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Abstract 

Background Microbial spoilage in meat impedes the development of sustainable food systems. However, our under-
standing of the origin of spoilage microbes is limited. Here, we describe a detailed longitudinal study that assesses 
the microbial dynamics in a meat processing facility using high-throughput culture-dependent and culture-inde-
pendent approaches to reveal the diversity, dispersal, persistence, and biofilm formation of spoilage-associated 
microbes.

Results Culture-dependent and culture-independent approaches revealed a large diversity of microbes 
within the meat facility, including 74 undescribed bacterial taxa and multiple spoilage-associated microbes. Ten 
out of 10 reconstituted microbial communities formed biofilms, and the biofilm biomass was generally higher at 4 
°C than at 25 °C. Isolates obtained at different sampling times or from different sampling sites that differed in fewer 
than 10 genome-wide single-nucleotide polymorphisms were considered the same (persistent) strains. Strains of Car-
nobacterium maltaromaticum and Rahnella rivi persisted over a period of 6 months across sampling sites and time, 
stemming from floor drains in the cooler room. Meat isolates of Carnobacterium divergens, Rahnella inusitata, and Ser-
ratia proteamaculans originated from food contact and non-food contact environments of the packaging area.

Conclusions Culture-dependent isolation, complemented by culture-independent analyses, is essential 
to fully uncover the microbial diversity in food processing facilities. Microbial populations permanently resided 
within the meat processing facility, serving as a source of transmission of spoilage microbes. The ability of these 
microbes to coexist and form biofilms facilitates their persistence. Our data together with prior data on persis-
tence of Listeria monocytogenes indicates that microbial persistence in food processing facilities is the rule rather 
than an exception.
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Background
Global food systems are challenged to meet the rising 
demand for food while ensuring environmental sustain-
ability in the face of climate change, population growth, 
and malnutrition [1]. Food waste due to microbial spoil-
age exacerbates these challenges. In 2019, approximately 
77.4 million tonnes of pork, poultry, beef, or mutton were 
discarded, from which 20% was occurring during pro-
cessing and packaging stages [1]. The food industry is 
thus prioritizing efforts to combat spoilage microbes and 
mitigate their adverse impacts on products’ shelf life and 
quality.

The introduction of spoilage microbes onto meat prod-
ucts can occur from bacteria carried by the animals at 
slaughter, from the environment, or from microbes resid-
ing in the processing facility environment [2]. Major 
spoilage microbes on fresh meat include Pseudomonas 
species, psychrotrophic Enterobacteriaceae, and psychro-
trophic lactic acid bacteria including Carnobacterium, 
Latilactobacillus, and Leuconostoc [3]. Muscle tissue is 
generally considered sterile, but the environment during 
slaughtering and fabrication are not, leading to microbial 
contamination with air, water, workers, and the process-
ing environment as vectors [4]. Permanent establishment 
of microbes in processing environments is supported by 
biofilm formation [5]. Many of the typical meat spoilage 
bacteria including Pseudomonas, Aeromonas, Entero-
bacteriaceae, and Carnobacterium as well as the patho-
genic Listeria monocytogenes include biofilm-forming 
strains, but biofilms in food processing facilities gener-
ally are multispecies biofilms that also support integra-
tion of (pathogenic) bacteria that do not form biofilms in 
pure culture [6–8]. Biofilm-embedded bacteria attach to 
the surface of equipment or the processing rooms. The 
protective barrier of the biofilm matrix and the develop-
ment of persister cells under nutrient-deficient condi-
tions increases bacterial resistance to sanitizers [9, 10]. 
The food industry controls biofilm formation by hygienic 
design of processing equipment and facilities; however, 
these efforts fail to fully control the problem, and some 
microbes persist in food processing facilities. This is best 
documented for pathogenic bacteria. For example, a 
Canadian listeriosis outbreak in 2008 was attributed to L. 
monocytogenes persisting inside of a slicing machine [11] 
where they were not eradicated by routine sanitization 
measures.

Current studies on the composition of microbial com-
munities in food processing facilities are predominantly 
based on high-throughput sequencing of 16S rRNA gene 
amplicons [6, 12] or metagenomic sequencing [8]. This 
approach identifies microbial taxa at the species or genus 
level; however, many bacterial activities and characteris-
tics are strain dependent. For example, different strains 

of Carnobacterium maltaromaticum exhibited different 
spoilage-related activities and were affected differently by 
storage conditions [13]. While metagenomic sequencing 
can provide strain level information [14, 15], SNP calling 
of high-quality genome sequences of isolates remains the 
gold standard of strain-level identification. This approach 
is routinely used in outbreak investigations to identify the 
transmission paths of bacterial pathogens [16].

The assessment of long-term persistence of microbes in 
food processing facilities allows differentiation whether 
these facilities constitute an establishment niche or a 
persistence niche. An establishment niche is defined as 
a niche where bacterial populations persist without dis-
persal from other sources. A persistence niche is defined 
as a niche where growth is slower than inactivation, and 
the presence of bacterial populations is observed only if 
they recurrently transmit from other sources [17]. Cur-
rent data on strain-level bacterial persistence on farms 
or in food processing plants is limited to foodborne 
pathogens such as L. monocytogenes [18–20], Salmonella 
[21], and Escherichia coli O157:H7 [22]. Not only spoil-
age microbes do contribute to food deterioration but 
also the biofilms formed by these microbes also enable 
the persistence of microbes that do not form biofilms 
and may shelter foodborne pathogens [6, 23]. The strain-
level persistence of spoilage microbes, however, has not 
yet been described. Therefore, this study aimed to use 
high-throughput cultivation to characterize microbial 
communities in a meat processing facility. The strain-
level characterization allowed to determine the overlap 
between isolates from different sites and meat products 
at two sampling times over a 6-month period. Isolates 
were also used to reconstitute multispecies biofilms to 
assess their biofilm formation and composition.

Results
High‑throughput culture‑dependent 
and culture‑independent characterization of microbial 
communities in the meat processing facility
We used culture-dependent and culture-independent 
methodologies to characterize the microbial commu-
nities in the processing facility (Fig.  1). The culture-
dependent approach used PCA, APT, and VRBG agars to 
enumerate total aerobic bacteria, lactic acid bacteria, and 
Enterobacteriaceae. From the 46 and 73 samples taken 
during the first (Sept 2022) and second sampling (Mar 
2023), the number of meat samples, food contact sur-
faces, and non-food contact surfaces for each sampling is 
shown in Fig. 1. Tables S1 and S2 provide a detailed list of 
all sites that were sampled in each round. A total of 739 
and 1435 isolates were obtained in the first and the sec-
ond sampling, respectively. Of these, 605 nonredundant 
isolates from the first sampling and 1281 nonredundant 
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isolates from the second sampling were characterized at 
the species level by Sanger sequencing of the full-length 
16S rRNA gene and nanopore whole genome sequenc-
ing, respectively (Fig. 2 and Fig. S1). Because of the more 
comprehensive sampling and analysis of isolates that 
were obtained in the second sampling, emphasis is placed 
on results of the second sampling. Selected isolates that 
were obtained in the first sampling were also genome 
sequenced to allow identification of persistent isolates 
(see below).

The microbial diversity in meat samples at the time of 
packaging was similar for both sampling times, and lac-
tic acid bacteria (Carnobacterium and Latilactobacillus 
spp.), Enterobacterales (Hafnia, Rahnella, and Serratia 
spp.), and Pseudomonas spp. were consistently isolated. 
Pseudomonas species were the most prevalent in meat 
and environmental samples, regardless of whether 
the sample was from surfaces before or after sanita-
tion (Fig. 2 and Fig. S1). Other frequent isolates include 
Enterobacteriaceae, Janthinobacterium, Psychrobac-
ter, Acinetobacter, and Flavobacterium. Gram-positive 
organisms including lactic acid bacteria, staphylococci, 
and Brochothrix only accounted for a small fraction 
of the total number of isolates (Fig.  2 and Fig. S1). The 
microbial composition in the drain (cooler) after clean-
ing and sanitation, trolley (cooler), and tray (fabrication 
room) during production overlapped with that of meat 

collar samples. Most bacterial species that were isolated 
from samples taken during production were also isolated 
after sanitation (Fig. 2 and Fig. S1). Several genera includ-
ing Acinetobacter, Janthinobacterium, Psychrobacter, and 
Serratia, however, were not recovered from sanitized 
surfaces, although these were highly prevalent during 
operation. After 90  days of vacuum-packaged refriger-
ated storage, meat microbiota changed, and facultative 
anaerobes including Carnobacterium, Lactococcus, Leu-
conostoc, and Latilactobacillus species and Enterobacte-
rales of the genera Rahnella, Hafnia, Serratia, Yersinia, 
and Rouxiella dominated. Pathogens were not detected, 
but the nonpathogenic Listeria welshimeri was found on 
the inner surface of connection joints of a conveyor belt 
(D-BT3 CI).

Each sample was additionally characterized by 
sequencing of full-length 16S rRNA gene amplicons to 
identify uncultured organisms (Fig.  3 and Fig. S2). Of 
4 out of 70 samples collected in March 2023, the bio-
mass was too low to obtain PCR amplicons. In 54 of the 
remaining 66 samples, more than 75% of the bacterial 
diversity at the genus level identified by 16S rRNA gene 
amplicons was captured through culturing. In six sam-
ples, culture-based methodology accounted for less than 
25% of the genera identified by sequencing (Fig. 3). The 
proportion of uncultured organisms was particularly 
high on sanitized surfaces where dead microbial cells are 

Fig. 1 Overview on the sampling strategy and experimental workflow used in this study. FCS, food contact surfaces; NFCS, non-food contact 
surfaces. The images to the lower right show a floor drain and parts of a conveyor belt
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present. Additionally, our culture-based approach did not 
recover strict anaerobes. Low abundance taxa in nutri-
ent-deficient surfaces such as pipes, curtain, and walls 
were also identified with sequencing but not with cultur-
ing. The higher proportion of uncultured genera among 

samples collected in September 2022 (Fig. S2) may relate 
to the smaller number of isolates collected. The genera 
Janthinobacterium, Paraburkholderia, Brevundimonas, 
Devosia, and Dellaglioa were underrepresented or not 
recovered by culture but accounted for a substantial 

Fig. 2 Heatmap of bacterial isolates collected from meat samples and environmental surface samples during the second time sampling, 
March 2023. Taxonomy classification was determined based on whole-genome pairwise alignment to Genome Taxonomy Database. The 
sample codes are explained in more detail in online supplementary Table S2. The following taxa were detected only once and are not shown: 
Hafnia alvei and Moellerella sp. in loin 3mon; Methylobacterium sp. in C-work table; Neobacillus sp002559145 in C-CB3, Aerococcus viridans 
and Staphylococcus saprophyticus in C-wizard knife; Macrococcus sp019357535 in C-retail; Frigoribacterium sp001421165 and Psychrobacter 
maritimus in D-wall in cooler; Pseudochrobactrum sp. in D-Apron; Janthinobacterium sp002878455 in D-wizard knife; Pseudomonas extremaustralis 
in D-Shrink tunnel; Pseudomonas sp002874965 in D-pipes 1; Bacillus altitudinis, Priestia megaterium, Enterococcus viikkiensis, and Pigmentiphaga 
litoralis in D-wall in shipping truck; Yersinia intermedia in D-Bloody drain; Pseudoclavibacter sp. and Variovorax sp. in D-plastic curtain; Specibacter 
sp. and Shewanella glacialipiscicola in D-drain in cooler 2; Serratia sp. in D-side cutting board; Aeromonas salmonicida and Pseudomonas mohnii 
in D-ES1; Stenotrophomonas sp. in D-knife sharpener (plastic); Sphingobacterium sp000938735, Microbacterium sp002979655, and Pseudomonas 
sp010095445 in D-drain in cooler 1; Polaromonas sp. in water sample, Janthinobacterium sp009923995 in D-break table; Pseudomonas taetrolens 
in D-door, Pseudomonas cremoris in D-Trim 5 (T5); Janthinobacterium sp. in D-drain in cutting room; Paeniglutamicibacter antarcticus, Flavobacterium 
frigidimaris, Acinetobacter albensis, and Pseudomonas tritici in D-drain in bagging station; Pseudomonas koreensis in D-BT3 (AP); Listeria welshimeri, 
Morganella sp., and Buttiauxella massiliensis in D-BT3 CI; and Serratia fonticola in D-BT1 CI. Isolates are designated with sp# if a matching sequence 
is available in the GTDB but the species has not been formally described; taxa are designated with sp. if no sequence with ANI > 95% was available 
on the GTDB
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proportion of sequences in several samples (Fig.  3 and 
Fig. S2).

Conversely, multiple taxa were frequently cultured but 
represented less than 1% of the 16S rRNA gene sequences 
or were not represented (Table 1). Only one sequencing 
read (out of 15,122 reads) was classified as Listeria, but L. 
welshimeri was isolated from a conveyor-related surface.

Microbial diversity in the meat processing facility
Both culture-dependent and culture-independent 
approaches revealed diverse microbial communities in 
the meat processing facility. A collection of 1885 isolates 
from two sampling periods represented 4 phyla: Pseu-
domonadota, Bacillota, Bacteroidota, and Actinomyce-
tota. During the first sampling, 28 genera and 76 species 
were cultured; during the second sampling, 47 genera and 
137 species were identified (Fig.  2 & Fig. S1). Multiple 
isolates from the second sampling could not be assigned 
to known species in the GTDB, indicating isolation of 74 
novel taxa (Fig. 2). These isolates are designated as “sp.” 

or “sp” followed by numbers. The culture-independent 
approach identified 67 and 68 genera with a relative 
abundance of 1% or higher in September 2022 and March 
2023, respectively. Among these, 23 genera were identi-
fied in both sampling times.

The composition of microbial communities on meat 
and environmental samples was analyzed with the 
Bray–Curtis distance across four classifications: (i) type 
of surfaces, (ii) location, (iii) zone concept based on the 
proximity to food products [24], and (iv) pre- and post-
sanitation. Analyses, conducted based on both culture-
dependent and culture-independent approaches, showed 
significant (p < 0.05, Table  S3) differences in the surface 
microbiome before and after sanitation. The differentia-
tion based on surface type, location, or classified zone at 
either sampling time did not reveal significant differences 
(Fig. 4, Fig. 5, Fig. S3, and Table S3). This suggests that the 
microbial communities at different sites in the processing 
facility are similar to each other. In all analyses, the com-
position of microbial communities on meat overlapped 

Fig. 3 Relative abundance of uncultured genera identified in samples collected in March 2023 by sequencing of full-length 16S rRNA genes. 
Genera with a relative abundance less than 1% are not shown. Sampling sites without a stacked bar indicates all genera was recovered by surface 
plating
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Table 1 Bacterial isolates that represented less than 1% of the respective genera in nanopore 16S rRNA gene sequencing or were not 
detected by sequencing

a Sampling sites flagged with “AP” represent sample collected after production

Isolates at genus level No. of species Sampling sites

Acinetobacter 1 D-knife sharpener steel

Aerococcus 1 C-wizard knife

Bacillus 2 C-retail, D-QC1

Brevundimonas 1 C-work table

Brochothrix 1 D-apron, D-trolley, D-BT2(APa), loin D0

Carnobacterium 2 C-retail, D-cutting board W (AP), D-QC1, D-retail saw, D-shrink tunnel C-CB2, 
D-wizard knife, D-break table, D-BT1, D-BT2(AP), D-cutting board W (AP), 
D-drain in cooler 1, D-little hole (floor trap), loin D0, Picnic D0

Chryseobacterium 2 BT1-CI, D-Trim 1, D-knife sharpener steel, D-pipes 2

Enterococcus 1 D-wall in shipping truck

Epilithonimonas 1 D-drain in bagging station, D-knife sharpener steel

Erwinia 1 D-pipes 1

Flavobacterium 3 BT3-CI, D-break saw, D-break table, D-ES1, D-bloody drain

Frigoribacterium 1 D-wall in cooler

Janthinobacterium 2 D-ss on top of CB BT1, D-wizard knife

Kocuria 1 C-wizard knife, D-cutting board East

Latilactobacillus 1 D-BT3, loin D0, Picnic.3.mon

Listeria 1 BT3-CI

Macrococcus 1 C-retail

Microbacterium 3 D-wall in shipping truck, D-BT3, D-pipes 2, plastic-curtain, D-drain in cooler 1

Moellerella 1 Loin 3mon

Morganella 1 BT3-CI

Neobacillus 1 C-CB3

Ochrobactrum 1 C-drain

Paeniglutamicibacter 1 D-drain in bagging station

Pantoea 2 D-shrink tunnel, D-side cutting board, C-work table

Pedobacter 2 D-wall in cooler, D-ss on top of CB BT1

Pigmentiphaga 1 D-wall in shipping truck

Plantibacter 1 C-break table, D-air blower, D-drain in bagging station

Polaromonas 1 Water sample

Priestia 1 D-wall in shipping truck

Providencia 1 D-BT1

Pseudoclavibacter 1 Plastic curtain

Pseudomonas 1 C-retail

Psychrobacter 2 D-apron, D-QC1

Rahnella 1 D-break table

Renibacterium 1 C-work table

Serratia 4 BT1-CI, D-gloves, D-drain in cutting room AP, D-knife slicing plastic, D-little 
hole (floor trap), D-ss on top of CB BT1, BT3-CI, D-BT3, D-BT3(AP), D-QC2, 
D-ss holder under cutting board

Specibacter 1 Drain in cooler 2

Sphingobacterium 3 BT3-CI, D-BT1(AP), D-BT2(AP), C-work table, D-drain in cooler 1

Staphylococcus 3 C-retail, C-wizard knife, D-side cutting board, D-ss on top of CB BT1

Stenotrophomonas 3 D-gloves, BT3-CI, D-BT3, Picnic D0, D-knife sharpener steel

Yersinia 1 D-bloody drain
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with the composition of microbial communities on food 
contact and non-food contact surfaces in the facility.

Bacterial interactions on meat processing environmental 
and meat surfaces
Bacterial correlation networks of isolates and 16S rRNA 
gene amplicons obtained in March 2023 were con-
structed to explore patterns of bacterial co-occurrence 
(Fig.  6 and Fig. S4). The positive correlations between 
species suggest synergistic relationships and possibly 
preferences for similar growth conditions, contamination 
patterns, or surrounding environments [2]. The analysis 
based on culture-independent approach identified mul-
tiple clusters with species of the genera Psychrobacter, 
Janthinobacterium, Pseudomonas, Acinetobacter, and 
Pantoea at the center (Fig. 6). Spoilage-associated micro-
organisms such as Carnobacterium and Latilactobacil-
lus co-occurred with gram-negative organisms (Fig.  6 
and Fig. S4). Most Pseudomonas species correlated with 
others, implying the synergistic interspecies interactions 
in the meat processing environment. Janthinobacte-
rium displayed positive correlations with Serratia lique-
faciens, Pseudomonas, and Pedobacter species (Fig.  6). 

Co-occurrence patterns among several novel species 
imply their unique ecological roles. The network analy-
sis based on 16S rRNA genes identified three clusters: 
one large cluster and two smaller ones (Fig. S4) and only 
partially overlapped with the species-level interactions 
(Fig. 6).

Biofilm formation
To determine the ability of the microbial communities to 
form biofilms, we reconstituted isolates of 10 sampling 
sites to obtain communities with 5–15 species. All micro-
bial communities formed biofilms with a crystal violet 
absorption ranging from 0.4 to 2.4 after 6-day incubation. 
Microbial communities from stored meat showed weak-
est biofilm formation (Fig.  7A). Multispecies biofilms 
had a significantly higher biomass at 4 °C than at 25 °C, 
except for mixed cultures from the clean drain (Fig. 7E). 
The highest biomass (2.40 ± 0.29) occurred in a sample 
grown at 4 °C (Fig. 7K).

Temperature altered the biofilm community compo-
sition and the type of biofilms. Overall, a high temper-
ature (25 °C) favored the growth of Carnobacterium 
species (Fig. 7). In contrast, the abundance of Serratia 

Fig. 4 Principal coordinate analysis, using Bray–Curtis distance with isolates classified at species level for 70 sampling sites, collected in March 
2023. The dissimilarity among collected samples was measured from four categories: A Type of surfaces, B location, C sanitation activity, and D 
zone classification. Permutational multivariate analysis of variance was used to statistically differentiate among the bacterial communities. 
PERMANOVA results indicated that surface type (R2 = 0.0748, p = 0.001), location (R2 = 0.13084, p = 0.001), sanitation activity (R2 = 0.09032, p = 0.001), 
and zone classification (R.2 = 0.11816, p = 0.001) significantly contributed to bacterial community variation. The associations of community variance 
with different categories are displayed in Supplementary Table S3
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species was independent of incubation temperature 
(Fig.  7). Leuconostoc gelidum (Fig. 7F and H), Lt. cur-
vatus (Fig.  7G), Duganella zoogloeoides (Fig.  7C), and 
Pedobacter antarcticus (Fig.  7D) were not detected in 
multispecies biofilms regardless of incubation temper-
ature. Pellicles were formed by the microbial commu-
nity isolated from fresh meat at 4 °C but not at 25 °C.

The microbial composition of biofilm examined by 
culturing and 16S rRNA sequencing revealed agree-
ment on the diversity and abundance (Fig.  7B-K  and 
Table S4). Prevalent genera included Carnobacterium, 
Pseudomonas, Macrococcus, Brochothrix, and Entero-
bacteriaceae, while Leuconostoc, Latilactobacillus, 
and Duganella were detected with less than 1% abun-
dance (Table  S3). Of note, Janthinobacterium spp. 
had low abundance in culturing but were the second 
most abundant genus in a floor trap sample incubated 
at 4 °C. This finding and the high frequency of uncul-
tured Janthinobacterium isolates (Fig.  3) emphasize 
the necessity of using different culture conditions to 
recover this organism.

Strain‑level analysis of dispersal within the facility 
and persistence over time
The species level composition of microbial communities 
on meat and in environmental samples (Figs. 2, 4, and 5) 
suggests that bacteria on meat originate from the facil-
ity. To provide further evidence for this hypothesis, and 
to document strain-level dispersal within the facility and 
persistence over time, we identified isolates at the strain 
level. First, core genome phylogenetic trees were gener-
ated of all species that were isolated from stored meat 
samples, i.e., Carnobacterium, Rahnella, and Serra-
tia (Fig.  8 and Fig. S5). Pairwise SNP analysis was then 
used to identify closely related isolates at the strain level 
(Tables  2 and S5). The high relatedness of isolates from 
fresh and stored meats, 0–2 SNPs (Table 2), is expected 
as sampling likely isolated the same strain and thus vali-
dates the workflow for genome sequencing and SNP 
calling.

Figure 9 depicts the isolates from various sampling sites 
that differ in fewer than 10 SNPs on a schematic map of 
the processing facility. These isolates were considered 

Fig. 5 Principal coordinate analysis (PCoA) plots of the Bray–Curtis distance matrix for bacteria community as determined by 16S rRNA amplicon 
sequencing of samples from March 2023. The samples were grouped based on surface type (A), location (B), sanitation activity (C), and zone 
classification (D). Permutational multivariate analysis of variance was used to statistically differentiate among the bacterial communities. 
PERMANOVA results indicated that surface type (R2 = 0.14286, p = 0.003), location (R2 = 0.20647, p = 0.003), sanitation activity (R2 = 0.16204, p = 0.001), 
and zone classification (R.2 = 0.23427, p = 0.001) significantly contributed to bacterial community variation. The associations of community variance 
with different sample groups are displayed in Supplementary Table S3



Page 9 of 19Xu et al. Microbiome           (2025) 13:25  

to represent the same strain. Strains of all of species of 
interest were isolated at both sampling points (Table  2 
and Table S5). Figure 9 thus indicates how spoilage-asso-
ciated microbes dispersed across environmental surfaces 
and meat samples at a strain level. Notably, none of the 
strains was detected in the killing room, which was sam-
pled only at one site. Isolates of C. maltaromaticum from 
fresh and stored meat samples were closely related to iso-
lates from drain samples in the cooler room, a sanitized 
conveyor belt, the working table, or the vacuum packag-
ing machine (Figs. 8 and 9).

Isolates of Carnobacterium divergens from the same 
meat sample pre- and post-storage were identical and 

matched other environmental isolates, which has per-
sisted over 6  months regardless of sanitation measures 
(Fig. S5A and Table S5). Different strains of C. divergens 
dispersed across various environmental surfaces in the 
packaging area. For example, isolates from the conveyor 
belt (D-Trim 5 (T5)) differed by fewer than 4 SNPs from 
those on the equipment surface (ES3), quality control 
table, shrink tunnel, and working table (Fig. 9).

One drain isolate of Rahnella rivi collected post sani-
tation during the first-time sampling differed by 3 SNPs 
from isolates identified in the stored picnic sample from 
the second sampling. Meat isolate, Rahnella inusitata 
MC41 from the first sampling, differed by 3 or fewer 

Fig. 6 Bacterial coexistence network based on the microbial communities across 66 surface samples and 4 meat samples, comprising 1281 isolates 
classified by genome sequencing. Bacterial species with one-time occurrence among all sampling surfaces were not included. Nodes are colored 
at species level. The network connections are determined using Spearman correlation test. Only correlations with a significance level of p < 0.0001 
and a coefficient of >  = 0.5 are included
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SNPs from isolates collected from the conveyor belt and 
the break table in the second sampling. One isolate of 
R. inusitata from D-tray (TC1041) transmitted to other 
stored meat samples (< 2 SNPs).

Isolates of Serratia proteamaculans, differed by 2 SNPs, 
were found among meat isolates, non-food contact surfaces 
(NFCSs) such as quality control tables and drains, and food 
contact surfaces (FCSs) such as conveyor belts (D-CB#2) 
over a period of 6 months (Table S5). Two isolates that were 

collected from the same sampling site (D-ES3) over a period 
of 6 months differed by 2 SNPs. These isolates also differed 
by fewer than 5 SNPs from an environmental isolate from 
D-ES2 (NFCS of the Cryovac machine) and the Cryovac 
machine (D-Trim 5 (T5)). Taken together, meat isolates of 
C. maltaromaticum and R. rivi mainly originated from the 
drain area in cooler room, while meat isolates of C. divergens 
and S. proteamaculans dispersed and persisted both food 
contact and non-food contact surfaces in the packaging area.

Fig. 7 Quantification of the biomass (A) and composition of the microbial community (B, C, D, E, F, G, H, I, J, K) of biofilms that were reconstituted 
with isolates from 10 sampling sites. Multispecies biofilms were grown at 4 °C and 25 °C in LBNS broth for 6 days before staining with crystal violet 
and accessing growth. Bacterial composition of biofilms from four non-food contact surfaces (B D-ES2, C drain in cutting room, D little hole (floor 
trap), E clean drain), three meat samples (F Collar 3mon, G Picnic 3mon, H Collar Day0), and three food-contact surfaces (I D-wizard knife, J D-ES3, 
K D-Cryovac) was evaluated. The experiment was repeated with three biological replicates, and mean value of cell counts was used to determine 
the relative abundance of each taxon. T-test was used to determine the biomass difference within each sampling site. Significance levels are 
indicated as follows: ns (p > 0.05), * (p < 0.05), *** (p < 0.001), and **** (p < 0.0001). Results of the sequence-based analysis of the same biofilm 
communities are shown in Table S4
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Table 2. Pairwise single-nucleotide polymorphisms (SNPs) between genomes of isolates of C. maltaromaticum within the same 
phylogenetic cluster. Strain IDs are color coded vertically by isolates collected in the first sampling (light blue) and the second 
sampling (pink) or horizontally based on isolates from meat samples (purple), food contact surface (red), and non-food contact surface 
(sky blue). In each pairwise comparison, genome with a higher coverage was used as the reference

Fig. 8 Phylogenetic tree of strains of C. maltaromaticum based on core genome alignment, utilizing the GTR + I + G4 model with 1000 bootstrap 
replicates. The tree was rooted with the outgroup, C. divergens DSM20263. Strains are color coded based on sampling time or type strain (clades) 
and 16 sampling sites (color legend). The type strain C. maltaromaticum DSM 20342 was utilized for tree visualization
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Discussion
High‑throughput culture‑dependent 
and culture‑independent analysis of microbiome dynamics 
in the meat processing facility
Sequence-based approaches are fast, affordable, and 
also accounted for microbes that occur in low abun-
dance or are difficult to cultivate. However, 16S rRNA 
amplicon sequencing typically characterizes bacterial 
communities at the genus level and is subject to biases 
introduced by DNA extraction and PCR amplification 
[25]. In addition, DNA-based analyses do not differ-
entiate between viable and dead cells [26, 27], which 
is particularly relevant for post-sanitation surfaces. 
Metagenomic sequencing is additionally constrained 
by the limitation of current reference databases and by 
contamination in low-biomass samples [28], although 
these constraints have been partially addressed by 
using appropriate sequencing depth, controls, and suit-
able protocols, e.g., by propidium monoazide treatment 
or by sequencing of RNA rather than DNA [8, 29, 30]. 
Culture-based methods used to identify bacteria in 
food processing facilities focused on foodborne patho-
gens and employed selective media to enumerate or 
isolate L. monocytogenes, E. coli O157:H7, and Salmo-
nella [22, 31].

We employed a high-throughput culture-based 
approach in combination with sequencing of full-
length 16S rRNA gene amplicons. Complementing this 
high-throughput culture-based approach with genome 
sequencing enabled us to characterize isolates at the 
strain level and thus to identify their persistence and dis-
persal in the facility. The culture-independent approach 
identified significantly more bacterial taxa, with the 
exception of Janthinobacterium and Dellaglioa; how-
ever, dominant taxa identified by sequencing were also 
detected by the culture-dependent methods. Janth-
inobacterium species was isolated from the drains of a 
food processing facility [32] and spoiled MAP-packaged 
broiler meat [33]. Dellaglioa species have been identi-
fied in various meat samples [34–37], but their role in 
spoilage is unclear. Knowledge on this organism is lim-
ited because culture media for cultivation of Dellaglioa 
spp. were published only in 2024 [38]. Conversely, 41 
genera that were identified by culture represented fewer 
than 1% of the total sequencing reads. Therefore, obtain-
ing cultured isolates is essential to expand the database 
of reference genomes and for subsequent physiological 
characterization as documented by high-throughput cul-
ture-based analyses of the gut microbiome [39, 40], plant 
roots [41], and marine samples [42]. Taken together, the 

Fig. 9 Distribution of meat spoilage-associated isolates across various sampling sites from the meat processing facility. The symbols represent 
different bacterial species: C. maltaromaticum (◦), C. divergens (❑), S. proteamaculans (❖), R. rivi (➢), and R. inusitata (■). The type of sampling site 
is color coded as in the figure. Underlined symbols denote isolates collected after cleaning and sanitation. Only isolates with fewer than 10 SNPs are 
shown. Isolates of the same strain dispersed across the facility are labeled with the same color symbols. FCS, food contact surfaces; NFCS, non-food 
contact surfaces. Processing line E operates muscle meat samples including leg, collar, and picnic, while processing line W is mainly for tenderloin 
and loin meat
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combination of both sequence-based and culture-based 
method is necessary to accurately represent the struc-
ture of the microbial communities in food processing 
facilities.

Microbial diversity in the meat processing facility
The meat processing facility harbored diverse microbial 
communities which include 74 bacterial taxa that were 
not previously cultured or characterized. A recent in-
depth metagenomic analysis of meat processing plants 
revealed a comparable diversity of uncultured bacteria 
taxa [8], but without isolates, this diversity cannot be 
fully characterized. Isolates with high abundance and 
occurrence include representatives of genera that were 
frequently found within the meat processing environ-
ment such as Pseudomonas, Acinetobacter, Psychrobacter, 
and Flavobacterium which are also considered to spoil 
fresh meat [12]. Common representatives on vacuum-
packaged meat, such as lactic acid bacteria (Carnobac-
terium, Leuconostoc, and Latilactobacillus), Brochothrix, 
and Enterobacteriaceae (Serratia, Rahnella, and Hafnia), 
were also found on environmental surfaces in the meat 
processing facility. Animal-associated microbes, such as 
Clostridium, Clostridioides, Escherichia, Prevotella, Bac-
teroides, and Treponema [43], were absent in both meat 
and environmental surface samples, supporting the prior 
conclusions that core microbiome across different food 
communities primarily originates from the processing 
facilities rather than the respective raw materials [12]. 
Remarkably, the composition of microbial communities 
in meat processing facilities partially overlaps with the 
composition of microbial communities in hospital envi-
ronments [30], indicating that the observation of a core 
microbiome in food processing facilities [12] partially 
extends to other human-made environments that are 
sanitized regularly.

Meat spoilage‑associated microbes are prevalent 
in the reconstituted biofilm communities
Reconstruction of model communities allows for a 
deeper understanding of microbial interactions in biofilm 
consortia [44, 45]. Biofilms provide an ecological niche 
for bacterial coexistence and cooperation and protect 
microbes against routine cleaning and sanitation, thus 
supporting persistence [10, 46]. Past studies have pre-
dominantly focused on biofilm formation in single and 
dual species, with only a few recent studies investigat-
ing bacterial interactions and composition in the recon-
stituted multispecies biofilms of environmental isolates, 
typically within an incubation temperature range of 7 to 
15 °C [46–50]. We documented the ability of environ-
mental isolates to form biofilm at refrigerated tempera-
ture (4 °C). The ability of forming biofilms at refrigerated 

temperature increases risks associated with psychro-
trophic pathogens, such as L. monocytogenes. We also 
observed that one microbial community formed surface-
attached biofilms at ambient temperature but floating 
pellicles at refrigeration temperature. Pellicle formation 
in Acinetobacter baumannii and Pseudomonas aerugi-
nosa is associated with cyclic diguanylate (c-di-GMP) [51, 
52], whose signal transduction is temperature depend-
ent [53]. The switch of biofilm phenotypes also depends 
in interspecies communication [54]. Thus, the collection 
of isolates also allows further comprehensive research on 
microbial interactions and resistance to sanitation of bio-
film-embedded microbes.

Strain‑level characterization of dispersal within the facility 
and persistence over time
Studies on strain-level bacterial persistence in food pro-
cessing facilities focused on pathogens [22, 55, 56], docu-
menting strain-level persistence over a period of 17 years 
[18]. In investigations of foodborne outbreaks, a thresh-
old of 21 SNPs is widely used for strain-level identifica-
tion [16]. Most studies on persistence of Listeria in food 
processing facilities used the same SNP threshold [40–
44]. However, L. monocytogenes evolved in a cold-smoked 
salmon processing facility with a mutation rate of only 
0.35 SNPs per genome per year [18]. In addition to the 
environmental conditions including nutrient availabil-
ity or environmental stress, the bacterial mutation rate 
depends on the bacterial species and the time of obser-
vation [57]. The SNP threshold for strain-level identifica-
tion thus depends on the context [58, 59]. The cutoff of 
21 SNPs is supported by tens of thousands of sequenced 
genomes in outbreak investigations [16], but such calibra-
tion data is unavailable for persisting spoilage microbes. 
In addition, bioinformatic workflows that were devel-
oped for Illumina-sequenced genomes do not perform 
well for SNP calling of genomes that were sequenced on 
the nanopore platform [58]. The bioinformatic tools for 
SNP calling of nanopore-sequenced genomes were devel-
oped very recently [58], and the present study is among 
the first to use these for identification of bacteria that are 
associated with food or food processing facilities [60]. 
We thus used a conservative SNP threshold of 10 SNPs, 
three times higher than the number of false positives of 
the SNP calling workflow, to achieve strain-level identifi-
cation. The suitability of the bioinformatic tools used and 
the SNP threshold is supported by the high relatedness of 
isolates from the same batch of fresh and stored meats.

Meat processing facilities are exposed to a constant 
influx of bacteria from animals, water, air, and workers. 
Colonization by external microbes and persistence is 
determined by dispersal and selection, respectively [61]. 
Bacterial dispersal can be limited by control of incoming 
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bacteria from animals, air, water, and employees, while 
the persistence of bacteria is determined by nutri-
ent availability, resistance to cleaning, and sanitation as 
well as biofilm formation [12]. Our study indicates that 
microbes dispersed spatially across surfaces and meat 
samples within the facility and persisted over 6 months. 
Our data together with literature data on persistence of 
L. monocytogenes indicates that microbial persistence in 
food processing facilities is the rule rather than an excep-
tion. The packaging area and floor drains in the cooler 
emerged as “hotspots” for bacterial persistence and sub-
sequent transmission to meat samples. Common hypoth-
eses to explain persistence includes biofilm formation, 
stress resistance, and inappropriate design of facilities 
and equipment [62]. Potential mechanisms of bacterial 
dispersal in food processing facilities include the prod-
uct flow, turbulent flow of air, movement of workers, 
and cleaning and sanitation measures particularly high-
pressure cleaning which creates aerosols [63] or dry ice 
blasting [64] which disperses surface-attached bacteria 
through sublimation of carbon dioxide. Our study pro-
vides the basis for future studies that elucidate the con-
tribution of these mechanisms of bacterial dispersal in 
more detail.

In conclusion, despite the development and feasibility 
of culture-independent sequencing approaches in study-
ing microbial ecology and diversity, Robert Koch’s asser-
tion that “a pure culture is the foundation of all research” 
remains relevant [65] when appropriately complemented 
with sequenced-based tools. The combination of high-
throughput culture-dependent and culture-independent 
methods captured the diversity of microbes and dem-
onstrated bacterial persistence in the processing facil-
ity. This finding provides evidence that food processing 
facilities are an establishment niche for spoilage bacteria. 
Prior studies document that pathogens including Shiga-
toxin-producing E. coli and L. monocytogenes can also 
become established in food processing facilities [18, 56]. 
The prevalence of spoilage-associated isolates in syn-
thetic biofilm communities suggests that biofilm forma-
tion contributes to persistence within the facility. These 
findings enhance our knowledge on source tracking of 
microbial food spoilage and promote the development 
of improved intervention strategies in food processing 
facilities and to extend the shelf life of meat and meat 
products.

Material and method
Sampling strategy
The sampling plan was conducted in a pork processing 
facility located in Alberta, Canada, producing packed 
fresh pork with a shelf life of 3 months for oversea ship-
ment. Sampling activities were carried out in September 

2022 and March 2023 (Fig.  1) in various rooms such as 
kill floor (15 °C), cooler (− 3 to − 1 °C), fabrication room 
(1 to 4 °C), storage room (1 °C), shipping truck (1 °C), 
and packaging area (1 °C). We considered the sampling 
time as experimental unit; thus, n = 2, and the data on the 
composition of microbial communities in the processing 
facility provides qualitative, not quantitative results. To 
investigate as many different sites as possible at different 
conditions and how the microbial composition overlaps 
with meat productions, sampling was performed on both 
non-food contact surfaces (NFCS) and food contact sur-
faces (FCS) during operation hours, after cleaning and 
disinfection, and after production (AP). Environmental 
surface samples collected after sanitation are denoted 
with letter “C (clean),” environmental sampling sites col-
lected during and after production are denoted with let-
ter “D (dirty),” and samples collected after production are 
referred to as “AP.” Meat samples were obtained directly 
from the production line and swabbed. Subsequently, 
meat samples were vacuum-packed and stored at 1 °C for 
a duration of 3  months, reflecting the anticipated shelf 
life, prior to sample collection. In total, 14 NFCS, 30 FCS, 
and 2 meat samples were collected during the first sam-
pling, while 32 NFSC, 37 FCS, and 4 meat samples were 
collected during the second sampling. A standardized 
surface area of approximately 600  cm2 was swabbed using 
pre-moistened Whirl–Pak® Speci-Sponge® Environmen-
tal Surface Sampling Bag (Sigma Aldrich, St. Louis, USA). 
All sponge samples were kept in a bag at 4 °C for further 
processing within 24 h.

Bacterial isolation and DNA extraction
To each sponge sample, 10 ml of 0.1% peptone water was 
added. The sponge sample was massaged from outside 
the bag for 2 min to homogenize [66]. The swab fluid was 
diluted and plated on plate count agar, all-purpose Tween 
agar, and VRBG agar to enumerate total aerobic bacteria, 
lactic acid bacteria, and coliforms, respectively. Plates 
were incubated at 25 °C for 72 h for cell counts determi-
nation and colony isolation. A total of 9 samples did not 
yield any culturable isolates (6 samples from first-time 
sampling and 3 samples from second-time sampling), 
and isolates are thus available for only 40 samples from 
the first-time sampling and 70 samples from second-time 
sampling.

To characterize the isolates, 2–5 representative colo-
nies for each distinct colony morphology were streaked 
on corresponding plates. The number of colonies 
streaked was equal to or exceeded the square root of the 
total number of colonies on the plate. Repeated streak 
was performed until a uniform colony morphology was 
achieved. Isolates were subcultured into liquid medium 
to prepare for DNA extraction and frozen culture stocks 
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of 30% glycerol and stored at − 80 °C. Genomic DNA of 
each isolate was extracted using the Qiagen Blood & Tis-
sue Kit (Qiagen, Hilden, Germany) following the manu-
facturer’s protocol for gram-positive bacteria, which also 
recovers DNA from gram-negative bacteria. DNA con-
centration and purity were assessed using the NanoDrop 
spectrophotometer (Thermo Fisher Scientific). Clonal 
isolates within each sponge sample were determined by 
Random Amplified Polymorphic DNA PCR using Rep5 
primer (GTG GTG GTG GTG GTG). PCR was per-
formed with genomic DNA as the template in a reaction 
volume of 25  µl containing 1-µl genomic DNA, 12.5-µl 
DreamTaq Master Mix, 1-µl 50-mM MgCl2, and 1-µl 
100 nmol Rep5 primer. Thermocycler conditions were set 
to the following: 1 min of incubation at 96 °C; 3 cycles of 
3 min at 96 °C, 5 min at 35 °C, and 5 min at 75 °C; and 32 
cycles of 1 min at 96 °C, 2 min at 55 °C, 3 min at 75 °C, 
and 2 min at 75 °C. RAPD PCR products were separated 
on 1% agarose gel (60 V, 2.5 h) and were visualized by UV 
transillumination after staining with SYBR Safe.

To capture the microbial community in each sponge 
sample by 16S rRNA gene sequencing, 1  ml of sponge 
swab fluid was used to extract the community DNA using 
the DNeasy Blood & Tissue kit, following the manufac-
turer’s instructions for extracting DNA from gram-posi-
tive bacteria. Three negative extraction controls without 
any bacterial pellets were also included. The quality and 
quantity of the extracted DNA were determined using 
a NanoDrop spectrophotometer. In total, 42 out of 46 
sponge samples collected in September 2022 and 66 
out of 70 sponge samples collected in March 2023 met 
the input DNA quality requirements for nanopore 16S 
gene sequencing. The PCR amplification (according to 
16S Barcoding Kit 1–24 (SQK-16S024) protocol) did not 
yield amplicons of 16S rRNA genes for those eight low-
biomass samples; thus, these samples were not included 
in the sequencing approach.

Genome sequencing
To achieve the species identification, isolates from the 
first sampling were identified based on the 16S rRNA 
gene by Sanger sequencing. The 16S rRNA gene region 
was amplified using primers 27F (5′-AGA GTT TGA 
TCM TGG CTC AG-3′) and 1492R (5′- GGY TAC 
CTT GTT ACG ACT T-3′) with the following thermo-
cycler condition: initial denaturation at 95 °C for 5 min, 
followed by 30 cycles of denaturation at 95 °C for 30  s, 
annealing at 60 °C for 10  s, and elongation at 72 °C for 
90 s, with a final extension step at 72 °C for 10 min. PCR 
products underwent gel electrophoresis (1.5%) for quality 
control and were subsequently purified using the Qiagen 
QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many) before Sanger sequencing. Forward and reverse 

nucleotide sequences were manually inspected and cor-
rected using SnapGene Viewer, followed by alignment 
using EMBOSS prior to blasting against the NCBI data-
base and RDP classifier training set no. 19 to achieve spe-
cies-level taxonomic assignment [67].

For isolates obtained in the second sampling, the proto-
col for sequence-based identification was modified owing 
to advances in the Oxford Nanopore Whole Genome 
sequencing platform. DNA concentration was reassessed 
using the dsDNA broad-range assay kits for the Qubit 4 
Fluorometer (Thermo Fisher Scientific, Schwerte, Ger-
many). The protocol started with 450-ng input DNA per 
isolate. DNA library was prepared following the protocol 
of Native Barcoding Kit 96 V14 (SQK-NBD114.96) and 
loaded onto R10.4.1 MinION flow cell. Raw data were 
basecalled by Guppy baseballer, and genome was assem-
bled by following the nextflow epi2me/wf-bacterial-
genome workflow. The genome coverage ranges from 5 to 
70, with a mean coverage of 18 among 1052 sequenced 
genomes. Taxonomy classification was determined by 
Genome Taxonomy Database Toolkit (GTDB-Tk v2.4.0) 
based on Genome Taxonomy Database [68].

Additionally, microbial composition and diversity of 
each meat and environmental sample were analyzed by 
nanopore full-length 16S rRNA gene sequencing. DNA 
libraries were prepared using the 16S Barcoding Kit 1–24 
(SQK-16S024) protocol and sequenced on R 9.4.1 Flon-
gle flow cells. Raw data were basecalled by Guppy base-
caller, with the use of model “dna_r9.4.1_450bps_hac.” 
Subsequently, epi2me-labs/wf-16Ss workflow was used 
to blast against “ncbi_16s_18s” database, and only read 
length between 1200 and 1800  bp were kept for taxon-
omy classification.

Biofilm formation
Ten sites which include Carnobacterium and Serratia 
species were chosen to reconstitute multiple-species bio-
films and assess their microbial community composition 
and biofilm formation. Frozen (− 80 °C) stock cultures 
of bacterial isolates were streaked onto Luria–Bertani 
agar plates and incubated in a 25 °C incubator for 48 h, 
followed by subculture in Luria–Bertani without NaCl 
(LBNS) broth at 25 °C for an additional 48  h without 
agitation. A preliminary assessment was conducted to 
optimize biofilm formation over 2, 4, and 6  days, with 
the most robust biofilm formation observed after 6 days 
of incubation. To simulate the meat processing environ-
ment, multispecies biofilms were cultivated on food-
grade stainless steel coupons (grade 304, No. 4 finish, 
12-mm diameter; Stanfos, Edmonton, AB, Canada) at 
both 4 and 25°, following the established protocol [7]. 
Briefly, overnight cultures of each isolate were standard-
ized to ensure equal bacterial populations. One milliliter 
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each standardized overnight culture was then combined 
together and mixed by vortexing to create an overnight 
culture cocktail. This cocktail was then diluted 100-fold 
in 2  ml of LBNS suspension. Stainless steel (SS) cou-
pons were placed into the bottom of a 24-well flat-bot-
tom cell culture plate (Corning, Glendale, Arizona), and 
the 2-ml diluted bacterial suspension was transferred 
into each well. The plate was incubated at 4 °C and 25 
°C for 6 days. After 6 days of incubation, biofilms grown 
on SS coupons were harvested and used for cell counts 
determination and biomass quantification. Cell counts 
were determined after gently washing of the coupons to 
remove loosely attached planktonic cells. Biofilm-embed-
ded cells were detached by vortexing with glass beads at 
maximum speed for 1  min. One milliliter of detached-
biofilm suspension was used for differential cell counts of 
each isolate based on their bacterial morphology on LB 
agar, APT agar, and Yersinia selective agar, and the other 
aliquot (1 ml) was used for DNA extraction and nanop-
ore 16S full-length sequencing, as described above. Bio-
film biomass was quantified with crystal violet staining 
by following the established protocol [7] and measured 
as absorbance at 570  nm using plate reader (Varioskan 
Flash, Thermo Fisher Scientific). Three independent 
experiments with technical duplicates were conducted 
(n = 3) for microbial composition determination and bio-
film biomass quantification.

Phylogenetic and single‑nucleotide polymorphism (SNP) 
analysis
Phylogenetic analysis was conducted on all isolates of 
species that were isolated from meat after 3  months of 
refrigerated storage, including C. maltaromaticum, C. 
divergens, R. rivi, R. inusitata, and S. proteamaculans. 
Sequencing libraries with the Nanopore Native Barcod-
ing Kit V14 on the Nanopore MinION R10.4.1 flow cell 
aimed to achieve a 100-fold to 200-fold higher coverage. 
Raw data in pod5 format were subset to extract infor-
mation on read ID and channel using the Pod5 package 
v0.3.10 (available at https:// github. com/ nanop orete ch/ 
pod5- file- format). Subsequently, data were basecalled by 
Dorado basecaller (available at https:// github. com/ nanop 
orete ch/ dorado) with the basecalling model of dna_
r10.4.1_e8.2_400bps_sup@v4.3.0 and demultiplexed by 
Dorado demux to achieve per barcoded groups. The bar-
coded sample was basecalled using Dorado duplex. Base-
called reads were filtered by Chopper (NanoPack) [69] to 
retain those with a quality score of at least 20 and a read 
length of at least 500 bp. Porechop_ABI v0.5.0 [70] was 
employed to trim adapter sequences and enhance qual-
ity. Read quality was assessed after filtering and adapter 
trimming using the FastQC program (available at https:// 
www. bioin forma tics. babra ham. ac. uk/ proje cts/ fastqc/). 

Post-QC reads were de novo assembled using Flye v2.9.3 
[71] with 0.03 read error rate and polished with Medaka 
v1.11.3 (available at https:// github. com/ nanop orete ch/ 
medaka). Prokka v1.14.5 [72] was used for genome anno-
tation, and core genome was aligned by Roary [73], with 
the minimum percentage identity for Blastp set at 90%. 
The aligned sequences were further filtered through Tri-
mAL v1.2 [74]. A maximum likelihood (ML) phylogenetic 
tree was constructed based on the core gene alignment 
using RAxML-NG v1.12.1 [75]. ModelTest-NG v0.1.7 
[76] was employed to predict the best nucleotide substi-
tution model and bootstrap replicate values. The result-
ing phylogenetic tree was visualized using iTOL [77] 
and refined by Inkscape. The accession numbers of all 
genomes used for the phylogenetic analysis are provided 
in Table S6.

FastANI (v1.34) was used for whole-genome pairwise 
alignment [78], and only isolates with over 99.90% ANI 
value were taken for SNP analysis [79]. Firstly, post-QC 
reads underwent mapping against assembled reference 
genome with Minimap2 via the epi2me-labs /wf-align-
ment workflow. Subsequently, SNPs were called using 
variant caller Clair3 v1.0.7 [80] with a recently described 
workflow [60]. The pairwise SNP matrix table was gener-
ated using genomes with a higher coverage as the refer-
ence. Additional parameters were configured to tailor the 
SNP calling process: All contigs were considered in the 
analysis. Phasing by WhatsHap was omitted during full 
alignment calling. Haploid mode was enabled, wherein 
only the presence of 1/1 was regarded as indicative of a 
variant. Lastly, only candidates passing SNP minimum 
allele frequency (AF) threshold were considered, while 
indel candidates were ignored. Output results were visu-
alized on Integrative Genomic Viewer (IGV 2.17.2) and 
manually checked to eliminate false-positive variants. 
The following criteria were used to eliminate false-pos-
itive variants: (i) indels were eliminated, (ii) the quality 
score was lower than 2, and (iii) the variant distance bias 
was at least 0.00001 [81].

Statistical analysis
Data visualization and statistical analysis were per-
formed in R environment (v4.3.1). Bacterial diversity was 
assessed using permutational multivariate analysis of var-
iance (PERMANOVA, 999 permutations, adonis2 func-
tion, vegan package, R v4.3.0) based on the Bray–Curtis 
dissimilarity of bacterial communities with an error 
probability of 5% (p ≤ 0.05) to determine whether sam-
pling areas from different type of surfaces, location, sani-
tation activity, and zones harbored different communities 
of microbes. The data were visualized by principal coor-
dinate analysis (PCoA). Pairwise comparisons between 
groups were tested by the “pairwise.adonis” function 
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(pairwiseAdonis package (v0.4.1)) [82] with Bonfer-
roni adjustment [83] for multiple comparisons. A total 
of 795,396 reads were generated for samples collected 
in second sampling with an average of 12,051 sequenc-
ing reads per sample. Prior to Spearman’s rank correla-
tion analysis, samples with fewer than 1000 reads were 
excluded from further analysis. This cutoff was deter-
mined based on a preliminary rarefaction curve analysis 
using vegan package (v2.6.6) [84]. Spearman’s rank cor-
relation was performed to infer the co-occurrence of bac-
terial isolates with the use of psych package (v 2.4.3) [85]. 
The correlation with p-value less than 0.01 and absolute 
value coefficient > 0.5 was considered as significant. The 
microbial network analysis was then created and visual-
ized using igraph package (v2.0.3) [86]. T-test was used 
to determine the significant difference in biomass of each 
sampling site between growth condition at 25 °C and 4 
°C.

Abbreviations
SS  Stainless steel
AP  After production
NFCS  Non-food contact surface
FCS  Food contact surface
PCA  Plate count agar
APT  All-purpose Tween
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LBNS  Luria–Bertani without NaCl
GTDB  Genome Taxonomy Database
SNP  Single-nucleotide polymorphism
ANOVA  Analysis of variance
PCoA  Principal coordinates analysis
PCR  Polymerase chain reaction
PERMANOVA  Permutational multivariate analysis of variance
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2023 by both culture-dependent and culture-independent approaches. 
Table S4. Bacterial relative abundance in biofilm samples determined by 
16S rRNA sequencing. Only taxa with a relative abundance of 1% r more 
are presented (provided as excel file). Table S5. Pairwise single nucleotide 
polymorphisms (SNPs) matrix for isolates of C. divergens, R. rivi, R. inusitata 
and S. proteamaculans. Only isolates with more than 99% ANI value were 
included for SNP variant analysis (provided as excel file). Table S6. Strains 
used for phylogenetic analyses and multi-species biofilm reconstitution in 
this study. The table also includes NCBI Accession Numbers for genomes 

that were sequenced with high coverage and used in the phylogenetic 
analyses and SNP calling (provided as excel file).
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