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Abstract 26 

Listeria (L.) monocytogenes is a major foodborne pathogen that can persist in food processing 27 

environments for months or even years, posing a risk for product contaminaƟon and listeriosis 28 

outbreaks. Despite rouƟne environmental monitoring and studies invesƟgaƟng the factors 29 

underlying persistence, geneƟc and phenotypic traits do not fully explain why some strains are 30 

able to persist. In this study, 1,538 environmental swabs across Europe (Austria, Greece, and 31 

Spain) were collected to assess distribuƟon and persistence. Overall, 22% of samples tested 32 

posiƟve, parƟcularly on non-food contact surfaces and in post-cleaning samples. We sequenced 33 

316 isolates represenƟng 18 sequence types (STs) and 69 cgMLST types. Based on repeated 34 

isolaƟon (3x) and a SNP diīerence of ≤10 across the whole genome, 177 isolates were classiĮed 35 

as persistent, supplemented by 37 historical persistent isolates. Persistent strains appeared in all 36 

facility types. Pangenome-wide analysis revealed a set of 2,232 accessory genes, of which 354 37 

genes were signiĮcantly associated with persistent isolates. Persistent isolates were enriched in 38 

genes related to genome maintenance, regulatory funcƟons, stress response, and mobile geneƟc 39 

elements, while genes involved in metabolism, nutrient processing, and intracellular traĸcking 40 

were depleted. Virulence and environmental stress tolerance gene proĮles were driven more by 41 

ST type rather than persistence classiĮcaƟon. The high detecƟon rate in this study demonstrates 42 

that genomic Ňexibility makes it challenging to control persistent strains under highly dynamic 43 

and heterogeneous condiƟons present across food producƟon environments. In summary, our 44 

Įndings underscore the need to integrate genomic, ecological and environmental data to predict 45 

and control persistence.  46 

  47 



3 

 

 

Keywords 48 

• Listeria monocytogenes 49 

• Persistence 50 

• Food Processing Environments 51 

• Environmental sampling 52 

• Whole genome sequencing 53 

• cgMLST 54 

• Pangenome Analysis 55 

• Genomic diversity  56 

Highlights 57 

• UniĮed sampling across European food plants revealed high L. monocytogenes detecƟon 58 

(21.9%). 59 

• Persistence was widespread across STs and food sectors using a SNP threshold of ≤10 SNPs 60 

• Genes related to transcripƟon and phage acƟvity were strongly associated with 61 

persistence. 62 

• No trade-oī was observed between persistence and virulence genes. 63 

• Complex interplay between genes, facility dynamics, and ecology contribute to 64 

persistence.  65 

  66 
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1. Introduction  67 

Listeria monocytogenes is the causaƟve agent of listeriosis, a foodborne illness currently 68 

considered the most serious under EU surveillance (European Centre for Disease PrevenƟon and 69 

Control, 2025). In 2023, the EU/EEA countries reported 2,933 conĮrmed listeriosis cases with 340 70 

deaths, which is the highest annual number recorded since listeriosis surveillance began in 2007. 71 

Because L. monocytogenes is abundant in various natural, agricultural, and even urban 72 

environments, it is highly adapted to diverse environmental condiƟons and exhibits strong 73 

resilience to environmental stressors (Chandler-Khayd et al., 2023; Liao et al., 2021; Raschle et 74 

al., 2021; Sauders et al., 2012; Stea et al., 2015; Vivant et al., 2013). These environments (e.g. 75 

soils and fresh waters) may serve as a source for transmission into the food chain via raw materials 76 

(animals, vegetables, or fruits), moving vehicles (transportaƟon trucks or forkliŌs), or workers 77 

introducing the pathogen into food processing faciliƟes.  78 

Once introduced into the food processing environment, some L. monocytogenes strains can 79 

survive for months or even years despite hygiene measures applied by industry professionals, as 80 

they oŌen harbor disinfecƟon resistance genes (Palaiodimou et al., 2021; Roedel et al., 2019). 81 

Such strains are referred to as persistent and can be repeatedly isolated from the same food 82 

processing facility over an extended period (Harrand et al., 2020; Palma et al., 2020). Persistent 83 

L. monocytogenes in food processing environments present a conƟnual threat of product 84 

contaminaƟon. Under favorable condiƟons in the Įnal product, the bacterium can grow to cell 85 

numbers suĸciently high to cause human infecƟon and listeriosis outbreaks (Ferreira et al., 2014; 86 

Nüesch-Inderbinen et al., 2021; Olsen et al., 2005; Wenger et al., 1990). 87 

Several studies have invesƟgated the potenƟal for genotype- and gene-level associaƟons with 88 

persistence of L. monocytogenes, including links to speciĮc lineages and clonal complexes (CCs). 89 

In the context of persistence, it is oŌen observed that most of the isolates belong to Lineage II 90 

(Fagerlund et al., 2022; Orsi et al., 2011; Palaiodimou et al., 2021; Wagner et al., 2021). MulƟ-91 

locus sequence typing (MLST) further divides these lineages into clonal complexes and sequence 92 

types (STs). Within Lineage II, CC9, CC8, and CC121 are frequently associated with persistence, 93 
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while in Lineage I, CC2, CC5, CC6 and CC87 have been reported to be frequently associated with 94 

persistence in the food processing environment (Alteio et al., 2025; Hingston et al., 2017; Maury 95 

et al., 2019; Stasiewicz et al., 2015).  96 

Beyond CC and ST paƩerns related to persistence, several genes have been invesƟgated for their 97 

potenƟal role in persistence in previous studies but have yet to be robustly linked. These genes 98 

include biocide tolerance genes (e.g. bcrABC, qacH) (Harrand et al., 2020; Palaiodimou et al., 99 

2021), stress survival genes (e.g. SSI-1, SSI-2) (Centorotola et al., 2021; Chen et al., 2022), bioĮlm 100 

formaƟon genes (e.g. bapL) (Castro et al., 2021), and mobile geneƟc elements such as plasmids 101 

(e.g. pLM33 and pLM5578) (Gilmour et al., 2010; Kuenne et al., 2010) and prophages (Castro et 102 

al., 2021; Schmitz-Esser et al., 2021). Plasmids, which are more prevalent in Lineage II, oŌen carry 103 

cadmium resistance genes (e.g. cadA1 and cadA2), quaternary ammonium compounds (QACs) 104 

resistance genes (e.g. bcrABC), as well as heat shock proteins (e.g. clpL) (Anast et al., 2022; Chen 105 

et al., 2020; Hingston et al., 2019, 2017; Schmitz-Esser et al., 2021). Prophages also appear more 106 

frequent in persistent than in non-persistent strains (Castro et al., 2021). Some researchers 107 

hypothesize a trade-oī between survival traits and virulence potenƟal, as persistent isolates are 108 

oŌen associated with reduced virulence compared to clinical isolates (Alvarez-Molina et al., 2021; 109 

Maury et al., 2019; Mikonranta et al., 2012). However, the evoluƟonary dynamics by which these 110 

traits are gained or lost remains unclear, and some persistent L. monocytogenes strains caused 111 

listeriosis outbreaks in the past (Ferreira et al., 2014; Nüesch-Inderbinen et al., 2021; Orsi et al., 112 

2008). 113 

While these Įndings point out genomic associaƟons of mobile geneƟc elements and 114 

environmental resistance genes with persistence, a comprehensive understanding of the 115 

biological mechanisms that underly the persistence phenomenon is sƟll lacking (Alteio et al., 116 

2025; Belias et al., 2022). Methodological inconsistencies contribute to this gap. Studies use 117 

diīerent isolaƟon strategies (e.g., diīerent selecƟon media) to obtain isolates (Bruhn et al., 2005; 118 

Piƫ et al., 2025; Tuytschaever et al., 2026). Moreover, various typing methods are used, including 119 

Pulsed-Field Gel Electrophoresis (PFGE), Random AmpliĮed Polymorphic DNA (RAPD), Ribotyping, 120 

MulƟvirulence-Locus Sequence Typing (MVLST), and more recently Whole Genome Sequencing 121 
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(WGS). Consequently, cross-study comparisons are very diĸcult and may lead to variability in 122 

Įndings. Among these methods, WGS oīers the highest resoluƟon and has become the most 123 

widely used “gold standard” approach in this Įeld of research in recent years (Pennone et al., 124 

2022). Furthermore, whole genome sequencing of isolates will become mandatory in the EU for 125 

epidemiological invesƟgaƟons of foodborne illnesses (Costa et al., 2022). Gaining higher 126 

resoluƟon provides detailed informaƟon about gene presence or absence, gene structure (e.g. 127 

truncaƟons), and enables a high-quality comparison of genomes based on the single-nucleoƟde 128 

polymorphisms (SNP). 129 

A major challenge is the lack of a universal deĮniƟon for persistence in literature, which aīects 130 

research and pracƟce. The criteria for idenƟfying the “same” isolates, such as frequency of 131 

isolaƟon and SNP diīerences across the whole genome, vary between studies. Previous studies 132 

applying SNP cutoīs range between 10 to 25 SNPs to be considered idenƟcal (Koutsoumanis et 133 

al., 2024; Pightling et al., 2018; van de Merwe et al., 2024). Some authors even propose using 134 

diīerent SNP cutoīs to describe levels of relatedness (Bolten et al., 2024). Using very stringent 135 

SNP cutoīs to deĮne persistence can be problemaƟc because the mutaƟon rate of L. 136 

monocytognes in food processing environments is esƟmated to ~0.35 nucleoƟdes per year 137 

(Harrand et al., 2020). This esƟmate is based on one cluster belonging to ST321 and may diīer in 138 

other STs or be highly dependent on the environmental context. Moreover, sequencing errors can 139 

aīect SNP calling. Therefore, reliable classiĮcaƟon of persistent isolates based on SNP diīerences 140 

depend on high sequencing coverage, >50x (Pham et al., 2025; Stoler and Nekrutenko, 2021).  141 

Persistence is likely driven by a combinaƟon of factors rather than a single mechanism, including 142 

geneƟc traits, environmental condiƟons, species interacƟons, and microbial physiology. This lack 143 

of clarity makes it challenging for industry professionals to develop and apply targeted acƟon 144 

plans to idenƟfy persistent L. monocytogenes, manage them accordingly, and eliminate them 145 

successfully. There is a need for a uniĮed methodology and standardized criteria for invesƟgaƟng 146 

persistence. This standardizaƟon would improve the data comparability between studies and 147 

support the development of specialized databases which could be used for advanced modeling 148 

to idenƟfy the key drivers of persistence and guide future research eīorts.  149 
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In this study, we applied a uniĮed approach to invesƟgate persistence of L. monocytogenes across 150 

European food-processing faciliƟes. We conducted a coordinated sampling campaign in food 151 

processing faciliƟes across three countries in the European Union using a standardized sampling 152 

protocol, and data analysis approach to ensure data comparability. Here, we report the detecƟon 153 

of L. monocytogenes in the food processing environment, apply a stringent deĮniƟon for 154 

persistence at the genome level, and idenƟfy genes associated with persistent L. monocytogenes 155 

isolates found in European food processing faciliƟes.  156 

2. Materials and Methods 157 

Facility Sampling  158 

A minimum of three repeated samplings were conducted in food processing faciliƟes across three 159 

European countries (Austria, Greece, and Spain) over the period of three calendar years (2023-160 

2025). A coordinated sampling protocol was used to isolate L. monocytogenes and describe the 161 

environmental parameters. Project partners (Austrian Competence Centre for Feed and Food 162 

Quality, Safety, and InnovaƟon, Agricultural University of Athens and University of Burgos) 163 

selected food processing faciliƟes based on accessibility, with the aim of sampling faciliƟes across 164 

food sectors.  165 

In each sampling event, up to 50 environmental surface samples were collected using large 166 

polyurethane swabs pre-moistened with 10 ml of Hi-Cap™ Neutralizing Broth (Whirl-Pak® 167 

PolyProbe™). Approximately half of the samples were taken during producƟon (at the dirty state, 168 

pre-cleaning and disinfecƟon), and the other half aŌer producƟon (at the clean state, post-169 

cleaning and disinfecƟon) to also isolate L. monocytogenes that survive cleaning and disinfecƟon. 170 

The swabbing covered up to 1 m2 of surface area with suspected L. monocytogenes hotspots, 171 

including food contact and non-food contact areas (e.g., drains, conveyor belts, processing tables, 172 

processing machines). A processing control (swab only) was included. Metadata (surface material, 173 

humidity, and temperature) for each sample was recorded whenever possible. Samples were 174 

transported to the laboratory at 4°C and processed within 24-48 hours. 175 
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Sample Pre-Processing and L. monocytogenes Enrichment  176 

In the laboratory, 10 ml of pre-cooled sterile 1× phosphate-buīered saline (PBS) was added to 177 

each swab bag. Samples were homogenized with a Stomacher lab blender (BagMixer, 178 

Interscience) for 1 min at medium speed. The homogenized material was subjected to a two-step 179 

enrichment of L. monocytogenes following a modiĮed ISO 11290-1:2017 enrichment protocol 180 

(InternaƟonal OrganizaƟon for StandardizaƟon, 2017). For the primary enrichment step, 70 mL of 181 

Half-Fraser broth (Biokar DiagnosƟcs, Beauvais, France) was added and incubated for 48 h at 30 182 

°C. AŌer this incubaƟon, 1 ml of the culture was transferred into a 1.5 ml sterile Eppendorf tube 183 

and centrifuged at 8,000 × g for 5 min. The supernatant was discarded, and the pellet was 184 

resuspended in 50 µl of 1× PBS and streaked on RAPID'L.mono agar (Bio-Rad, Marnes-la-185 

CoqueƩe, France), which was incubated at 37 °C for 24h. For the secondary enrichment, 1 ml of 186 

the Half-Fraser culture was used to inoculate 10 ml of Full-Fraser broth (Biokar DiagnosƟcs, 187 

Beauvais, France), which was incubated for 48 h at 37 °C. The secondary enrichments were plated 188 

as described above. For each step, negaƟve controls were included to verify sterility throughout 189 

the process.  190 

L. monocytogenes Isolation and PCR ConƱrmation 191 

From the secondary enrichment cultures on RAPID’L.mono agar, one to four presumpƟve L. 192 

monocytogenes colonies were selected. Each colony was divided: half was streaked onto fresh 193 

TrypƟc Soy Agar (TSA; Merck, Darmstadt, Germany) supplemented with 0.6% yeast extract, and 194 

the other half was subjected to DNA extracƟon. The DNA extracƟon followed a protocol modiĮed 195 

from Walsh et al. (1991), in which pure cultures were lysed in 100 µl of 0.01 M Tris/HCl pH=7 196 

(Trizma®base, Sigma-Aldrich, St. Louis, United States) and 400 µl of 2.5% Chelex®100 Resin 197 

soluƟon (BioRad, Hercules, United States) at 95°C for 10 min, followed by centrifugaƟon with 198 

15,000 × g for 30 s. A volume of 150 μL of the resulƟng supernatant was transferred into a fresh 199 

sterile tube and used as a template DNA (2 µl) for mulƟplex PCR (Border et al., 1990). The assay 200 

targeted the hly gene, encoding listeriolysin O for idenƟĮcaƟon of L. monocytogenes (primer 201 

sequences: LM1-5’-CCT AAG ACG CCA ATC GAA-3’, LM2-5’-AAG CAC TTG CAA CTG CTC-3’), and a 202 
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fragment of 16S rRNA gene for detecƟon of Listeria spp. (primer sequences: U1-5’-CAG CAG CCG 203 

CGG TAA TAC-3’, L11-5’-CTC CAT AAA GGT GAC CCT-3’). The 25 µl PCR reacƟon contained 1.25 U/μl 204 

PlaƟnum™ Taq DNA-Polymerase (Invitrogen™, Vilnius, Lithuania), 1 × TaqMan PCR buīer, 1.5 mM 205 

MgCl2, 1,08 µM of each of the primers (Microsynth, Austria), and 200 μM dNTP Mix (Thermo 206 

ScienƟĮc™, Vilnius, Lithuania). PCR cycling condiƟons were: 94 °C for 2 min (Taq acƟvaƟon) 207 

followed by 30 cycles of 94°C for 30 s (denaturaƟon), 50 °C for 30s (annealing), and 72 °C for 1 208 

min (elongaƟon). Each PCR run also included a posiƟve control (L. monocytogenes EDGe, DSMZ, 209 

Braunschweig, Germany) and a negaƟve control (water for molecular biology, Sigma Aldrich, St. 210 

Louis, USA). The ampliĮcaƟon products were visualized via agarose gel electrophoresis.  211 

Isolates Handling 212 

For PCR, conĮrmed isolates were obtained by preparing overnight cultures (TrypƟc Soy Broth + 213 

0.6% yeast extract; Merck, Darmstadt, Germany) from the respecƟve TSA agar plates and 214 

incubated at 37 °C. From these cultures, glycerol stocks (Įnal concentraƟon of 25 %) were 215 

prepared and stored at -80 °C at the respecƟve partner insƟtuƟon. Individual isolates (one colony 216 

per swab sample) were streaked onto TSA agar slants and shipped to the respecƟve sequencing 217 

faciliƟes for whole genome sequencing. From Greece and Spain 243 isolates were sent to Nestlé 218 

Research in Switzerland. From Spain 38 isolates were sequenced at the University of Valladolid, 219 

Spain, and 35 isolates from Austria were sequenced at the NaƟonal Reference Centre/Laboratory 220 

for Listeria Austrian Agency for Health and Food Safety (AGES) in Graz, Austria.  221 

At Nestlé Research, the isolates were streaked onto ALOA agar (Agar Listeria according to 222 

OƩaviani & AgosƟ, bioMérieux, France) to verify purity. A single colony was picked, transferred to 223 

TSA agar, and incubated overnight at 37 °C. These cultures were used next to inoculate Brain Heart 224 

Infusion broth (BHI, Oxoid, UK) and incubated at 37 °C for 6 h. One ml of culture was harvested 225 

into sterile 1.5 ml Eppendorf tubes and pelleted at 10,000 × g for 5 min. The supernatant was 226 

discarded, and the pellet was stored at -25 °C.  227 
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DNA Extraction, Library Preparation and Sequencing 228 

At Nestlé Research, the genomic DNA was extracted using the Promega Maxwell® RSC Cultured 229 

Cells DNA Kit was used. Cell pellets were thawed, resuspended 160 µl of P1 buīer and 20 µl of 230 

lysozyme (0.2 mg/ µl), vortexed, brieŇy centrifuged, and incubated at 37 °C for 30 min. AŌer this 231 

treatment, DNA was extracted using a Promega Maxwell® RSC Instrument according to the 232 

manufacturer’s instrucƟons. DNA concentraƟons were determined using a Quant-iT™ 233 

PicoGreen™ dsDNA Assay Kit and normalized to 100 ng using a Myra Liquid Handling System (Bio 234 

Molecular Systems). The library preparaƟon was performed using Illumina DNA Prep kits 235 

following the Illumina Reference Guide (Illumina, 2021). Before pooling, the libraries were 236 

quanƟĮed using Quant-iT™ PicoGreen™ dsDNA Assay Kit and assessed for fragment size 237 

distribuƟon using a fragment analyzer (Advanced AnalyƟcal). AŌer determining the correct 238 

fragment concentraƟon based on peak integraƟon from the fragment analyzer, the library was 239 

pooled using a Myra Liquid Handling System (Bio Molecular Systems) and sequenced with 300 bp 240 

paired-end reads on the Illumina NextSeq 2000. 241 

At the hospital in Valladolid, the isolates were grown overnight in BHI broth (BHI, Oxoid, UK) 242 

overnight at 37 °C. A 300 µL aliquot of culture was transferred into sterile 1.5 mL Eppendorf tubes 243 

and pelleted at 10,000 g for 5 min. The supernatant was discarded, and the pellet was stored at -244 

20 °C. Genomic DNA was extracted using the INDIMAG Pathogen Kit (Indical Bioscience; Ref. 245 

SP947457) on a KingFisher extracƟon plaƞorm. DNA libraries were prepared using the Nextera 246 

DNA Prep kit (Illumina, 2016) according to the manufacturer’s instrucƟons. Library concentraƟons 247 

were quanƟĮed using a Qubit (Thermo Fisher ScienƟĮc, Waltham, USA), and libraries were 248 

normalized by equimolar pooling based on Qubit-measured concentraƟons. Sequencing was 249 

performed on an Illumina NextSeq plaƞorm generaƟng paired-end reads of 35 bp. 250 

At the NaƟonal Reference Laboratory for Listeria (AGES), genomic DNA was extracted from Brain 251 

Heart Infusion broth (BHI, Oxoid, UK) overnight cultures at 37 °C, using the MagAƩract HMW DNA 252 

Kit (Qiagen, Germany) according to the manufacturer’s instrucƟons. Extracted DNA was 253 

subsequently used for sequence library preparaƟons with the Nextera XT DNA Library PreparaƟon 254 
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Kit (Illumina, 2016). Libraries were prepared following the manufacturer’s protocol and 255 

sequenced on an Illumina MiSeq instrument using 300 bp paired-end reads. 256 

Data Processing and Bioinformatics 257 

Analysis of Metadata from Food Processing Environments 258 

Sampling metadata were analyzed and visualized in RStudio (Version 2024.12.1; R Core Team, 259 

2025) using packages readxl (Version 1.4.5; Wickham and Bryan, 2015), writexl (Version 1.5.3, 260 

Ooms, 2017), and Ɵdyverse (Version 2.0.0; Wickham et al., 2019) for data import and Įltering. 261 

Tables were formaƩed using knitr (Version 1.50; Xie, 2025), and kableExtra (Version 1.4.0; Zhu, 262 

2017). Finally, data were visualized with mulƟ-panel plots arranged with packages gridExtra 263 

(Version 2.3; Auguie, 2010), grid (Version 4.3.2; R Core Team, 2025), ggrepel (Version 0.9.6; 264 

Slowikowski, 2016), gtable (Version 0.3.6; Wickham and Pedersen, 2012) and patchwork (Version 265 

1.3.2; Pedersen, 2019) to ensure a clear layout and labelling. Color schemes were generated with 266 

viridis (Version 0.6.5; Garnier et al., 2023). All code used for these analyses is provided in 267 

Supplementary File S1 (R script). 268 

Whole Genome Sequencing and Quality Control  269 

All sequencing data were generated using sequencing-by-synthesis on Illumina plaƞorms and 270 

processed through idenƟcal quality Įltering and assembly pipelines to ensure comparability 271 

across datasets. AddiƟonal reads from historical isolates originaƟng from facility D, provided by 272 

AGES, were isolated and sequenced as described above, and subsequently subjected to same 273 

quality-control and trimming procedures. Samples sequenced at the Hospital in Valladolid were 274 

assembled directly following quality assessment due to their shorter read lengths, whereas 275 

samples sequenced at Nestlé Research and the NaƟonal Reference Laboratory for Listeria (AGES) 276 

underwent trimming prior to assembly, as described below.  277 

Raw reads were quality-assessed using FastQC (v0.12.1, Andrews, 2010) and summary reports 278 

were generated using MulƟQC (v1.19, Ewels, 2016). Adapter sequences and short reads shorter 279 

than 36 bp were removed using TrimmomaƟc (v0.39, Bolger et al., 2014) in paired-end mode. 280 
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Illumina adapters were removed using the ILLUMINACLIP funcƟon. Low-quality bases (Phred 281 

score < 10) were trimmed from the start and end of reads. AddiƟonally, a sliding window 282 

approach (5 bases) was applied to trim regions where the average quality score fell below 20. 283 

Reads shorter than 36 bp aŌer trimming were discarded. The resulƟng reads were re-assessed 284 

for quality as described above.  285 

Genome Assembly, MulƟ-Locus Sequence Typing and IdenƟĮcaƟon of PotenƟal 286 

Persistent Isolates 287 

De novo genome assembly was performed using SPAdes (v4.1.0; Prjibelski et al., 2020) with 288 

default k-mer size and the --careful opƟon enabled to reduce mismatches. Assembly quality was 289 

assessed using QUAST (v5.0.2, Gurevich et al., 2013), and sequencing coverage was esƟmated 290 

using BBWrap (BBMap v39.06; Bushnell B, 2024). Whole genome mulƟ-locus sequence typing 291 

(MLST typing) was conducted by the Austrian Agency for Health and Food Safety (AGES) using the 292 

typing scheme described by Ruppitsch et al. (2015) in Ridom SeqSphere SoŌware (Version 10.5.1; 293 

Jünemann et al., 2013). Based on MLST results, sequences were grouped by complex types and 294 

facility of origin. In each group, a reference genome was selected based on the assembly metrics 295 

(lowest conƟg number, highest N50 value, genome size, and coverage). The reference genome 296 

was then used to run the CFSAN SNP Pipeline (v2.2.1; Davis et al., 2015) with default parameters 297 

to calculate the pairwise SNP diīerences across the isolates in the same group. Isolates were 298 

classiĮed as putaƟvely persistent if they were isolated at least three Ɵmes from the same facility 299 

(based on sampling metadata) and showed ≤10 SNP diīerences across the whole genome. 300 

AddiƟonally, the CFSAN pipeline was run on the complete isolate dataset using a reference 301 

genome (selected by the same criteria as described above) to determine high quality SNP 302 

diīerences. The resulƟng SNP alignment was used to infer a maximum-likelihood phylogeneƟc 303 

tree using IQ-Tree (v 3.3.1; Wong et al., 2025) under GTR+ASC subsƟtuƟon model to account for 304 

ascertainment bias in SNP alignments. Branch support was assessed using 1,000 ultrafast 305 

bootstrap replicates. The tree was midpoint-rooted and visualized in R using the packages ggtree 306 
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(Version 4.0.4; Xu et al., 2022) and ggplot (Version 3.5.2; Valero-Mora, 2010). The color schemes 307 

were created with viridis (Version 0.6.5; Garnier et al., 2023). 308 

Genome AnnotaƟon and Pangenome Analysis  309 

All assembled genomes were annotated using PROKKA (v1.14.6; Seemann, 2014) with default 310 

parameters and database for iniƟal gene predicƟon and eggnog-mapper (v2.1.13; database 311 

v5.0.2; Huerta-Cepas et al., 2017) for addiƟonal funcƟonal classiĮcaƟon. Gene presence and 312 

absence analysis was performed using Panaroo (v1.5.2; Tonkin-Hill et al., 2020) with strict 313 

cleaning mode and core gene alignment. For each gene, its frequency across all genomes was 314 

calculated. Genes were categorized based on their prevalence in core genes (present in 100% of 315 

genomes), soŌ-core genes (present in ≥95% of genomes), shell genes (present 16 – 94% of 316 

genomes), and cloud genes (present in ≤15% of genomes). AddiƟonal gene annotaƟons were 317 

supplemented to the PROKKA results with eggNOG Mapper (Huerta-Cepas et al., 2017) using 318 

DIAMOND (v2.1.12; BuchĮnk et al., 2015). The presence of virulence factors was invesƟgated 319 

using Abricate (v1.0.1; Seemann T, 2020) with respecƟve VFDB (Virulence Factor Database, 320 

nucleoƟde version, release 14.01.2025; Chen, 2005) and the presence of environmental stress 321 

tolerance genes were invesƟgated with BacMET (Version 2.0; Pal et al., 2014)with default 322 

parameters. The binary heatmap was generated using pheatmap (Version 1.0.13; Kolde, 2010) 323 

and color schemes were created with viridis (Version 0.6.5; Garnier et al., 2023). 324 

GeneƟc Trait AssociaƟon Analysis  325 

To idenƟfy the genes associated with persistence, associaƟon tesƟng was performed using Scoary 326 

(Version 1.6.16; Brynildsrud et al., 2016) with default parameters. Results were Įltered for genes 327 

with strong staƟsƟcal support and eīect size: Benjamini-Hochberg adjusted p-value <0.05, and 328 

an odds raƟo ≥ 2 (persistent associated genes) and ≤ 0.5 (for non-persistence-associated genes). 329 

Data visualizaƟons were generated using ggplot2 (Version 3.5.2; Valero-Mora, 2010). All color 330 

schemes were designed with viridis (Version 0.6.5; Garnier et al., 2023). 331 
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3. Results 332 

Surface Swab Survey Reveals High Positive Rate, Especially in Samples 333 

Post-Cleaning 334 

A total of 1,538 swab samples were collected from food processing faciliƟes in three European 335 

countries: Spain (n=835), Greece (n=400), and Austria (n=303). Sampling was conducted in three 336 

diīerent facility types: meat (n=4), dairy (n=6), and Įsh (n=1), producing both ready-to-eat and 337 

ready-to-cook products. The highest proporƟon of samples originated from dairy faciliƟes 338 

(n=775), followed by meat (n=598) and Įsh (n=165). Samples were taken from both food contact 339 

surfaces (FCS, n=828) and non-food contact surfaces (NFCs, n=710). Of the samples, 975 were 340 

collected during acƟve producƟon, 406 aŌer cleaning and disinfecƟon, and 157 from areas not 341 

clearly aƩributable to either state due to irregular cleaning pracƟces or their distance from 342 

producƟon lines (Table 1). 343 

Overall, 21.9% of the swab samples tested PCR posiƟve for L. monocytogenes PCR. Meat 344 

processing faciliƟes had the highest posiƟve rate at 39.5%, followed by the Įsh facility 19.4%, and 345 

the dairy at 8.9%. Among surface types, FCS showed a posiƟve rate of 19.9%, while NFCs were 346 

higher at 24.2%. Pre-disinfecƟon samples had a posiƟve rate of 21.9%, whereas samples post-347 

cleaning and disinfecƟon were even higher at 26.1%. Samples where the sanitaƟon status was 348 

not reported had a posiƟve rate of 10.8%. In total, 338 swab samples were posiƟve for the 349 

detecƟon of L. monocytogenes, and L. monocytogenes could be detected across all faciliƟes, 350 

surface types and cleaning and disinfecƟon states (Table 1). 351 

Diverse L. monocytogenes Sequence Types IdentiƱed Across Facility 352 

Types 353 

Of the 338 samples tesƟng PCR-posiƟve for L. monocytogenes, 317 isolates were selected for 354 

whole genome sequencing. An addiƟonal 37 historical isolates, all originaƟng from facility D 355 

(dairy), were included in the analysis. Following trimming and quality control of the raw data, one 356 
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genome failed at the assembly step due to contaminaƟon. In total, 353 genomes underwent 357 

subtyping using the Ridom SeqSphere+ soŌware and were further analyzed.  358 

Most isolates belonged to Lineage II (n=308), while a smaller proporƟon were from Lineage I 359 

(n=45) (Table S.1; Figure 1). Both meat and dairy processing faciliƟes harbored isolates from 360 

Lineages I and II, with most isolates associated with Lineage II. In contrast, the Įsh facility only 361 

harbored isolates from Lineage II. The isolates could be classiĮed into 18 diīerent STs and 69 362 

diīerent cgMLSTs (Table S.1; Figure 1). Across all facility types, ST8 (n = 70), ST9 (n = 68), and 363 

ST121 (n = 46) were the most abundant STs, followed by ST204 (n = 31), ST37 (n = 19), ST7 (n = 364 

17), ST155 (n = 17), ST451 (n = 11), ST6 (n = 10), and ST87 (n = 10). Less frequently detected STs 365 

included ST1113 (n = 6), ST4 (n = 3), ST5 (n = 2), and ST54 (n = 2). From ST1, ST21, ST217, and 366 

ST504, only a single isolate was detected. The historical isolates belonged to ST4 (n=37) (Table 367 

S2). Except for ST6 (found in meat and dairy faciliƟes) and ST121 (found in meat and Įsh faciliƟes), 368 

all other sequence types were associated with a single facility type (Figure 1A).  369 

The genomes were further characterized into cgMLSTs to classify them into clusters (Table S1), 370 

revealing considerable diversity within some STs. ST9 for example showed the highest diversity 371 

with 24 disƟnct cgMLSTs, followed by ST121 with 9 cgMLSTs, ST204 with 7 cgMLSTs, ST8 with 5 372 

cgMLSTs, ST7 with 4 cgMLSTs, and ST37 with 3 cgMLSTs. In contrast, ST1, ST4, ST5, ST6, ST21, 373 

ST54, ST87, ST155, ST217, ST451 and ST504 contained only one to three cgMLSTs. These Įndings 374 

demonstrate the diversity of L. monocytogenes isolates found in the European food processing 375 

faciliƟes sampled.  376 

ClassiƱcation of Persistent L. monocytogenes Isolates Across Facilities 377 

Reveals Persistence as a Widespread Phenomenon 378 

Persistent isolates in this study were deĮned as isolates of the same ST and cgMLST that were 379 

isolated at least three Ɵmes over the two-year sampling period, with a SNP diīerence of ≤10 380 

across the whole genome. Using these criteria, 177 out of 316 genomes from isolates collected 381 
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during sampling were classiĮed as persistent, indicaƟng that 56.0% of all isolates were classiĮed 382 

as persistent (Table 2).  383 

Most persistent isolates were found in three meat faciliƟes with 136 persistent genomes, 384 

followed by 10 in two dairy faciliƟes and 31 in the single Įsh facility. Persistent isolates were 385 

detected in all facility types and countries. Facility A, which exhibited a high overall isolaƟon rate, 386 

also showed a correspondingly high number of persistent genomes (Table 2). In addiƟon, 38 387 

isolates were isolated only once, and 18 isolates were isolated only twice over the sampling 388 

period. An addiƟonal 83 isolates were collected three or more Ɵmes but during SNP analysis had 389 

>10 SNPs diīerences across the whole genome. 390 

Persistent isolates were idenƟĮed across 10 diīerent STs and 15 disƟnct cgMLSTs (Table 2). The 391 

STs with the highest numbers of persistent isolates were ST8 (n=66), ST121 (n=34), and ST9 392 

(n=33), respecƟvely (Figure 1B). These were followed by ST451, ST204, ST37, ST87, ST155, 393 

ST1113, and ST4, which ranged from 10 to 3 persistent isolates (Figure 1B). Except for ST121, 394 

which was found to be persistent in both Įsh and meat faciliƟes, persistent genomes in ST8, ST9, 395 

ST37, ST87, ST155, ST451, and ST1113 were isolated exclusively from meat faciliƟes, while 396 

persistent genomes in ST4 and ST204, were found only in dairy faciliƟes (Figure 1B). ST9 showed 397 

the greatest diversity of cgMLST types (n = 4), followed by ST8 and ST121 (n = 2 each). All other 398 

persistent STs (ST4, ST37, ST87, ST155, ST204, ST451, and ST1113) were represented by a single 399 

cgMLST type (n = 1) (Figure 1B; Table 2). 400 

Several cgMLST types were composed exclusively of persistent isolates, including ST4 (cgMLST 401 

4605), ST8 (cgMLST 22954), ST9 (cgMLST 16305, 22945, and 22953), ST87 (cgMLST 19487), ST121 402 

(cgMLST 18630), and ST451 (cgMLST 21875). In contrast, other cgMLST types included a mixture 403 

of persistent and non-persistent isolates. The broad distribuƟon of persistent isolates across 404 

mulƟple STs and facility types is further illustrated in the phylogeneƟc tree (Figure S1). 405 
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Pangenome-Wide Association Analysis Reveals Genes Associated with 406 

Persistence and Non-Persistence 407 

Pangenome-wide associaƟon analysis across all 353 isolates revealed genes associated with 408 

persistence and non-persistence (Figure 2A, Table S3). In total, 4,569 genes were analyzed, of 409 

which 2,337 were categorized as core, 241 as soŌ-core, 635 as shell and 1,356 as cloud genes 410 

(Figure S2). AŌer running a pangenome-wide associaƟon analysis on a reduced set of 979 411 

accessory genes (core genes and genes with low prevalence removed by Scoary), 364 genes were 412 

signiĮcantly associated with persistence, 467 with non-persistence, and 148 genes showed no 413 

signiĮcant associaƟon (Figure 2A). Using a more stringent criterion, the signiĮcantly associated 414 

genes were Įltered based on Benjamini-Hochberg adjusted p < 0.05 and odds-raƟo ≥ 2 for 415 

persistence or ≤ 0.5 for non-persistence. This resulted in Įnal set of 541 high-conĮdence genes.  416 

These genes were further annotated with eggNOG to obtain the corresponding Clusters of 417 

Orthologous Groups (COG) categories and Protein Family (PFAM) domains, which added 418 

funcƟonal context. AŌer Įltering for staƟsƟcally signiĮcant associaƟons with most categories 419 

containing domains that were both enriched and depleted (Figure 2B). A large proporƟon of 420 

genes could not be assigned to any COG category. In the unassigned category, 189 genes were 421 

enriched and 112 were depleted. Among funcƟonally annotated categories, category S (funcƟon 422 

unknown) contained 83 enriched and 41 depleted genes, and category L (replicaƟon, 423 

recombinaƟon, and repair) contained 24 enriched and 8 depleted genes, and category K 424 

(transcripƟon) we observed 13 to be enriched and ten to be depleted. All other categories had 425 

10 or fewer enriched or depleted genes. Notably, only one gene was enriched in COG category C, 426 

only one was depleted in E, and only one gene was depleted in U, GM, and IU. Conversely, only 427 

one gene was enriched in KL, MT, N, and O. 428 

In COG category K (transcripƟon, Figure 3A), domains enriched in genomes of persistent isolates 429 

included mulƟple helix-turn-helix (HTH) DNA-binding domains (e.g., HTH_3, HTH_3.1, HTH_19) 430 

and transcripƟon-associated domains such as AlbA_2 (DNA binding domain), HATPAse_c_4 431 

(ATPase domain for ATP binding), PriCT_11 (primase domain), RrF2 (iron-dependent transcripƟon 432 



18 

 

 

regulator domain), GntR (transcripƟonal regulator domains), sigma70_r4_2 (transcripƟon 433 

indicator domain) and ComK (transcripƟon factor domain). Depleted domains, which were 434 

therefore more associated with non-persistent genomes, included other HTH domains, WYL (DNA 435 

damage response), MarR (transcripƟon regulator), and Rep_trans (replicaƟon iniƟaƟon domain).  436 

In COG category L (replicaƟon, recombinaƟon and repair, Figure 3B), genomes of persistent 437 

isolates were enriched in DNA maintenance and genome plasƟcity domains, including helicases 438 

(DnaB_2 and Helicase_C), primases and topoisomerases (Topoisom_bac, Toprim, and 439 

Toprim_Crpt), recombinaƟon proteins (Recombinase, Resolvase, Resolvase.1 and 440 

Zn_ribbon_recom), and DNA methyltransferases (N6_Mtase, N6_N4_Mtase, TypeIII_RM_meth, 441 

and Methylase_S). Prominently, many of these enriched domains are oŌen encoded by prophage 442 

or mobile geneƟc elements.  443 

In COG category S (funcƟon unknown, Figure 3C), genomes of persistent isolates were enriched 444 

in diverse uncharacterized domains (DUFs) as well as PFAMs that are involved in DNA packaging, 445 

replicaƟon, and regulaƟon. Of these PFAMs, 19 were phage-associated. Depleted domains which 446 

were more associated with non-persistence included other DNA-binding, repair, and 447 

transcripƟonal domains.  448 

Pangenome-Wide Association Analysis Reveals PFAMS Enriched 449 

Exclusively in Persistent L. monocytogenes Genomes 450 

Our pangenome-wide associaƟon analysis revealed some PFAM domains to be exclusively 451 

enriched in persistent L. monocytogenes genomes. These PFAMS belong to COG categories K 452 

(transcripƟon), L (replicaƟon/recombinaƟon/repair), M (cell wall/membrane/envelope 453 

biogenesis), T (signal transducƟon mechanisms), N (cell moƟlity), U (intracellular traĸcking, 454 

secreƟon, and vesicular transport), O (post-translaƟonal modiĮcaƟon, protein turnover and 455 

chaperones), and Q (secondary metabolites biosynthesis, transport and catabolism) (Figure 4A). 456 

In categories K and L, the PFAM domains Helicase_C (helicase C-terminal domain; involved in DNA 457 

unwinding), N6_Mtase (DNA methyltransferase), ResIII (restricƟon endonuclease) and SNF2_N 458 
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(ATPase domain involved in chromaƟn remodeling and transcripƟonal regulaƟon), which were 459 

idenƟĮed as enriched exclusively in persistent genomes (Figure 4A). In COG category O, HTH_3 460 

(helix-turn-helix DNA binding domain) and categories M and T, NLPC_P60 (cell wall-associated 461 

hydrolase domain) and SH3_3 (protein interacƟon domains, binding protein rich ligands) (Figure 462 

4A) were exclusively enriched. In COG category N, Big_2 (immunoglobulin-like domain, found in 463 

bacterial and phage surface proteins). In COG categories N and U, LRR_5 (leucine-rich repeat 464 

domains associated with protein-protein interacƟon), MucBP (mucin binding proteins), WxL (cell 465 

wall surface-binding domain) and DUF285 (domain of unknown funcƟon). In the same COG 466 

category T2SSE (type II and IV secreƟon system protein) (Figure 4A). Finally, in COG category Q, 467 

Cu-oxidase, Cu-oxidase_2 and Cu-oxidase_3 (mulƟcopper oxidases) and Cupredoxin_1 (type I 468 

copper center proteins involved in inter-molecular electron transfer), while Gram_pos_anchor 469 

(associated with host cell adhesion, immune evasion, and nutrient acquisiƟon) (Figure 4A).  470 

Five PFAM domains were exclusively depleted in persistent isolates, which were assigned to COG 471 

categories F (nucleoƟde metabolism), G (carbohydrate metabolism), M (cell wall biogenesis), I 472 

(lipid metabolism), and U (intracellular traĸcking) (Figure 4B). In COG category F, SIR2_2 (sulĮte 473 

reductase domain) and DUF928 (domain of unknown funcƟon) were exclusively depleted, 474 

whereas group_629 could not be annotated with a PFAM. Furthermore, exclusively depleted in 475 

COG categories G and M was NAD_binding_10 (NAD binding protein domain), and in COG 476 

categories I and U Lipase_3 (lipase domain).  477 

Virulence and Environmental Stress Tolerance Gene ProĮles are Broadly Conserved 478 

Across Persistent and Non-Persistent Isolates 479 

Analysis of virulence genes using the classiĮcaƟon based on VFDB (Virulence Factor Database, 480 

nucleoƟde version, release 14.01.2025; Chen, 2005) (Figure 5A) revealed only minor diīerences 481 

between persistent and non-persistent isolates. With a few excepƟons, persistent isolates had 482 

nearly the full repertoire of virulence genes that non-persistent genomes harbored. Several 483 

persistent isolates, belonging to ST4 (cgMLST 4605), ST8 (cgMLST 22937), ST9 (cgMLST 16305, 484 

22945 and 22953), ST121 (cgMLST 18630 and 8684) and ST1113 (cgMLST 22938) were missing 485 
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the actA gene, which is involved in acƟn-based moƟlity during host cell invasion. The adhesion-486 

associated gene ami was absent in persistent isolates belonging to ST4 (cgMLST 4605), ST8 487 

(cgMLST 22937 and 22954), ST9 (cgMLST 22945), ST37 (cgMLST 17448), ST87 (cgMLST 19487), 488 

ST121 (cgMLST 18630) and ST204 (cgMLST 22966). Virulence genes involved in host receptor 489 

interacƟons, such as inlF, were missing in persistent isolates belong to ST8 (cgMLST 22937 and 490 

22954), ST9 (cgMLST 22953), ST87 (cgMLST 19487), ST121 (cgMLST 18630) and ST451 (cgMLST 491 

21875). Similarly, inlJ was absent in persistent isolates belonging to ST8 (cgMLST 22937 and 492 

22954), ST9 (cgMLST 22940, 22945 and 22953), ST121 (cgMLST 18630) and ST451 (cgMLST 493 

21875). The invasion-associated gene aut was exclusively absent in persistent isolates of ST4 494 

(cgMLST 4605). In ST8 (cgMLST22937 and ST22954), ST37 (cgMLST17448) and ST204 (cgMLST 495 

22966) the vip gene, involved in interacƟon with host cell receptors, was absent in persistent 496 

isolates, but was also absent in non-persistent isolates. Most persistent isolates did not harbor 497 

Listeriolysin S-toxin associated genes (llsA, llsB, llsD, llsG, llsH, llsP, llsX, and llsY). The persistent 498 

strains that harbored all or at least one of these genes all belonged to ST4 (cgMLST 4605). Overall, 499 

most virulence genes were absent in ST8, ST9, and ST121, while ST4 isolates retained some toxin 500 

genes despite missing others. 501 

Environmental resistance genes showed a similar paƩern of presence and absence compared to 502 

the virulence genes (Figure 5B). Many environmental resistance genes were widely conserved 503 

across all isolates, regardless of phenotype. Among the arsenic resistance genes, persistent 504 

isolates of ST9 (cgMLST 16305, 22940, 22945, and 22953) carried arsA, arsC and arsR. For arsenic 505 

resistance gene arsD was only present in one persistent ST8 (cgMLST 22954) isolate. Persistent 506 

isolates from ST155 (cgMLST 1234) harbored arsC, ST204 (cgMLST 22966) isolates carried the 507 

arsA, arsD, and arsR, and ST1113 (cgMLST 22938) carried arsA, arsC, and arsR. For cadmium 508 

resistance genes, cadC was present in persistent isolates from ST8 (cgMLST 22937, and 22954), 509 

ST9 (cgMLST 16305 and 22940), ST121 (cgMLST 8684 and 18630), ST155 (cgMLST1234) and 510 

ST1113 (cgMLST22938), whereas copper resistance gene copB was harbored by ST8 (cgMLST 511 

22937 and 22954), ST9 (cgMLST 16305 and 22940) and ST1113 (cgMLST 22938). Withing the iron 512 

uptake operon fetAB (encoding fetA/yybl and fetB/ybbM), the gene fetA/yybL was harbored by 513 
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persistent belonging to ST4 (cgMLST 4605), ST8 (cgMLST 22937 and 22954), ST9 (cgMLST 16305, 514 

22945, and 22953), ST87 (cgMLST 19487), ST204 (cgMLST 22966) and ST1113 (cgMLST 22938). 515 

AddiƟonally, fetB/ybbM was encoded in all ST8 (cgMLST 22954), ST1113 (cgMLST 22938), and 516 

some ST9 (cgMLST22940) isolates. 517 

In mulƟdrug eŋux genes evgA was found in persistent isolates from ST4 (cgMLST 4605), ST8 518 

(cgMLST22937 and 22954), ST9 (cgMLST 22940, 22945 and 22953), ST37 (cgMLST 17448), ST87 519 

(cgMLST 19487), ST121 (cgMLST 18630) and ST451(cgMLST 21875). The eŋux pump gene smrA 520 

was present in a subset of one isolate of ST4 (cgMLST 4605), ST8 (cgMLST 22937), ST121 (cgMLST 521 

18630) and ST451 (cgMLST 21875). The gene amvA was detected in only a single ST8 (cgMLST 522 

22937) isolate. Looking at stress response and zinc resistance genes, cueR/ybbI was detected in 523 

persistent isolates from ST4 (cgMLST 4605), zntR/yhdM was present in ST121 (cgMLST 18630), 524 

and ziaA together with ziaR were found in persistent isolates from ST204 (cgMLST 22966). Overall, 525 

the distribuƟon of environmental resistance genes seemed to be primarily ST-speciĮc (notably 526 

ST4, ST8, ST9, ST37, ST87, ST121, ST204, ST451, and ST113), rather than associated with 527 

persistence. 528 

4. Discussion  529 

In this study, we applied a uniĮed approach to invesƟgate the persistence of Listeria 530 

monocytogenes across European food-processing faciliƟes. A coordinated sampling campaign 531 

was carried out in faciliƟes from three partner countries within the European Union over the 532 

course of three calendar years (2023 -2025) using a standardized sampling protocol and data-533 

analysis pipeline to ensure full comparability of the resulƟng data. 534 

Our study reveals a high number of L. monocytogenes posiƟve environmental swab samples for 535 

L. monocytogenes (22.0%) across the surveyed European food processing faciliƟes. This result is 536 

higher when compared with previous studies, including Muhterem-Uyar et al. (2015) which 537 

reported an overall occurrence of 12.6% across 12 European food processing faciliƟes, and Bolten 538 

et al. (2024) which observed a posiƟve rate of 13% in eight dairy faciliƟes in the United States. In 539 
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our study, meat faciliƟes exhibited a higher posiƟve detecƟon rate overall, largely due to one 540 

facility (facility A) with an excepƟonally high number of posiƟve samples, indicaƟng potenƟal 541 

localized hygiene issues or structural challenges speciĮc to this facility. Meat faciliƟes typically 542 

harbor L. monocytogenes more frequently than dairy faciliƟes, as is consistent with Muhterem-543 

Uyar et al. (2015) who reported a posiƟve rate of 32% in European meat faciliƟes and 8.8% in 544 

European dairy faciliƟes. Reported posiƟve rates in Įsh processing faciliƟes range from 10% 545 

(Zakrzewski et al., 2024) to 22% (Hoīman et al., 2003), indicaƟng that our results are within a 546 

expected range. Most of the studies above also note that there are diīerences in environmental 547 

swab detecƟon rates between faciliƟes, which is also what we observe in our dataset. This 548 

heterogeneity in L. monocytogenes detecƟon is likely a reŇecƟon of diīerences in cleaning 549 

pracƟces and eĸciencies, facility design, and microbial ecology of speciĮc L. monocytogenes 550 

subtypes. 551 

The substanƟal number of posiƟve post-sanitaƟon samples highlights the importance of sampling 552 

both during producƟon and aŌer cleaning and disinfecƟon, providing a more accurate assessment 553 

of L. monocytogenes presence and potenƟal persistence. Since no contextual data on the iniƟal 554 

hygienic status of the faciliƟes are available, we can only hypothesize regarding the underlying 555 

reasons for the high detecƟon rate in faciliƟes following cleaning and disinfecƟon. However, these 556 

Įndings might reŇect insuĸcient cleaning and sanitaƟon pracƟces in the individual faciliƟes. 557 

AlternaƟvely, the high rate of detecƟon, parƟcularly of persistent strains, may result from 558 

disrupƟon of the resident microbial community, including other Listeria species, potenƟally 559 

facilitaƟng the colonizaƟon and persistence of L. monocytogenes (OƩesen et al., 2016; Zwirzitz et 560 

al., 2021).  561 

Recent studies have highlighted the role of co-occurring microbiota in the promoƟon of L. 562 

monocytogenes persistence in in food processing environments (BurneƩ et al., 2025). To further 563 

invesƟgate this possibility, we assessed not only the presence of L. monocytogenes in food 564 

processing faciliƟes, but also the co-occurrence of other Listeria species at the same sampling 565 

locaƟons. Out of 316 L. monocytogenes isolates, 97 (30.07%) were co-isolated with at least one 566 

Listeria species, most commonly Listeria innocua and Listeria welshimeri (Table S1). Out of these 567 
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97 L. monocytogenes isolates, 57 were idenƟĮed as persistent and 40 as non-persistent. These 568 

results suggest that interacƟons with other Listeria species and other co-occurring microbiota 569 

may contribute to the colonizaƟon and persistence of L. monocytogenes in processing 570 

environments. Moreover, the food processing resistome, which is shaped by repeated sanitaƟon, 571 

disinfectant pressure, and microbial interacƟons, may represent an addiƟonal contribuƟng factor, 572 

as anƟmicrobial resistance genes associated with mobile geneƟc elements might be transferred 573 

between community members (Quijada et al., 2025). This underscores the need to consider the 574 

broader microbial community when designing control strategies. 575 

Analysis of the geneƟc lineages revealed that isolates from Lineage II were more abundant in food 576 

processing environments, consistent with prior observaƟons (Orsi et al., 2011). Most persistent 577 

isolates also belonged to Lineage II, with only three STS belonging to Lineage I (Fagerlund et al., 578 

2022; Palaiodimou et al., 2021). In addiƟon to the frequently described persistent STs (STs 4, 8, 9, 579 

and 121), we also idenƟĮed less frequently described STs (STs 37, 87, 155, 204, 451, and 1113) as 580 

persistent (Guidi et al., 2021; Knudsen et al., 2017; Møretrø et al., 2017; Muhterem-Uyar et al., 581 

2018; Pasquali et al., 2018; Wang et al., 2021). Overall, persistent isolates were detected across 582 

all countries and facility types, highlighƟng the persistence of L. monocytogenes as a widespread 583 

and mulƟfaceted issue in the food producƟon environment. However, the accurate deĮniƟon of 584 

persistence and the SNP cutoī used may vary depending on the environmental context. As 585 

persistence might diīer across diīerent contexts, the precise deĮniƟon and SNP cutoī used 586 

potenƟally needs to be adjusted to individual faciliƟes and hotspots. DeĮning persistence 587 

therefore remains challenging, as both overly strict or overly permissive SNP cutoīs may lead to 588 

isolate misclassiĮcaƟon.  589 

Our goal was to idenƟfy highly similar clusters of persistent isolates while sƟll allowing for minor 590 

geneƟc changes, such as phage integraƟon or the gain and loss of plasmids, which can inŇuence 591 

overall SNP diīerences. Notably, applying a more stringent SNP threshold (≤10 SNP diīerences 592 

across the whole genome) did not alter the overall paƩerns observed compared to previous 593 

studies. This suggests that persistence cannot be fully captured by SNP-based deĮniƟons alone 594 

and must be interpreted in the context of each facility. Moreover, SNP-based thresholds consider 595 
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only the total number of nucleoƟde diīerences, without accounƟng for their genomic locaƟon or 596 

funcƟonal impact. While SNP counts serve as a pracƟcal measure of genomic relatedness in 597 

epidemiological analyses, the locaƟon of individual SNPs may be relevant in the invesƟgaƟon of 598 

geneƟc mechanisms potenƟally associated with persistence. 599 

The hygienic state of the facility should also be incorporated into the assessments of persistence. 600 

Although the hygienic condiƟons of the faciliƟes were beyond the scope of this study, they likely 601 

inŇuence the overall picture, as limited sanitaƟon may allow certain isolates to remain in the 602 

facility over extended periods without necessarily reŇecƟng persistence. Our pangenome-wide 603 

associaƟon analysis across 353 L. monocytogenes isolates revealed genomic paƩerns associated 604 

with persistence in food processing environments. We observed a similar number of genes 605 

signiĮcantly associated with persistence and non-persistence (Figure 2A). This paƩern may be the 606 

result of the underlying geneƟc diversity across the L. monocytogenes STs included in the analysis. 607 

This Įnding may also indicate a more complex interplay between genes rather than the inŇuence 608 

of a single gene or biomarker on the persistence phenomenon.  609 

Our genomic analyses provide insights into mechanisms that may support the persistence 610 

phenomenon in L. monocytogenes. Persistent isolates were enriched for PFAM domains 611 

associated with DNA replicaƟon, recombinaƟon, and repair (Helicase_C, DnaB_2, N6_Mtase, 612 

ResIII, Topoisom_bac, Toprim, Toprim_Crpt, Recombinase, Resolvase, Zn_ribbon_recom), 613 

transcripƟon regulaƟon (HTH_3, HTH_3.1, HTH_19, AlbA_2, PriCT_11, RrF2, GntR, sigma70_r4_2, 614 

ComK), and post-translaƟonal modiĮcaƟon and protein turnover (HTH_3, SH3_3). This highlights 615 

genome maintenance and regulatory capacity as key contributors to long-term survival in food 616 

processing environments. Also enriched were PFAMs linked to prophages and mobile geneƟc 617 

elements (DUF2800, DUF285, Terminase_1, Phage_capsid, among others) (Bateman et al., 2021), 618 

many of which belong to COG category S. This is consistent with prior work showing that 619 

prophages can carry accessory genes that support stress tolerance, DNA packaging, secreƟon, 620 

and surface interacƟons (GuƟérrez et al., 2025) and might also contribute to environmental 621 

persistence (CheriĮ et al., 2018; Palma et al., 2020). AddiƟonally, PFAMs involved with cell wall 622 

remodeling, surface interacƟon, transport, moƟlity, secondary metabolite biosynthesis, and 623 
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uncharacterized funcƟons (NLPC_P60, Big_2, LRR_5, MucBP, WxL, Gram_pos_anchor, Cu-624 

oxidase_1-3, Cupredoxin_1) were enriched in persistent isolates. This suggests that persistent 625 

strains may require stress response and surface adaptaƟon funcƟons, which potenƟally support 626 

bioĮlm formaƟon, adhesion to surfaces, and general environmental resilience (Janež et al., 2021; 627 

Omelchenko et al., 2026; Xayarath and Freitag, 2012).  628 

Conversely, persistent isolates exhibited depleƟon of PFAM domains associated with nucleoƟde 629 

metabolism, carbohydrate metabolism, lipid metabolism, cell envelope biogenesis, and 630 

intracellular traĸcking/secreƟon (SIR2_2, DUF928, NAD_binding_10, Lipase_3). This selecƟve 631 

depleƟon might reŇect a trade-oī between resources allocated to metabolic versaƟlity and basic 632 

survival necessiƟes, such as genome maintenance, stress resilience, and surface adaptaƟon. 633 

IndicaƟng a potenƟal advantage for persistent strains of shiŌing to a reduced metabolic state or 634 

dormancy under stressful condiƟons in the food processing environment (ArvaniƟ et al., 2021; 635 

ArvaniƟ and Skandamis, 2022). Importantly, many genes in the L. monocytogenes genome remain 636 

poorly annotated and lack funcƟonal informaƟon, highlighƟng the need for addiƟonal studies to 637 

characterize these genes and their funcƟons. In our analysis, mapping the gene families to 638 

corresponding PFAMs provided enhanced funcƟonal interpretability. Overall, the accessory 639 

genome of 2,232 genes, together with mobile geneƟc elements such as phage and plasmids 640 

(Castro et al., 2021; Palma et al., 2020; Schmitz-Esser et al., 2021), indicate a large geneƟc 641 

repertoire and genomic Ňexibility, which may be crucial in the support of persistence.  642 

Finally, since the presence and absence of virulence genes only diīer for very view STs, the trade-643 

oī between virulence and persistence in L. monocytogenes is not supported in the isolates 644 

analyzed (Maury et al., 2016; NighƟngale et al., 2005; Palaiodimou et al., 2021). These Įndings 645 

highlight the importance of further invesƟgaƟng persistence mechanisms, since persistent L. 646 

monocytogenes sƟll have the potenƟal to cause listeriosis outbreaks. Overall, our Įndings support 647 

the hypothesis that L. monocytogenes are generalists that can become well adapted to food 648 

processing environments, due to their geneƟc repertoire and genomic Ňexibility. However, 649 

persistence is likely a result from a complex interplay between geneƟc factors, environmental 650 
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pressures and interacƟons with the co-occurring microbiomes (CarpenƟer & Cerf, 2011; Hingston 651 

et al., 2017). 652 

5. Conclusion  653 

Persistence of L. monocytogenes remains a challenge in food producƟon environments and a 654 

threat to public health via contaminaƟon of food products. The idenƟĮcaƟon of key factors and 655 

mechanisms underlying persistence, however, is sƟll lacking. This highlights the need for 656 

idenƟfying an appropriate level of resoluƟon for deĮning and invesƟgaƟng persistence, which 657 

accounts for both facility-speciĮc contaminaƟon dynamics and the adapƟve potenƟal of 658 

persistent L. monocytogenes.  659 

Our study illustrates the applicaƟon of a uniĮed sampling and analysis approach for studying of 660 

L. monocytogenes persistence. We revealed that persistence of L. monocytogenes is a widespread 661 

and mulƟfactorial phenomenon. The combinaƟon of environmental prevalence, geneƟc diversity 662 

and the size of the accessory genome underscores the ability of L. monocytogenes to survive 663 

repeated disturbances or diĸcult environments in food processing environments. Persistent 664 

isolates were enriched in genes involved in genome maintenance, regulatory funcƟons, stress 665 

response, and surface adaptaƟon. They also carried genes associated with mobile geneƟc 666 

elements and prophages, highlighƟng the role of genomic Ňexibility in long term survival. 667 

Future studies of L. monocytogenes persistence could beneĮt from integraƟng environmental 668 

metadata and whole genome sequencing of isolates with predicƟve modelling tools, which may 669 

provide a pracƟcal approach to idenƟfy key drivers of persistence. Such uniĮed approaches with 670 

standardized sampling, data collecƟon, and analysis in combinaƟon with predicƟve tools will 671 

support the development of targeted management pracƟces to control persistent L. 672 

monocytogenes in food processing environments.  673 
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11. Figures and Tables 1087 

Table 1: DetecƟon of Listeria monocytogenes in 1,538 environmental swabs from European food 1088 

faciliƟes, summarized by country, facility type, surface type, and disinfecƟon state. 1089 

 Group 
Total 

Samples 

% of 

Total 

Samples 

Positive Negative 
% 

Positive 

% 

Negative 

Overall 

 All 

samples 
1538 100 338 1200 22 78 

Facility Country 

 Austria 303 19.7 37 266 12.2 87.8 

 Greece 400 26 197 203 49.3 50.7 

 Spain 835 54.3 104 731 12.5 87.5 

Facility Type 

 Dairy 775 50.4 69 706 8.9 91.1 

 Fish 165 10.7 32 133 19.4 80.6 

 Meat 598 38.9 237 361 39.6 60.4 

Surface Type 

 FC 828 53.8 166 662 20 80 

 NFC 710 46.2 172 538 24.2 75.8 

Disinfection State 

 pre 975 63.4 215 760 22.1 77.9 

 post 406 26.4 106 300 26.1 73.9 

 NA 157 10.2 17 140 10.8 89.2 

 1090 

Table 2: Summary of L. monocytogenes isolates, showing Facility Code, Facility Type, Lineage, 1091 

Sequence Type (ST), Clonal Complex, cgMLST, total isolates, persistent isolates, and the 1092 

percentage of persistent isolates. 1093 

  1094 
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Facility 

Code 

Facility 

Type 
Lineage ST 

Clonal 

Complex 
cgMLST 

Total 

Isolates 

Persistent 

Isolates 

Percent 

Persistent 

(%) 

All - - - - - 316 177 56.0 

A Meat 1 155 155 1234 12 6 50.0 

A Meat 2 1113 9 22938 6 5 83.3 

A Meat 2 451 11 21875 10 10 100.0 

A Meat 2 8 8 22937 61 60 98.4 

A Meat 2 8 8 22954 6 6 100.0 

A Meat 2 9 9 16305 3 3 100.0 

A Meat 2 9 9 22940 10 8 80.0 

A Meat 2 9 9 22945 12 12 100.0 

A Meat 2 9 9 22953 10 10 100.0 

C Fish 2 121 121 18630 31 31 100.0 

D Dairy 1 4 4 4605 3 3 100.0 

E Dairy 2 204 204 22966 15 7 46.7 

G Meat 2 37 37 17448 8 7 87.5 

H Meat 1 87 87 19487 6 6 100.0 

H Meat 2 121 121 8684 5 3 60.0 

D 

(Historical) 
Dairy 1 4 4 4605 37 37 100.0 

 1095 

Table S.1: Typing informaƟon of L. monocytogenes isolates, showing Facility Type, Lineage, ST, 1096 

and cgMLST. 1097 

Table S.2: Typing informaƟon of L. monocytogenes historical isolates (facility D), showing Facility 1098 

Type, Lineage, ST and cgMLST. 1099 

Table S.3: Gene-trait associaƟons idenƟĮed by SCOARY, showing gene annotaƟons, 1100 

presence/absence across posiƟve and negaƟve groups, staƟsƟcal measures (odds raƟo and p-1101 

values), and funcƟonal annotaƟons from eggNOG. 1102 
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Figure 1: DistribuƟon of L. monocytogenes isolates and persistent strains by sequence type. A. 1104 

Number of isolates per sequence type (ST) by Lineage and facility type. B. Number of persistent 1105 

isolates per ST by Lineage and facility type. 1106 

Figure 2: Gene Enrichment and DepleƟon in Persistent L. monocytogenes Isolates. A. Volcano plot 1107 

of genes (log₂ odds raƟo vs –log₁₀ BH-adjusted p value). B. Mean log₂ odds raƟo of genes by COG 1108 

category (blue = enriched, green = depleted; point size = gene count).  1109 

Figure 3: PFAM Enrichment and DepleƟon in Persistent L. monocytogenes Isolates by COG 1110 

Categories K, L, and S. (A–C) PFAMs signiĮcantly enriched or depleted in persistent isolates for 1111 

COG categories: K (TranscripƟon), L (ReplicaƟon, RecombinaƟon, and Repair), and S (FuncƟon 1112 

Unknown). Plots show the mean log₂ odds raƟo and 95% conĮdence intervals for genes assigned 1113 

to each PFAMs. PosiƟve values indicate enrichment, while negaƟve values indicate depleƟon in 1114 

persistent isolates. 1115 

Figure 4: PFAMs Exclusively Enriched and Depleted in Persistent L. monocytogenes Isolates. A. 1116 

PFAMs exclusively enriched in persistent isolates. B. PFAMs exclusively depleted in persistent 1117 

isolates. Plots show the mean log₂ odds raƟo and 95% conĮdence intervals for genes assigned to 1118 

each PFAMs. PosiƟve values indicate enrichment, while negaƟve values indicate depleƟon in 1119 

persistent isolates. 1120 
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Figure 5: Heatmap of virulence and environmental stress tolerance genes in L. monocytogenes 1122 

isolates. A. Presence and absence of virulence genes determined using the VFDB (Virulence Factor 1123 

Database, nucleoƟde version, release 14.01.2025), ordered by isolate phenotype (persistent vs. 1124 

non-persistent) and sequence type (ST). Virulence genes are grouped by funcƟonal categories. B. 1125 

Presence and absence of environmental stress tolerance genes, determined using the BacMet 1126 

database (version 2.0), ordered by phenotype and ST, with genes grouped by funcƟonal 1127 

categories. 1128 

Figure S1: Maximum-likelihood phylogeneƟc tree of L. monocytogenes isolates. Isolates 1129 

sequenced at the Hospital in Valladolid were excluded due to insuĸcient read length. The tree is 1130 

midpoint-rooted and annotated by sequence type (ST), persistence status, and facility type. 1131 

Figure S2: Number of genes in each pangenome category. Core (2,337), soŌ-core (241), shell 1132 

(635), and cloud (1,356) genes among the 4,569 analyzed. 1133 

Supplementary File S1: R script used to perform all analyses and generate Įgures presented in 1134 

this study. The script includes data import, cleaning, Įltering, staƟsƟcal analysis, and Įgure 1135 

generaƟon. 1136 

12. Data availability 1137 

The data for this study have been deposited in the European NucleoƟde Archive (ENA) at EMBL-1138 

EBI under accession number PRJEB110404 (hƩps://www.ebi.ac.uk/ena/browser/view/ 1139 

PRJEB110404).  1140 
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Distribution of L. monocytogenes isolates and persistent strains by sequence type. A. Number of isolates
per sequence type (ST) by Lineage and facility type. B. Number of persistent isolates per ST by Lineage
and facility type.



Figure 2

Gene Enrichment and Depletion in Persistent L. monocytogenes Isolates. A. Volcano plot of genes (log₂
odds ratio vs –log₁₀ BH-adjusted p value). B. Mean log₂ odds ratio of genes by COG category (blue =
enriched, green = depleted; point size = gene count).



Figure 3

PFAM Enrichment and Depletion in Persistent L. monocytogenes Isolates by COG Categories K, L, and S.
(A–C) PFAMs significantly enriched or depleted in persistent isolates for COG categories: K
(Transcription), L (Replication, Recombination, and Repair), and S (Function Unknown). Plots show the
mean log₂ odds ratio and 95% confidence intervals for genes assigned to each PFAMs. Positive values
indicate enrichment, while negative values indicate depletion in persistent isolates.



Figure 4

PFAMs Exclusively Enriched and Depleted in Persistent L. monocytogenesIsolates. A. PFAMs exclusively
enriched in persistent isolates. B. PFAMs exclusively depleted in persistent isolates. Plots show the
mean log₂ odds ratio and 95% confidence intervals for genes assigned to each PFAMs. Positive values
indicate enrichment, while negative values indicate depletion in persistent isolates.



Figure 5

Heatmap of virulence and environmental stress tolerance genes in L. monocytogenes isolates. A.
Presence and absence of virulence genes determined using the VFDB (Virulence Factor Database,
nucleotide version, release 14.01.2025), ordered by isolate phenotype (persistent vs. non-persistent) and
sequence type (ST). Virulence genes are grouped by functional categories. B. Presence and absence of



environmental stress tolerance genes, determined using the BacMet database (version 2.0), ordered by
phenotype and ST, with genes grouped by functional categories.
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