The dispersal of biofilms in water hoses 
used for cleaning or directly used for food processing may contribute
to the dispersal of bacteria onto the food and in the facilities.

Of note, not all biofilms are undesired. Microorganisms and bio-
films on wooden tools are commonly described and even mentioned
as beneficial and desirable for cheese maturing and ripening in dairy
processing (Lortal et al., 2014; Gaglio et al., 2019; Ruta et al.,
2025). Since no wooden boards for cheese maturing and ripening were 
sampled in the current study, none of the biofilms can be categorized
as beneficial.

Presence of Listeria. The presence of Listeria was analyzed in 200 
samples (composed of 80 biofilm and 120 additional samples). In total, 
we isolated 46 Listeria spp. isolates from 40 sites, including 38 L. inno-
cua, 7 L. monocytogenes, and 1 L. grayi isolates, resulting in a preva-
lence of 19% for L. innocua, 3.5% for L. monocytogenes, and 0.5% for
L. grayi. (Fig. 2A, Fig. S4). 

In company A, Listeria spp. was detected in 26 of 50 samples
(52.00%, Fig. 2A, Table S1, Table S2), of which we recovered 26 L. 
innocua and 5 L. monocytogenes isolates. L. monocytogenes was present 
on a plastic pallet (# 12), on a table (# S6), on the wheels of a trolley 
(# S11), on a cart (# S21), and on the floor near a pallet (# S22). Con-
sidering company A (as well as the other facilities) had insufficient
hygiene barriers and hygiene zoning, Listeria on the wheels of carts
and trolleys can easily be transmitted in the processing environment.
Two L. innocua isolates were present in biofilms (# 8, 9; floor under
milk tank and milk storage tank).

In company B, the Listeria spp. prevalence was lower (8.16%) with 
Listeria detected on four of 49 sampling points. L. monocytogenes was 
present in a biofilm on a storage tank mesh for curd (# 23), L. innocua 
was detected on the same storage tank (# 23) as well as in drains (#
S61, S62), and L. grayi was found in a biofilm of a plastic shape for
cheese packaging (# 17).

In company C, Listeria spp. were found on five of 30 sampling sites 
(16.67%). L. monocytogenes was present in a biofilm in a yogurt hose 
for filling (# 45) and L. innocua on the floor (# 29), in a biofilm on 
a plastic pallet (# 31), and in drain biofilms (# 40, 42). The presence
of L. monocytogenes on food contact surfaces, especially at points such
as hoses for filling, poses a high risk for contamination of final
products.

In company D, five of 34 sampling points harbored Listeria spp.
(14.71%, Fig. 2A, Table S1, Table S2). All isolates in company D were 
identified as L. innocua and were found on biofilms of working tables 
(# 53, S97), in a drain biofilm (# 59), in a biofilm on a curd table (#
61), and on a weigher (# S96). We could not detect Listeria spp. in com-
pany E. All negative controls were tested negative for Listeria spp..

Overall, we detected Listeria spp.  in  11  of  40  biofilms (27.5%). 
Among the 80 biofilm sampling sites, 15 tested positive for Listeria 
spp. (18.75%), including 11 biofilms. This clearly indicates that bio-
films are a reservoir for Listeria, potentially providing protection from
environmental stress and cleaning, and contributing to persistence
(Mazaheri et al., 2021; Sterniša et al., 2023; Tuytschaever et al.,
2023; Zarei et al., 2023), similar to a study in a frozen vegetable pro-
cessing environment (Pracser et al., 2024). In line with previous 
research, drains were one niche for Listeria (Pracser et al., 2024) and 
biofilms (Dzieciol et al., 2016; Wagner et al., 2020). 

Characterization of Listeria isolates. We determined the MLST of 
the L. monocytogenes and L. innocua isolates (Table S1, Table S2). 

The seven L. monocytogenes isolates were assigned to three MLSTs: 
ST3 (n = 1), ST5 (n = 2), and ST619 (n = 3, all lineage I). One isolate 
could not be assigned to any ST. The ST5 isolates were found on a plas-
tic pallet (# 12) and on a table (# S6) in company A, while ST619 was
found on the wheels of a trolley (# S11), on a cart (# S21), and on the
floor (# S22), also in company A. The ST3 strain was isolated from a
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yogurt hose used for filling (# 45) in company C and the unassigned
strain from a storage tank (# 23) in company B.

In company A, 20 L. innocua isolates belong to ST1489 and two iso-
lates to ST1480. No MLST could be assigned to four L. innocua isolates 
in company A. In company B, one L. innocua isolate was assigned to 
ST1489. No MLST could be assigned to the other two L. innocua iso-
lates in company B. In company C, all four L. innocua isolates belonged
to ST1085. In company D, two subtypes of L. innocua were detected,
namely ST1085 (n = 2) and ST474 (n = 3) (Fig. S4). 

The presence of dominant subtypes of L. innocua indicated that 
ST1489 is a potential in-house subtype in companies A and B, whereas 
ST1085 was detected only in companies C and D. Previous research
identified L. monocytogenes ST5 as prevalent in diverse types of food
processing facilities, including dairy (Maury et al., 2019). ST619 has 
so far only been isolated from meat products (Chen et al., 2019;
Wang et al., 2021), in fishery products (Chen et al., 2018), in a veg-
etable dish (Chen et al., 2020), and in clinical cases in China (Lu 
et al., 2021). Which STs frequently occur in Albania is so far unknown, 
as this is the first study subtyping Listeria in Albania.

In addition, we analyzed the plasmid (Table S7 and S8), stress resis-
tance (Table S9), and virulence gene (Table S10) content in the Listeria 
strains. A total of 25 Listeria isolates (54.35%) harbored a plasmid. We 
detected the plasmid pLM33 in four L. monocytogenes (ST5, ST3, and 
unknown ST) and 11 L. innocua (ST1489, ST1085, and unknown ST)
isolates from companies A, B, and C. The plasmid harbors, among
other genes, the cadmium resistance gene cadA1 (Mullapudi et al.,
2010). A recent study showed that pLM33 was crucial for resisting 
diverse environmental stressors in food processing environments in
persistent L. monocytogenes ST5 isolates (Liu et al., 2025). Further, 
pLM1-2bUG1 was found in 10 L. innocua isolates (ST1489, ST1085,
and unknown ST) from companies A and C.

The gene profiling of the L. monocytogenes isolates (ST3, ST5, 
ST619, and unknown ST) confirmed the presence of many stre ss resis-
tance genes (Fig. 2B, Table S 9). The stress survival islet SSI-1 (Ryan 
et al., 20 10) was present in ST5, ST3 isolates, and in the unassigned 
ST isolate, whereas the ST619 isolates harbored LMOf2365_0481, a 
gene from the same hypervariable genetic ho tspot with unknown func-
tion (Hein et al., 2 011). SSI-2, involved in alkaline and oxidative stress 
response (Harter et al., 2 017), was not detected in the five L. monocy-
togenes isolates. All L. monocytogenes isolates harbored arcA and arcC, 
and argC, argD, argF, argG, argH, and argR, which are genes i nvolved
in acid stress response (Ryan et al., 2 009). In addition, osmotic stress 
genes betL (Sleator et al., 1 999), gbuA, gbuB, gb uC (Ko & Smith, 1 999), 
opuCA, opuCB, opuCC, and opuCD (Fraser et al., 2 000) were also pre-
sent in all L. monocytogenes isolates. Further, all L. monocytogenes were 
equipped with genes involved in heat stress – clpP (Nair et al., 2 000), 
clpX (Balogh et al., 2 017), ctsR (Nair et al., 2 000), dnaK (Hanawa et al .,
1999), groEL, groE S (Gahan et al., 2 001), grpE (Hanawa et al., 1 999), 
and hrc A (Hanawa et al., 1 999). DnaJ, involved in heat st ress
(Hanawa et al., 1 999), was only detected in a ST5 isolate from com-
pany A. Genes involved in cold stress, cspD (Schmid et al., 2 009), oppA 
(Borezee et al., 2 000), and sig L (Raimann et al., 2 009) were present in 
all L. monocytogenes isolates. Quaternary ammonium compound (QAC) 
resistance genes such as bcrABC (Elhanafi et al., 2 010), emrC (Kremer 
et al., 20 17), emrE (Kovacevic et al., 2 016), and qac H (Müller et al .,
2013) were absent in the L. monocytogenes isolates, exc ept mdrL
(Jiang et al., 2 019) and mep A (Haubert et al., 2 018). Further, genes 
associated with oxidative stress, kat (Rea et al., 2 005), lmo1433 
(Hain et al., 2 008), lmo2460 (Chaturongakul et al., 2 008), pdhB 
(Chaturongakul et al., 2 008), and per R (Rea et al., 2 005), were found 
in all L. monocytogenes isolates. Genes associated with the stressosome 
(rsbR, rsbS, rsbT, rsbU, rsbV, rsbW, and rsbX) (Chaturongakul and Boo r,
2004; Ferreira et al., 2 004) and genes involved in the general stress 
response (lisK, lisR, lmo1470, lmo1601, lmo1602, and sigB) (Cotter 
et al., 1999; Kazmierczak et al., 2003; Hu et al., 2007;
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Figure 2. (A) Prevalence of Listeria spp.. The prevalence of L. monocytogenes and other Listeria spp. in Albanian dairies A – E. (B) Presence of major stress 
resistance and (C) virulence genes. Midpoint rooted maximum likelihood phylogenies show one representative isolate for each combination of Listeria species,
ST, and genetic profile of selected genes. # isolates: the number of isolates from the same species/ST harboring the same genetic set.
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Chaturongakul et al., 2008; Seifart Gomes et al., 2011) were detected 
in all L. monocytogenes.

We further investigated the presence of homologous stress-related 
genes in the L. innocua and L. grayi isolates (Table S9). SSI-2 was 
detected in all L. innocua isolates. The genomes of all L. innocua isolates
harbored genes associated with cold stress, such as cspD (Schmid et al.,
2009), oppA (Borezee et al., 2000), and sigL (Raimann et al., 2009). 
Similar to L. monocytogenes isolates, only the QAC resistance genes
mdrL (Jiang et al., 2019) and mepA (Haubert et al., 2018) were pre-
sent. Further, several genes involved in drug resistance were present
in all isolates, such as fepA (Guérin et al., 2014), fosX (Fillgrove 
et al., 2007), norB (Haubert et al., 2018), penA (Srinivasan et al.,
2005), and tetR (Ramos et al., 2005). SigB, a general stress response 
factor regulating the expression of many stress response genes
(Kazmierczak et al., 2003), was detected in all L. innocua isolates. Five 
genes showed different length variants compared to their homologues 
in L. monocytogenes, among them arcA, lmo0782, lmo0783, penA, in all 
38 L. innocua isolates, and lin0465 only in 13 strains. The wide reper-
toire of stress resistance genes associated with various types of stres-
sors, both in L. monocytogenes and L. innocua, likely supports the
survival in the dairy processing environment where Listeria encounters
various types of stress e.g. cold stress, salt stress, and disinfectants.

In contrast, we detected only a few hits of stress-related genes (that 
had been previously characterized in L. monocytoge nes) in the single L.
grayi isolate. We detected the heat stress-associated genes dnaK
(Hanawa et al., 1999), clpP (Nair et al., 2000), and groEL (Gahan 
et al., 2001). Further, pdhB, involved in oxidative stress
(Chaturongakul et al., 2008), ldh, essential in energy stress and cellular
metabolism (Chaturongakul et al., 2008), and rsbW, which is part of
the stressosome (Chaturongakul and Boor, 2004), were detected. The 
low number of hits reflects the higher gene variability between L.
monocytogenes and L. grayi compared to L. innocua.

We identified major virulence genes in L. monocytogenes (Fig. 2C). 
InlA and inlB, essential in host cell invasion (Bierne et al., 2007), as 
well as LIPI-1, playing a major role in invasion, vacuolar escape, and
intracellular survival and spread (Vázquez-Boland et al., 2001), were 
present in all L. monocytogenes. LIPI-3, contributing to virulence by
hemolytic activity and microbial competition (Cotter et al., 2008), 
was detected in the ST3 and ST619 isolates. Additionally, LIPI-4, 
which promotes infection of the CNS and placenta, was present in 
ST619. A study from China described the presence of LIPI-3 and
LIPI-4 in all isolates of ST619, underlining the potential hyperviru-
lence of this ST (Anwar et al., 2022). The genetic background (includ-
ing major virulence genes and accessory virulence genes, Table S10)  of  
the isolates in this study suggests the full virulence potential (Bierne 
et al., 2007; Cotter et al., 2008; Maury et al., 2016). 

The L. innocua isolates in the present study did not harbor any close 
homologs of virulence genes such as inlA, inlB, and LIPI-1. However, 
LIPI-3 was partly detected among L. innocua isolates, namely in all 
ST1489 and in one isolate with an unassigned ST. Moreover, LIPI-4
was detected in all L. innocua isolates. These results are in accordance
with a previous study investigating the presence of LIPI-3 and LIPI-4 in
apathogenic L. innocua (Lee et al., 2023). Essential virulence genes as 
well as LIPI-3 and LIPI-4 were not detected in the L. grayi isolate.

In conclusion, biofilms were highly prevalent in all five Albanian 
dairies with an overall frequency of 50%. Listeria spp., mainly L. inno-
cua, was detected in four out of five companies with a prevalence rang-
ing from 8 to 52%. The repertoire of stress-related genes in L. 
monocytogenes and L. innocua may contribute to survival in the dairy 
processing environments. L. monocytogenes was present on food con-
tact surfaces such as a table and a hose for filling yogurt. We detected
Listeria spp. in 11 out of 40 biofilms, confirming that biofilms are one
factor promoting the survival of Listeria in the food processing environ-
ment. Analysis of the virulence gene content showed that all L. mono-
cytogenes harbored the genetic repertoire for virulence or even for
hypervirulence, such as in ST619. Based on the results of the study,
7

cleaning and disinfection, particularly using methods (enzymatic or 
mechanic) to target biofilms, should be intensifi ed. The establishment
of hygiene barriers or hygiene zoning could further improve hygiene.
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