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Abstract 

The increasing consumption of ready-to-eat (RTE) processed meats and convenience products, 

such as burgers, presents significant food safety concerns due to minimal or inadequate heat 

treatment, which may allow pathogen survival. This study assessed the prevalence of Listeria 

monocytogenes and Salmonella spp. in RTE-sliced meats, non-sliced chorizos/pork sausages, 

and raw burgers available in Portugal. Whole-genome sequencing (WGS) was employed to 

characterize virulence factors as well as stress, disinfectant, and antimicrobial resistance 

determinants. Core-genome multilocus sequence typing (cg-MLST) was used to evaluate the 

genetic relatedness among isolates and with clinical strains from the EFSA-ECDC One Health 

WGS database. Among 246 samples analyzed, L. monocytogenes was detected in 79 (32.1%), 

with prevalence rates of 2.7% in sliced meats, 22.9% in non-sliced chorizos, and 73.3% in raw 

burgers. Salmonella spp. was identified in seven samples (2.8%), predominantly in raw burgers 

(8.0%) and infrequently in chorizos (1%). WGS of 76 L. monocytogenes isolates identified 16 

sequence types across four serovar groups. Frequent detection of stress survival islets SSI-1 

(44.7%) and SSI-2 (13.2%), disinfectant resistance determinants Tn6188_qac transposon 

(14.5%) and brcABC cassette (2.6%), and widespread distribution of pathogenicity islands LIPI-

1, LIPI-3, and LIPI-4 were observed. Among Salmonella spp. isolates, four serotypes were 

identified (Goettingen, Derby, Agona, and monophasic Typhimurium), with Typhimurium strains 

classified as multidrug-resistant. cgMLST analysis revealed complex contamination pathways, 

indicating both localized persistence and broader dissemination of genetically related strains 

within the food production chain, some of which were genetically linked to strains isolated from 

human samples. The detection of L. monocytogenes in over half of Salmonella spp. positive 

samples highlights complex contamination dynamics and underscores the need for integrated 

mitigation strategies. These findings demonstrate the persistence of virulent, antimicrobial-

resistant, and disinfectant-tolerant strains in the food chain and underscore the critical 

importance of enhanced surveillance to mitigate risks to consumers. 
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Introduction 

Globally, meat consumption is projected to 

increase by 1 kg per person between 2019 and 

2030, primarily due to population and economic 

growth in emerging economies. Poultry is 

expected to account for 50% of this additional 

meat consumption. Furthermore, a shift from 

fresh meat to ready-to-eat processed meat is 

anticipated. Processed meat refers to meat that 

has been transformed through salting, curing, 

fermentation, smoking, or other methods to 

enhance flavor or improve preservation. 

Examples of processed meat products include 

chorizo, sausages, bacon, ham, salami, pâtés, 

canned meats such as corned beef, and sliced 

luncheon meats (Pushkarev, 2021). The 

increasing demand for ready-to-eat processed 

meat products is primarily attributed to 

consumers' need for convenient meal options, 

which reflects changes in lifestyle and dietary 

patterns. Burgers, in particular, are widely 

consumed due to their rapid and simple 

preparation. However, burgers are frequently 

undercooked prior to consumption. Such meat 

products are classified as high-risk foods 

because insufficient heat treatment may fail to 

eliminate microorganisms that pose significant 

risks to human health (Ali and Alsayeqh, 2022). 

Between 2020 and 2024 in Europe, “meat and 

meat products” represented the second most 

frequently reported food vehicle, accounting for 

21% (505/2361) of all strong evidence outbreaks, 

22% of human cases (10,565/47,494), 28% of 

hospitalizations (1,290/4,541), and 28% of 

deaths (34/121). Of the strong evidence of 

foodborne outbreaks linked to “meat and meat 

products” during this period, 45% (229/505) 

were attributed to Salmonella spp., the most 

prevalent causative agent for this food vehicle. 

Listeria monocytogenes was the causative agent 

most frequently associated with deaths resulting 

from the consumption of “meat and meat 

products,” accounting for 59% (20/34) of 

fatalities (Foodborne outbreaks report | EFSA, 

accessed on the 20th January 2026). 

Whole-genome sequencing (WGS) is a 

powerful tool used in outbreak investigations and 

source attribution, especially for foodborne 

pathogens (Nadon et al., 2017; Nouws et al., 

2020; Jenkins et al., 2019). It provides access to 

extensive information, including virulence and 

antimicrobial resistance markers, which can 

enhance outbreak response and inform patient 

treatment (Ronholm et al., 2016; Kovac et al., 

2021). 

This study evaluated the occurrence and 

concentration of Listeria monocytogenes, as well 

as the presence of Salmonella spp., in non-sliced 

chorizos or pork sausages, ready-to-eat sliced 

meat products, and raw burgers commercialized 

in Portugal. Furthermore, the isolated strains 

were characterized using whole genome 

sequencing to assess potential virulence, 

antimicrobial resistance, disinfectant tolerance, 

and genetic relatedness among the isolates and 

with strains obtained from human samples 

collected in Portugal. 

Material and methods 

Sampling 

A total of 246 meat-based samples, comprising 

75 raw burgers, 75 ready-to-eat sliced cold 

meats, and 96 ready-to-eat non-sliced chorizos 

or pork sausages marketed in Portugal, were 

tested for the presence and levels of Listeria 

monocytogenes and for the presence of 

Salmonella spp. Samples were collected using 

convenience sampling, with purchases 

conducted by individuals acting as consumers to 

minimize changes in product handling by retail 

staff during preparation and sale. The collection 

occurred between September 2022 and May 

2025 across 89 different selling points or 

producers. For raw burgers and sliced cold 

meats, the point of sale was designated as the 

sample source due to the lack of traceability 

information and exposure at the retail level. The 

same approach was applied to unpackaged 

chorizos, including those produced on-site. For 

packaged chorizos, the producer identified on the 

label was considered the source rather than the 

retail location. Samples were collected in 

accordance with ISO/TS 17728:2015 and ISO 

7218:2024, stored at refrigeration temperature (5 

ºC ± 3 ºC) from the time of purchasing until 

examination (within 24 h), and analyzed during 

their assigned shelf-life period. Raw burgers and 

ready-to-eat sliced meat products were acquired 

in the metropolitan area of Lisbon (19 different 

selling points for sliced cold meats and 26 for raw 

burgers), while ready-to-eat non-sliced chorizos/ 

pork sausages were acquired in several regions 

of Portugal (51 selling points/ producers from 11 

regions geographically distributed across the 

https://www.efsa.europa.eu/en/microstrategy/FBO-dashboard
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country). For more details about the samples’ 

information, please see Supplementary Table 1. 

Microbiological analysis 

All microbiological examinations were performed 

in accordance with the general requirements and 

guidelines outlined in ISO 7218:2024. A total of 

246 meat-based samples were analyzed for the 

presence of Listeria spp. and Salmonella spp. 

Enumeration of L. monocytogenes was performed 

on the samples that tested positive for L. 

monocytogenes. 

Listeria monocytogenes detection and 

enumeration 

Detection of L. monocytogenes was performed 

according to ISO 11290-1:2017, using VIDAS® 

automated method and the LMO2 protocol 

(BIO12/11-03/04), validated by AFNOR 

(bioMérieux® SA, Marcy l'Étoile, France), 

following manufacturer’s instructions. A test 

portion of 25 g of each sample was mixed with 

225 mL of Half Fraser broth (bioMérieux® SA, 

Marcy l'Étoile, France) in a stomacher bag, 

serving as the primary selective enrichment 

medium. The mixture was homogenized for 1 

minute at 230 revolutions per minute (rpm) 

using a paddle blender (Stomacher, 400 

Circulator, London, UK) and incubated at 30 °C 

± 1 °C for 24 h to 26 h (Sanyo® Incubator, Osaka, 

Japan). 

Following primary enrichment, 100 µL of the 

culture was transferred to 10 mL of Fraser broth 

(bioMérieux® SA, Marcy l'Étoile, France) for 

secondary selective enrichment and incubated at 

37 °C ± 1 °C for 24 h ± 2 h (PHC®bi Incubator, 

Avon, France). After incubation, 0.5 mL of the 

secondary enrichment was taken into the 

VIDAS® test strip.   

Enumeration of L. monocytogenes was carried 

out in accordance with ISO 11290-2: 2017. For 

this, 10 g of each VIDAS® LMO2-positive sample 

was added to 90 mL of Buffered Peptone Water 

(BPW) and homogenized to obtain the Initial 

Suspension. One milliliter of this suspension was 

spread onto Compass Listeria Agar® (Ottaviani 

and Agosti formulation; Biokar Diagnostics®, 

Pantin, France) and incubated at 37 °C ± 1 °C for 

48 h ± 2 h. Plating 1 mL of a 1:10 sample dilution 

yields a detection limit of 10 cfu/g. 

Presumptive L. monocytogenes colonies (blue-

green color surrounded by an opaque halo) were 

subcultured on Columbia Agar supplemented 

with 5% sheep blood (COS; bioMérieux® SA, 

Marcy l'Étoile, France) and incubated at 37 °C for 

24 h ± 2 h to confirm the β-hemolysis. 

Identification of isolates was confirmed 

biochemically on the VITEK®2 compact system 

(bioMérieux® SA, Marcy l'Étoile, France) and/ or 

using Matrix Assisted Laser Desorption 

Ionization Time-of-Flight Mass Spectrometry 

(MALDI-TOF MS) approaches (Autof MS1000, 

Autobio Diagnostics, Zhengzhou, China), 

following the manufacturer's instructions. All 

isolates confirmed as Listeria monocytogenes 

were preserved in Tryptone Soy Broth (TSB; 

Biokar Diagnostics) containing 20% glycerol and 

stored at −80 °C. 

Salmonella spp. Detection 

For the detection of Salmonella spp. a test portion 

of 25 g of food sample was used to prepare a 1:10 

Initial Suspension using Buffered Peptone Water 

(BPW, Oxoid, Basingstoke, Hampshire, UK) in a 

stomacher bag (bioMérieux® SA, Marcy l'Étoile, 

France). This mixture was homogenized in a 

paddle blender (Stomacher, 400 Circulator, 

London, UK) at 230 rpm for 1 min and incubated 

at 37 °C ± 1 °C for 18 h ± 2 h, as described in ISO 

6579-1: 2017/Amd1:2020. One hundred 

microliters of the obtained pre-enrichment broth 

was added to 10 mL of Salmonella Xpress 2 (SX2, 

bioMérieux® SA, Marcy l'Étoile, France) broth 

and incubated at 41.5 °C ± 1 ºC, for 24 h ± 2 h. 

After incubation, 500 µL of the obtained broth 

was analyzed using the VIDAS® method, Easy 

SLM AFNOR validated protocol (BIO-12/16–

09/05) following the manufacturer’s 

instructions. In the case of a positive result, 

Salmonella spp. was isolated from the SX2 

enrichment onto two selective solid media, IRIS 

Salmonella® (Biokar Diagnostics, Pantin, France) 

and Xylose-Lysine-Desoxycholate Agar (XLD, 

bioMérieux® SA, Marcy l'Étoile, France). The 

plates were incubated at 37 °C ± 1 ºC, for 24 h ± 

3 h. The suspected colonies, isolated in the 

different media (magenta color on IRIS 

Salmonella® agar and red color with a black 

precipitate in the center on XLD agar), were 

transferred to Columbia Agar + 5% sheep blood 

(COS, bioMérieux® SA, Marcy l'Étoile, France) 

and incubated at 37 °C for 24 ± 2 hours. The 

identification of the selected colonies was 

confirmed biochemically on VITEK®2 compact 

system (bioMérieux, Marcy l'Étoile, France) and/ 

or using MALDI-TOF MS (Matrix Assisted Laser 

Desorption Ionization Time-of-Flight Mass 
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Spectrometry) approaches (Autof MS1000, 

Autobio Diagnostics, Zhengzhou, China), 

following the manufacturer's instructions. 

Confirmed Salmonella spp. isolates were 

preserved in Tryptone Soy Broth (TSB; Biokar 

Diagnostics, Pantin, France) containing 20% 

glycerol and stored at −80 °C. 

Statistical analysis 

Fisher’s exact test (IBM SPSS Statistics) was 

used to evaluate associations between sample’s 

type and pathogen prevalence. 

Whole-genome sequencing and genotyping 

The extraction of genomic DNA from seven 

Salmonella spp. and from 76 Listeria 

monocytogenes isolates was carried out using the 

ISOLATE II Genomic DNA Kit (Bioline, London, 

England, United Kingdom). Three Listeria 

monocytogenes isolates were excluded from 

whole-genome sequencing because viable 

cultures could not be recovered after 

cryopreservation (samples 183, 192, and 193). 

DNA quantification was performed using the 

dsDNA HS Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA), on the Qubit® fluorometer 

(Invitrogen, Waltham, MA, USA), following the 

manufacturer's instructions. The preparation of 

DNA libraries was done according to the 

NexteraXT protocol (Illumina, San Diego, CA, 

USA), and sequencing was performed on the 

MiSeq, NextSeq 550, or NextSeq 2000 (Illumina, 

San Diego, CA, USA) equipment, following the 

manufacturer's instructions. 

The fastq files, containing the raw genomic 

sequences of each of the Listeria monocytogenes 

and Salmonella spp. isolates, were submitted to 

the joint European Centre for Disease Prevention 

and Control- European Food Safety Authority 

(ECDC- EFSA) One-Health WGS portal, where 

quality analysis, trimming, and assembly of the 

sequences were performed. Salmonella spp. in 

silico serotypes, and the Sequence Types (ST) of 

Listeria monocytogenes and Salmonella spp. 

isolates were determined on this portal. 

The presence/absence of 92 known Listeria 

monocytogenes virulence genes, as well as of 

Listeria monocytogenes in silico serovar group, 

antimicrobial resistance, metal and disinfectant 

resistance, and genomic and stress islands were 

determined on the Bacterial Isolate Genome 

Sequence Database for Listeria monocytogenes 

(BIGSdb-Lm) (http://bigsdb.pasteur.fr/Listeria; 

accessed on the 20th January 2026). The 

presence/absence of Salmonella spp. Virulence 

genes were determined on ABRicate 

(https://github.com/tseemann/abricate), on 

Galaxy Europe platform, Version 1.0.1, using 

Virulence factors of Bacterial Pathogens (VFDB) 

as database and 80% of minimum DNA % 

identity and 80% of minimum DNA % coverage. 

In silico Salmonella spp. antimicrobial 

resistance was performed on ResFinder (Center 

for Genomic Epidemiology platform, Version 

4.7.2) (Bortolaia et al., 2020; Camacho et al. 

2009). 

Sequencing reads were deposited on the 

European Nucleotide Archive (ENA) under de 

bioprojects PRJEB31216 (Listeria spp.) and 

PRJEB32515 (Salmonella spp.). Accession 

numbers for each isolate are listed in 

Supplementary Table 1. 

Core-Genome Clustering Analysis of Listeria 

monocytogenes and Salmonella spp. Isolates 

The results of whole-genome sequencing were 

analyzed by core-genome multilocus sequence 

typing (cg-MLST), using the grape tree tool for 

visualization (Zhou et al., 2018). This analysis 

was conducted on the ECDC-EFSA One-Health 

WGS portal, where the sequences to be analyzed 

were made available in advance.  

For L. monocytogenes, the analysis by cg-

MLST was carried out based on a scheme of 1748 

loci (Moura et al., 2016) with a cut-off of 7 allelic 

differences for cluster definition, which has 

shown epidemiological concordance in large-

scale international studies (Van Walle et al., 

2018). For Salmonella spp., the analysis by cg-

MLST was conducted based on a scheme with 

3255 loci with a cut-off of 10 allelic differences 

for cluster definition (Rossi et al., 2018). 

The genomic relatedness between Listeria 

monocytogenes and Salmonella spp. strains, 

isolated in this study, and the human isolates 

available in the ECDC system, according to 

cgMLST analysis, was performed on ECDC-EFSA 

One-Health WGS portal, using the query 

function. The cut-offs used for cluster definition 

were the same as the ones described above. 

Results 

Presence of Listeria monocytogenes and 

Salmonella spp.  and enumeration of Listeria 

monocytogenes   

 Of the 246 meat-based samples examined in this 

http://bigsdb.pasteur.fr/listeria
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study, L. monocytogenes was detected in 79 

(32.1%). However, the percentage of samples 

containing this bacterial species varied according 

to the type of samples tested, with 2/75 (2.7%), 

22/96 (22.9%) and 55/75 (73.3%) of samples 

containing Listeria monocytogenes in the case of 

the tested sliced cold meats, non-sliced chorizos/ 

pork sausages and the raw burgers, respectively, 

with a significant association between sample 

type and prevalence (Fisher’s exact test, p < 

0.001; F = 97.713). Listeria monocytogenes levels 

>100 colony-forming units per gram (cfu/g) were 

observed in 3/79 (3.8%) of the positive samples. 

All these three samples (samples number 158, 

160, 199) corresponded to ready-to-eat non-

sliced chorizo/ pork sausages. 

From the 246 tested samples, Salmonella spp. 

was detected in 7 (2.8%):  6/75 (8.0%) raw 

burgers and 1/96 (1.0%) ready-to-eat non-sliced 

chorizos/ pork sausages, while it was not 

detected in sliced cold meats, showing a 

significant association between sample type and 

prevalence (Fisher’s exact test, p=0.009; 

F=8.289).  

Listeria monocytogenes and Salmonella spp. 

genotyping 

In this study, the 76 whole-genome sequenced 

Listeria monocytogenes strains belong to 16 

different sequence types (ST) and 15 clonal 

complexes (CC): ST9/CC9 (13/76, 17.1%); 

ST121/CC121 (10/76, 13.2%); ST155/CC155, 

ST378/CC19, ST87/CC87 (9/76, 11.8%); 

ST2/CC2 (7/76, 9.2%); ST8/CC8 (4/76, 5.3%); 

ST3/CC3 (3/76, 4.0%); ST1/CC1, ST37/CC37, 

ST5/CC5, ST6/CC6 (2/76, 2.6%); 

ST204/CC204, ST388/CC388, ST489/CC87, 

ST580/CC9 (1/76, 1.3%), and to four different 

serovar groups: 1/2a, 3a (serogroup I, lineage II, 

37/76, 48.7%); 1/2b, 3b, 7 (serogroup II, lineage 

I, 15/76, 19.7%);  1/2c, 3c  (serogroup II, lineage 

II, 12/76, 15.8%) and 4b, 4d, 4e (serogroup III, 

lineage I, 12/76, 15.8%) (Figure 1). On Figure 1, 

is also possible to visualize the results 

concerning the presence/absence of the tested 

92 Listeria monocytogenes virulence genes on the 

76 whole-genome sequenced isolates.  

Regarding the antimicrobial resistance of 

Listeria monocytogenes strains, most of the 

strains (73/76, 96.1%) contain fosX, lin, norb, 

mprF and sul, conferring resistance to 

fosfomycin, lincosamide, quinolones, cationic 

peptides and sulfonamides, respectively. Two of 

these 73 strains additionally present aacA4 or 

tetM, respectively, and there were three strains 

that only contain part of these five genes (Table 

1). In respect to metal and disinfectant 

resistance, 11/76 (14.5%) strains present the 

Tn6188_qac transposon (carrying emrC gene) 

and 2/76 (2.6%) contain the brcABC cassette, 

both genetic elements that play a significant role 

in tolerance to quaternary ammonium 

compounds (QACs) (Müller et al., 2013; 

Møretrø et al., 2017; Elhanafi et al., 2010) 

(Table 1). Listeria stress survival islets 1 (SSI1) 

and 2 (SSI2) were detected in 34 (44.7%) and 10 

(13.2%) out of the 76 WGS Listeria 

monocytogenes strains, respectively. In this 

study, SSI2 was always associated with ST121 

(Table 1).  A complete, or almost complete, 

Listeria genomic island 2 (LGI-2) was observed in 

ST2 strains (serovar group 4b, 4d, 4e, n=7), and 

LGI-3_LmUB3PA_1699, LGI-3_LmUB3PA_1700, 

LGI-3_LmUB3PA_1701, and LGI-

3_LmUB3PA_1702 genetic elements from Listeria 

genomic island 3 (LGI-3) were detected in 28 out 

of the 76 sequenced strains (36.8%) (Table 1). 

The seven Salmonella spp. strains isolated in 

this study belong to four serotypes, Goettingen 

(ST20), Derby (ST682), Agona (ST13), and 

monophasic Typhimurium- 1,4, [5],12:i:- (ST34) 

(Figure 2). In Figure 2, it is also possible to 

visualize the results concerning the 

presence/absence of the tested virulence genes 

on the seven whole-genome sequenced isolates. 

Regarding the in silico antimicrobial resistance of 

Salmonella spp isolates, all seven strains contain 

the aac(6')-Iaa gene, related to tobramycin and 

amikacin resistance. Agona’s serotype strain 

additionally contains the fosA7 gene, which is 

known to be related to fosfomycin resistance. In 

addition to the aac(6')-Iaa gene, both monophasic 

Typhimurium contain blaTEM-1B, sul2 and tet(B), 

related with resistance to ampicillin, 

sulfamethoxazole and tetracycline, respectively, 

and one of them (strain 215) also contains the 

qnrB19 gene, associated with resistance to 

ciprofloxacin (Table 2). Both monophasic 

Typhimurium strains may be considered 

potentially multidrug-resistant strains since they 

contain genes associated with resistance to more 

than three antimicrobial classes. 

Listeria monocytogenes and Salmonella spp. 

clustering analysis 

In order to assess the genetic relatedness among 

the isolates and their correlation with meat 

sample producers and the type of meat sample 
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tested, a core-genome clustering analysis was 

performed (Figures 3 and 4).  

For L. monocytogenes, the cgMLST analysis 

(comprising 76 isolates) revealed 12 genetic 

clusters of highly related isolates (≤ 7 ADs). These 

clusters included strains of ST9 (clusters 1, 2, 

and 3), ST8 (cluster 4), ST155 (cluster 5), ST378 

(cluster 6), ST2 (clusters 7 and 8), ST3 (cluster 

9), ST87 (clusters 10 and 11), and ST5 (cluster 

12) (Figure 3A). 

  

 

 

Figure 1: Virulence genes of the 76 whole genome sequenced Listeria monocytogenes isolates.  ID- Identification 

(sample number); LIPI- Listeria Pathogenicity Island; Sero- Serovar group; ST- Sequence type; Clust- Cluster. Numbers in red 

mean the Listeria monocytogenes strain was genetically related (≤7 allelic differences) to human isolates available in the EFSA-

ECDC One Health WGS portal according to cgMLST analysis, as of March 11, 2026. The orange color on the heat map means 

the gene is present. The darker color on inlA gene means the gene in that strain presents an internal stop codon. #- number 

of tested genes.
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Table 1. In silico antimicrobial, metal, and disinfectant resistance, as well as genomic and stress islands 

presence on the 76 whole-genome sequenced Listeria monocytogenes strains. 

 n 
Serovar 

group (in 
silico)  

ST AMR genes 

Metal and 
disinfectant 
resistance 

genes 

Genomic islands 
genes 

Stress 
survival 
islets 

genes 

 1 1/2c, 3c 9 

fosX; lin; mprF; 
norB; sul  

 
emrC 

 

LGI-2_LMOSA2310 
and 2320 

SSI1 #5 
genes  1 1/2a, 3a 155 

 2 4b, 4d, 4e 2 
LGI-2 complete #34 

genes 
No 

 6 1/2b, 3b, 7 
87 

LGI-2_LMOSA2310 
and 2320  1 1/2b, 3b, 7 fosX; lin; norB; sul  

 2 1/2b, 3b, 7 5 
fosX; lin; mprF; 

norB; sul  
bcrA, bcrB, 

bcrC 
SSI1 #5 

genes 

 1 1/2a, 3a 204 
aacA4; fosX; lin; 
mprF; norB; sul 

No 

LGI-2_LMOSA2310 
and 2320 SSI1 #5 

genes 
 1 1/2a, 3a 155 

tetM; fosX; lin; 
mprF; norB; sul 

 1 4b, 4d, 4e 1 fosX; lin; sul  No 

 1 1/2a, 3a 121 fosX; lin; norB; sul  

LGI-2_LMOSA2310 

and 2320; LGI-
3_LmUB3PA_1699-

1702 

SSI2 #2 
genes 

 17 

1/2a, 
3a(n=11); 
1/2b, 3b, 

7(n=2); 4b, 
4d, 4e(n=4) 

 378(n=9); 

37(n=2);  
87(n=2); 
6(n=2);  

388(n=1);1(n=1
)  

fosX; lin; mprF; 
norB; sul  

 

LGI-2_LMOSA2310 
and 2320 

No 

 10 

1/2a, 
3a(n=7); 

1/2c, 
3c(n=2); 

1/2b, 3b, 
7(n=1) 

155(n=7); 
9(n=2); 

489(n=1)  

SSI1 #5 
genes 

 18 

1/2c, 

3c(n=9); 
1/2a, 

3a(n=6); 

1/2b, 3b, 
7(n=3) 

9(n=10); 
8(n=4); 3(n=3); 

580(n=1) 

LGI-2_LMOSA2310 

and 2320; LGI-
3_LmUB3PA_1699-

1702 
SSI1 #5 
genes 

 9 
1/2a, 

3a(n=9) 
121(n=9) 

SSI2 #2 

genes 

 3 
4b, 4d, 

4e(n=3) 
2(n=3) 

LGI-2 almost 
complete #33 genes 

(LGI-2_LMOSA2350 
missing) 

No 

 2 
4b, 4d, 

4e(n=2) 
2(n=2) 

LGI-2 almost 
complete #32 genes 

(LGI-2_LMOSA2350 
and 2370 missing) 

 
 

Total 
 

 

76 

1/2a, 
3a(n=37); 

1/2b, 3b, 
7(n=15); 

1/2c, 
3c(n=12);  

 4b, 4d, 
4e(n=12) 

9(n=13);121(n=

10); 
155(n=9);378(n
=9), 87(n=9); 

2(n=7); 8(n=4); 
3(n=3); 1(n=2); 

37(n=2); 

5(n=2); 6(n=2); 
204(n=1);388(n

=1); 
489(n=1);580(n

=1) 

aacA4(n=1); 
 tetM(n=1)  

emrC(n=11); 
brcABC(n=2) 

LGI-2 #34(n=2); 

LGI-2 #33(n=3); 
LGI-2 #32(n=2); 
LGI-2 #2 + LGI-3 

#4(n=28); 

LGI-2 #2(n=41) 
 

SSI1(n=3
4) 

SSI2(n=1
0) 

 

Highlighted are the most significant observations. n- number of strains; ST- Sequence  Type;  AMR genes- 
Antimicrobial resistance genes; LGI- Listeria Genomic Island; SSI- Stress Survival Islet; #-number of detected 
genes. 



34  

Figure 2: Virulence genes of the seven whole-genome sequenced Salmonella spp. isolates.  ID- Identification 

(sample number); TTSS- Type III secretion system; TTSS via both- TTSS effectors secreted via both systems. The reference 

sequence for mapping all the detected genes was Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 (accession 

numbers on Suppl. Table 1), except for the “other” genes (marked with *): cdtB encodes the cytolethal distending toxin B of 

Salmonella enterica subsp. enterica serovar Typhi CT18 and sspH1 encodes the type III secretion system effector SspH1 E3 

ubiquitin ligase of Salmonella enterica subsp. enterica serovar str14028s. Numbers in red mean the Salmonella enterica strain 

was genetically related (≤10 allelic differences) to human isolates available in the EFSA-ECDC One Health WGS portal 

according to cgMLST analysis, as of March 11, 2026. The orange color on the heat map means the gene is present. 

Table 2: In silico antimicrobial resistance of the seven whole-genome sequenced Salmonella spp. strains. 

Sample 
number 

Serotype (in 
silico) 

ST Antimicrobial resistance genes Associated with resistance 
to 

84 Goettingen 20 aac(6')-Iaa; NC_003197 tobramycin, amikacin 

85 Goettingen 20 aac(6')-Iaa; NC_003197 tobramycin, amikacin 

86 Goettingen 20 aac(6')-Iaa; NC_003197 tobramycin, amikacin 

87 Derby 682 aac(6')-Iaa; NC_003197 tobramycin, amikacin 

125 Agona 13 aac(6')-Iaa;NC_003197; fosA7; 
LAPJ01000014 

tobramycin, amikacin, 
fosfomycin 

69 1,4, [5],12:i:- 34 aac(6')-Iaa, NC_003197; blaTEM-1B, 

AY458016; sul2, HQ840942; tet(B), 
AF326777 

tobramycin, amikacin; 

ampicillin; sulfamethoxazole; 
tetracycline 

215 1,4, [5],12:i:- 34 aac(6')-Iaa, NC_003197; blaTEM-1B, 

AY458016; sul2, HQ840942; tet(B), 
AF326777; qnrB19, EU432277 

tobramycin, amikacin; 

ampicillin; sulfamethoxazole; 
tetracycline¸ ciprofloxacin 

ST- Sequence Type 

 

Listeria monocytogenes core-genome 

clustering analysis allowed the identification of 

different types of clusters: clusters with samples 

from a single producer and from one type of 

sample (cluster 2 and 8); clusters with samples 

from a single producer but with samples of 

different types (clusters 1, 4, 7 and 12); and 

clusters with samples from multiple producers 

and of different types (clusters 3, 5, 6, 9 10 and 

11) Figures 3B and 3C). Strains isolated from 

samples 58, 89, 136, 199, and the ones from 

clusters 4, 5, 6 and 10 were identified as 

genetically close (≤ 7 ADs) to other Listeria 

monocytogenes strains isolated from human 

samples, available in the EFSA-ECDC One 

Health WGS portal, according to cgMLST 

analysis, as of March 11, 2026 (Figures 3A, B, 

and C). For Salmonella spp., the cgMLST 

(comprising 7 isolates) revealed one genetic 

cluster of highly related isolates (≤ 10 ADs) 

(cluster 1).  

This cluster includes three strains (isolated 

from samples 84, 85 and 86) classified as 

belonging to Gottingen serotype (ST20), isolated 

from samples of beef (n=2) and poultry (n=1) 

burgers, from a single producer. Strains isolated 
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from samples 84, 85, 86 (cluster 1), 69, 125, and 

215 were identified as genetically close (≤ 10 ADs) 

to other Salmonella spp. strains isolated from 

human samples, present in the EFSA-ECDC One 

Health WGS database, according to cgMLST 

analysis, as of March 11, 2026 (Figures 4A, B, 

and C). Four of the seven samples contained 

Salmonella spp. (samples 69, 85, 86, 125) were 

also positive for Listeria monocytogenes.
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Figure 3: Core-genome clustering analysis of the 76 whole-genome sequenced Listeria monocytogenes isolates. The Minimum 

Spanning Tree MST) was constructed based on the cgMLST 1748-loci Pasteur schema (Moura et al., 2016). Each circle (node) 

contains the sample number from which the strain was isolated and represents a unique allelic profile, with numbers on the 

connecting lines representing allelic distances (AD) between nodes. Branches with ≤7 allelic distances (ADs) were collapsed, 

which can provide a proxy to the identification of genetic clusters with potential epidemiological concordance (Van Walle et 

al., 2018). Data visualization was performed by using GrapeTree dashboard (Zhou et al., 2018) with A- node colors reflecting 

the traditional seven-loci MLST classification; B- node colors reflecting producer numbers; C-node colors reflecting the type 

of meat sample analyzed. The yellow ring means that the strains are genetically close (≤7 ADs) to isolated strains from human 

samples that are part of the EFSA-ECDC One Health WGS database as of March 11, 2026. 

 

Discussion 

Presence of Listeria monocytogenes and 

Salmonella spp. and Listeria monocytogenes 

enumeration 

Studies combining occurrence data with whole-

genome sequencing (WGS) and clustering 

analysis are crucial for improving food safety 

surveillance, enabling early detection of emerging 

pathogenic strains, and guiding targeted 

interventions to reduce the risk of foodborne 

outbreaks.  

Listeria monocytogenes  

The occurrence of Listeria monocytogenes in 

the raw burgers analyzed in this study (73.3%) 

was much higher than the pooled prevalence 

obtained for raw meat in a meta- analysis, 

performed between 2001 and 2022, in China 

(10.1%) and in the European Union (16.8%) 

(Zhang et al., 2023). Moreover, the combined 

occurrence obtained in this study for the sliced 

cold meats and the non-sliced chorizos/ pork 

sausages (24/171, 13.8%) was also higher than 

the pooled prevalence presented in the same 

meta- analysis for ready-to-eat/ cooked meat 

products- 4.1% and 3.7%, in China and the 

European Union, respectively (Zhang et al., 

2023). 

These differences may reflect the existence of 

poor manufacturing and hygiene practices along 

the food chain (farm, slaughterhouse, transport, 

production, retail, etc.). Moreover, sample size 

and type may also have contributed to the 
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encountered differences. For instance, the fact 

that the raw meat samples analyzed in this study 

were burgers, which involve grinding and 

shaping the meat, and that some of the analyzed 

burgers contained a mix of meats and the 

addition of other components, such as cheese, 

carrot, etc., may have contributed to the higher 

prevalence obtained for these samples. The type 

of ready-to-eat samples analyzed may also have 

contributed to a higher prevalence of Listeria 

monocytogenes, as most of this group consisted 

of samples that did not undergo heat treatment, 

being prepared with smoked or fermented meats. 

In fact, the occurrence obtained by us for the 

ready-to-eat sliced cold meats and the non-sliced 

chorizos/ pork sausages (24/171, 13.8%) was 

similar to the one reported by EFSA/ECDC for 

ready-to-eat “products of meat origin, fermented 

sausages” at distribution, of 14.8% 

(EFSA/ECDC, 2024).  

 

 

Figure 4: Core-genome clustering analysis of the seven whole-genome sequenced Salmonella spp. isolates. The Minimum 

Spanning Tree MST) was constructed based on a 3255 loci cgMLST (Rossi et al., 2018). Each circle (node) contains the sample 

number from which the strain was isolated and represents a unique allelic profile, with numbers on the connecting lines 

representing allelic distances (AD) between nodes. Data visualization was performed by using the GrapeTree dashboard (Zhou 

et al., 2018) with A- node colors reflecting serotypes/ the traditional seven-loci MLST classification; B- node colors reflecting 

producer numbers; C-node colors reflecting the type of meat sample analyzed. The yellow ring means that the strains are 

genetically close (≤10 ADs) to isolated strains from human samples, which are part of the EFSA-ECDC One Health WGS 

database, as of March 11, 2026. 

In this study, the number of samples with 

Listeria monocytogenes levels exceeding 100 

cfu/g was low, with only three (strains 158- ST2, 

160- ST2, and 199- ST121) out of the 79 Listeria 

monocytogenes positive samples showing counts 

above this limit. According to the European 

Commission Regulation Nº 2073/2005, the limit 

of 100 cfu/g applies to ready-to-eat foodstuffs 

when validated shelf-life studies show that 

Listeria monocytogenes will not exceed this level 

during storage (European Commission, 2020). It 

is thus important to note that these three strains 

were isolated from ready-to-eat samples. 

Moreover, considering that Listeria 

monocytogenes forms biofilms in food processing 

environments and can grow at refrigeration 

temperatures, cross-contamination of foodstuffs 

can occur. In this study, several strains with 

levels below 100 cfu/g were genetically close to 

others isolated from human samples (≤ 7 allelic 
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differences). While this genomic proximity does 

not, on its own, establish a direct epidemiological 

link, it highlights that Listeria monocytogenes 

detected in foodstuffs below the legally 

established limit of 100 cfu/g may still be 

relevant from a public health perspective. 

Salmonella spp. 

Regarding Salmonella spp. detection, the 

occurrence obtained on the raw burgers (6/75, 

8.0%) was higher than the one reported by 

EFSA/ECDC for non-RTE food of “meat and meat 

products from turkeys” (4.3%; N=16,533), “meat 

and meat products from broilers” (4.1%; 

N=106,699), “meat and meat products from pigs” 

(1.8%; N=129,115), and “mixed meat products” 

(1.7%, N=9498) (EFSA/ECDC 2024). However, it 

was lower than the occurrence reported by Tîrziu 

and others for raw food of animal origin 

(including pork and chicken carcasses), of 14.7% 

(48/326), in a study conducted in Transylvania, 

Romania (Tîrziu et al., 2020). In respect to the 

ready-to-eat samples tested in this study, the 

occurrence of 0.5% (1/171) is between the one 

reported for RTE foods (0.25%) and the one 

reported for “Meat products intended to be eaten 

raw, excluding products where the 

manufacturing process or the composition of the 

product will eliminate the Salmonella risk” (1.7%) 

by EFSA/ECDC, in 2023 (EFSA/ECDC, 2024). 

Once more, sample size and type may have 

contributed to the encountered differences. 

Listeria monocytogenes and Salmonella spp 

genotyping 

Listeria monocytogenes 

In this study, 72/76 sequenced Listeria 

monocytogenes strains contained all six tested 

genes of Listeria Pathogenicity Island-1 (LIPI-1), 

with the other four containing 5/6 of LIPI-1 

tested genes (Figure 1).  LIPI-1 contains a cluster 

of six core genes essential for the intracellular life 

cycle of L. monocytogenes and is strongly 

associated with invasiveness (Vilchis-Rangel et 

al., 2019; Vázquez-Boland et al., 2001). The 

presence of a complete LIPI-1 in almost all L. 

monocytogenes strains highlights the potential 

virulence of these isolates. 

CC121 and CC9 Listeria monocytogenes 

strains 

In accordance with the results presented by 

Maury et al. (2016), stating that L. 

monocytogenes CC121 (Serovar group 1/2a, 3a, 

lineage II) and CC9 (Serovar group 1/2c, 3c, 

lineage II) are usually food-associated clones, in 

this study, these were the most commonly 

detected Listeria monocytogenes clonal 

complexes (ST121/CC121, n=10; ST9/CC9, 

n=13; ST580/CC9, n=1). Although no relevant 

antimicrobial resistance genes were detected in 

these strains, the Tn6188_qac (emrC) gene, 

known to be associated with resistance to 

quaternary ammonium compounds (QACs) 

(Müller et al., 2013), was detected in one of the 

strains belonging to CC9 (strain number 72, ST9) 

(Table 1, Suppl. Table 1). In addition, it is 

important to note that Stress survival islet (SSI)-

1 was detected in all CC9 strains and Stress 

survival islet (SSI)-2 was detected in all CC121 

strains (Table 1, Suppl. Table 1). Stress Survival 

Islets (SSI) are genomic regions that enhance 

Listeria monocytogenes ability to survive under 

harsh environmental conditions, particularly in 

food production environments. Stress survival 

islet (SSI)-1 enhances survival under acidic, bile, 

salt, and gastric stress conditions, contributing 

to L. monocytogenes' ability to persist in food 

environments and survive food-related stressors 

like low pH and high salt concentrations (Ryan et 

al., 2010; Ryan et al., 2009; Begley et al., 2005; 

Wiktorczyk-Kapischke et al., 2023). Stress 

survival islet (SSI)-2 provides resistance to 

alkaline and oxidative stress and is crucial for 

survival in environments with cleaning agents 

and disinfectants, helping L. monocytogenes to 

persist despite high hygiene standards (Harter et 

al., 2017; Wiktorczyk-Kapischke et al., 2023). 

Like this study, SSI-2 was already associated to 

ST121 by others (Harter et al., 2017). Moreover, 

supporting the idea that L. monocytogenes 

strains belonging to CC121 and CC9 have low 

infectious potential, all these strains presented 

premature stop codons in the Internalin A gene 

(inlA) (Figure 1). Internalin A is a key surface 

protein that plays a crucial role in L. 

monocytogenes' ability to invade human 

intestinal epithelial cells (Lecuit et al., 1997), and 

a truncated version of this gene is known to lead 

to a reduced ability to invade host cells 

(Nightingale et al., 2008). 

Strains with low infectious potential, such as 

those with truncated inlA genes, but with high 

stress tolerance, may act as reservoirs of stress 

resistance genes, potentially transferring them to 

more virulent strains via horizontal gene 
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transfer. Additionally, the ability of these strains 

to persist and spread in food chains could still 

pose a public health risk, especially to 

immunocompromised individuals. In this study, 

two of these strains (strain 136 (ST9) and 199 

(ST121)), are genetically close (≤7 ADs) to isolates 

from human samples that are part of the EFSA-

ECDC One Health WGS database, as of March 

11, 2026. However, such genomic similarity 

alone does not establish a direct epidemiological 

link. 

CC155, CC19, CC87 and CC2 Listeria 

monocytogenes strains 

In this study, CC155/ ST155 (n=9) (Serovar 

group 1/2a, 3a; lineage II), CC19/ST378 (n=9) 

(Serovar group 1/2a, 3a; lineage II), CC87/ ST87 

(n=9) (Serovar group 1/2b, 3b, 7;  lineage I)  and 

CC2/ ST2 (n=7) (Serovar group 4b, 4d, 4e; 

lineage I)  were other of the Clonal Complexes 

(CC)/Sequence Types (ST) more frequently 

detected in the studied L. monocytogenes strains. 

Five out of the nine (5/9) CC155/ ST155, 9/9 

of CC19/ ST378 and 6/9 of CC87/ ST87 strains 

were identified as genetically close to L. 

monocytogenes strains isolated from human 

samples, present in EFSA-ECDC One Health 

WGS database, as of March 11, 2026 (Figure 1), 

which suggest genomic similarity across sectors, 

and, consequently, that these strains may be 

potentially capable of invading host cells, 

crossing barriers (e.g. intestinal, placental, 

blood-brain), and causing systemic disease 

(Figure 1).  

Looking specifically to CC155 strains, we 

observe that the Stress survival islet (SSI)-1 

(related to acid, bile, salt, and gastric stress 

resistance) was detected in all of them (9/9), 

which may lead to their persistence in food 

environments despite cleaning and disinfection. 

Moreover, Tn6188_qac transposon (emrC gene) 

(implicated in quaternary ammonium 

compounds (QACs) resistance) and tetM gene 

were detected in one out of the nine (1/9) strains 

of these clonal complexes (strains 59 and 125, 

respectively) (Table 1). The detection of the tetM 

gene in L. monocytogenes indicates resistance to 

tetracycline. Although tetracycline is not a first-

line treatment for listeriosis in humans, the 

presence of the tetM gene may help L. 

monocytogenes to survive in environments where 

antibiotics are present. Furthermore, these genes 

are often located on mobile genetic elements like 

plasmids or transposons (Haubert et al., 2016) 

which can facilitate horizontal gene transfer 

between bacteria. 

Although in this study, we could not detect 

any relevant antimicrobial/ disinfectant 

resistance genes in L. monocytogenes strains of 

CC19/ST378, seven out of nine (7/9) of these 

strains contained the inlP4 gene (Figure 1). This 

gene, encoding a novel internalin protein, is 

rarely found in L. monocytogenes, but when 

present, may enhance virulence, increasing 

outbreak potential. In fact, this gene was already 

found in outbreak strains such as QOC1, which 

caused 14 cases and 5 deaths during a multi-

country listeriosis outbreak in Austria, Germany, 

and the Czech Republic (Harter et al., 2019). 

Listeria monocytogenes CC87 strains were, in 

this study, the ones where the Tn6188_qac 

(carrying the emrC gene) was more prevalent, 

with 6/8 of the strains containing this gene 

(Table 1). As already stated, strains with emrC 

show reduced sensitivity to quaternary 

ammonium compounds (QACs) (Müller et 

al.,2013), common disinfectants in food 

processing, making them potentially persistent 

strains (Kawacka et al., 2024) that can spread in 

food facilities and be a source of contamination. 

Moreover, Tn6188 is potentially transferable, 

meaning emrC can disseminate to other Listeria 

strains or even to other species, contributing to 

the spread of disinfectant resistance. It is also 

important to emphasize that all CC87 strains 

contained a complete Listeria Pathogenicity 

Island 4 (LIPI-4) (Figure 1). LIPI-4 is a virulence 

gene cluster in L. monocytogenes that enhances 

colonization and cellular invasion (Liu et al., 

2025) and plays a critical role in neuroinvasive 

and maternal-fetal infections (Maury et al., 

2016). The detection of this Pathogenicity Island 

in CC87 L. monocytogenes strains has already 

been reported by others (Lake et al., 2021; Wang 

et al., 2019), indicating the hypervirulent 

character of this clonal complex. The 

combination of virulence and resistance traits in 

these strains makes them particularly 

concerning. 

Although the CC2 L. monocytogenes strains 

here studied have not yet been genetically linked 

with others isolated from human samples, 

available in the EFSA-ECDC One Health WGS 

database, as of March 11, 2026, CC2 is usually 

an infection-associated clonal complex (Maury et 

al., 2016). It is important to note that the failure 
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to detect a genetic link between these strains and 

clinical strains does not mean that they have not 

caused disease. Infection depends on host 

susceptibility. If the exposed population is 

generally healthy, even virulent strains may not 

lead to hospitalization. Moreover, not all 

hospitalized individuals with listeriosis undergo 

genetic characterization of the detected strains. 

Without whole-genome sequencing, it's hard to 

establish links between foodstuffs and clinical 

isolates. In this study, a complete or almost 

complete Listeria Genomic Island- 2 (LGI-2) was 

detected in all CC2 strains. LGI-2 contains genes 

that confer resistance to arsenic and cadmium, 

and genes putatively implicated in DNA 

integration, conjugation, and pathogenicity 

(Briers et al., 2011; Parson et al., 2017; 

Wiktorczyk-Kapischke et al., 2023). LGI-2 is 

especially prevalent in serotype 4b strains, and 

is frequently found in clonal complexes CC1, 

CC2, and CC4, which are known for their 

enhanced virulence. LGI-2 exhibits sequence and 

integration site diversity, which allows it to 

mobilize accessory genes, potentially 

contributing to the evolution of new virulent or 

resistant strains (Lee et al., 2017; Wiktorczyk-

Kapischke et al., 2023). 

CC8, CC3, CC1, CC37, CC5, CC6, CC204, 

CC388 and CC87 Listeria monocytogenes 

strains  

In this work, CC8, CC3, CC1, CC37, CC5, CC6, 

CC204, CC388, and CC87 were the least 

frequently detected L. monocytogenes clonal 

complexes. From these strains (a total of 19), only 

three, out of the four belonging to CC8, were 

found to be genetically close to others isolated 

from human samples, present in the EFSA-

ECDC One Health WGS database, as of March 

11, 2026. However, several of these strains 

contained important pathogenicity/resistance 

traits that can be of concern. 

Regarding pathogenicity markers, all the 

strains from CC3/ST3 (n=3), CC1/ST1 (n=2), 

CC6/ST6 (n=2), and CC87/ST489 (n=1) (all 

lineage I strains), contained at least five of the 

eight LIPI-3 tested genes, with four of these 

strains holding a complete LIPI-3. LIPI-3 is a 

pathogenicity island that encodes Listeriolysin S 

(LLS), a post-translational modified peptide that 

exhibits properties of both bacteriocin and 

hemolytic cytotoxic factor. In accordance with 

others stating that the LLS cluster is merely 

present in the subset of line I strains, implicated 

in the majority of human listeriosis outbreaks 

(Cotter et al., 2008; Meza-Torres et al., 2021; 

Wiktorczyk-Kapischke et al., 2023), in this study, 

all L. monocytogenes strains containing LIPI-3 

belong to lineage I. It is still important to note 

that llsx was detected in seven of the eight strains 

here studied containing LIPI-3 genes. Vilchis-

Rangel et al. showed a strong relationship 

between the presence of llsx and L. 

monocytogenes invasiveness (Vilchis-Rangel et 

al., 2019). Among the L. monocytogenes clonal 

complexes less frequently detected, LIPI-4 was 

detected in one belonging to CC388. 

When looking at the resistance traits present 

in the less frequently detected clonal complexes, 

it is worth mentioning that SSI-1 was found in all 

L. monocytogenes strains of CC8, CC3, CC5, and 

CC87. Strains of CC5 also contained the brcABC 

cassette. The brcABC cassette encodes efflux 

pumps that transport benzalkonium chloride out 

of bacterial cells, conferring resistance to this 

commonly used disinfectant in food processing 

environments (Møretrø et al., 2017). Strains 

carrying this cassette are more likely to persist in 

food production facilities, increasing the risk of 

cross-contamination of ready-to-eat products. 

Moreover, this brcABC cassette is often located 

on plasmids (Elhanafi et al., 2010; Dutta et al., 

2013), which facilitates the horizontal gene 

transfer between strains. Finally, it’s relevant to 

mention the detection of the aminoglycoside 

antibiotic resistance gene aacA4 in the CC204 

strain (Table 1). Since aminoglycoside antibiotics 

(like gentamicin) are sometimes used in 

combination therapies for listeriosis, the 

presence of aacA4 may compromise therapeutic 

strategies. Furthermore, this gene is often found 

in mobile genetic elements facilitating gene 

transfer between bacteria (Fischer et al., 2020; Ji 

et al., 2023). 

The genotyping of the 76 L. monocytogenes 

strains revealed a diverse array of pathogenicity 

islands (e.g., LIPI-1, LIPI-3, LIPI-4) and 

resistance determinants, including SSI-1, SSI-2, 

tetM, aacA4, the bcrABC cassette, and 

Tn6188_qac transposon. The co-occurrence of 

multiple virulence and resistance genes 

underscores the adaptive potential of these 

strains to both host environments and 

antimicrobial/ disinfectant pressures. These 

findings have significant public health 

implications, as they highlight the risk of 
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persistent, highly virulent, and disinfectant-

resistant L. monocytogenes strains in food 

production facilities. Enhanced surveillance and 

targeted control strategies are essential to 

mitigate the threat these strains pose to food 

safety and human health. 

Salmonella spp 

All four Salmonella spp. serovars detected in this 

study (Goettingen (ST20), Derby (ST682), Agona 

(ST13), and monophasic Thyphimurium- 1,4, 

[5],12:i (ST34)) are of relevance.  

Monophasic S. Typhimurium 1,4,[5],12:i, is 

one of the top three leading Salmonella serovars 

in humans, in the European Union (EFSA, 2018), 

being considered a generalist serovar, which has 

been detected in diverse continents and types of 

animal-based food samples (Ferrari et al., 2019). 

In this study, this serovar was detected in poultry 

and pork-based samples. The monophasic S. 

Typhimurium strains here sequenced are both 

multidrug-resistant, with one of them being 

resistant to five major antibiotic classes 

(Aminoglycosides, β-lactams, Sulfonamides, 

Tetracyclines, and Fluoroquinolones). The 

spread of these strains throughout food chains 

can constitute a risk for the occurrence of 

outbreaks that are hard to control, and with 

treatment options limited to last-resort drugs. 

Furthermore, many of these genes may be on 

mobile genetic elements, increasing the risk of 

horizontal gene transfer to other pathogens 

(Algarni et al., 2022). Salmonella spp. virulence 

genes evaluation (Figure 2) revealed that the 

Typhimurium serotype uniquely harbours five 

virulence-associated genes (sseI, sseK2, gogB, 

sspH2 and sodCI), which were absent in the 

Agona, Derby and Gottingen strains. Four of 

these genes -sseI, sseK2, gogB, and sspH2- 

encode effector proteins secreted via the Type III 

Secretion System (TTSS) and are known to 

modulate host immune responses, promote 

intracellular survival, and facilitate systemic 

dissemination (Worley et al., 2025; Jennings et 

al., 2017), while sodCI encodes a periplasmic 

superoxide dismutase (SOD) that plays a crucial 

role in the bacterium’s ability to survive and 

propagate within host macrophages and 

contribute to virulence (Tidhar et al., 2015). The 

presence of these genes on Typhimurium strains 

may contribute to enhanced virulence and 

broader host range as compared to the other 

analyzed serotypes. The two Typhimurium 

strains, here studied, were identified as 

genetically similar (≤10 ADs) to others isolated 

from human samples, available in the EFSA-

ECDC One Health WGS database, as of March 

11, 2026. 

Derby and Agona serovars, although not yet 

among the leading causes of human outbreaks 

are widely distributed throughout continents, 

frequently associated with pork and poultry, and, 

because of this, careful monitoring is 

recommended (Ferrari et al., 2019). It is worth 

mentioning that Agona’s serovar here studied 

carries the fosA7 gene (Table 2). The high 

dissemination of fosfomycin-resistant bacterial 

strains poses a crucial threat to public health, 

since this antimicrobial has been reintroduced 

into clinical use for the treatment of patients with 

difficult-to-treat infections (Monte et al., 2023). 

Regarding the virulence genes present in the 

strains belonging to these serovars, we could 

observe that the Derby strain contains two genes 

not detected in the other serovars- sspH1 and 

shdA.  The detection of these genes in the 

Salmonella Derby strain suggests an enhanced 

potential for intestinal persistence and systemic 

virulence, raising public health concerns. The 

shdA gene encodes an outer membrane protein 

that binds fibronectin, facilitating Salmonella 

adherence to the intestinal mucosa and 

contributing to long-term colonization and fecal 

shedding in the host (Kingsley et al., 2003). The 

sspH1 gene encodes the NEL-domain E3 

ubiquitin ligase secreted by the Type III Secretion 

System (TTSS) that contributes to intracellular 

survival and immune evasion (Herod et al., 

2022). 

In this study, we have further identified a 

cluster of Salmonella Gottingen strains. Although 

a less-characterized serovar, all Goettingen 

strains here studied carry the cdtB gene, which 

indicates the presence of a potentially more 

virulent lineage capable of producing cytolethal 

distending toxin, which can damage host cells 

and contribute to disease severity (Mezal et al., 

2014). These strains were identified as 

genetically close to others isolated from human 

samples, present in the EFSA-ECDC One Health 

WGS database, as of March 11, 2026. These 

findings reinforce the importance of genomic 

surveillance in identifying and assessing the risk 

posed by the presence of diverse Salmonella 

serovars in the food chain. 
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Listeria monocytogenes and Salmonella spp. 

clustering analysis 

Core-genome clustering analyses of Listeria 

monocytogenes and Salmonella spp. isolates 

demonstrate the complexity of contamination 

routes and reveal the potential for both localized 

and widespread dissemination of genetically 

related strains throughout the food production 

chain. Several clusters contained strains 

genetically similar to human clinical isolates, 

underscoring their public health significance. 

The frequent co-occurrence of L. monocytogenes 

in more than half of the Salmonella-positive 

samples further underscores the necessity for 

integrated surveillance and control strategies 

within the food production chain. 

Several limitations of this study should be 

considered when interpreting the results. First, 

convenience sampling may not fully represent all 

meat products available in Portugal. Although 

samples were obtained from a relatively large 

number of retail locations and regions, the non-

randomized design could introduce selection 

bias. The acquisition of samples by the authors 

acting as consumers was intended to minimize 

alterations in retail handling practices and 

limited control over product traceability, 

particularly for unpackaged products. 

Additionally, the uneven geographical 

distribution of sample types, such as raw burgers 

and sliced meats, being restricted to the Lisbon 

metropolitan area, may constrain comparisons 

across product categories at the national level. 

These limitations should be considered when 

extrapolating the findings to the broader market. 

Conclusion 

This study identified multiple and diverse Listeria 

monocytogenes and Salmonella spp. strains in 

the tested meat products, many of which possess 

virulence factors, antimicrobial resistance genes, 

and stress tolerance mechanisms. Several 

isolates demonstrated genetic proximity to 

clinical strains, underscoring their potential 

involvement in human infection. Future research 

should employ more structured and randomized 

sampling strategies to enhance 

representativeness and strengthen source 

attribution. Greater integration of 

microbiological data with epidemiological 

investigations is essential. Specifically, 

systematic food-consumption inquiries for cases 

of listeriosis and salmonellosis, alongside efforts 

to collect and analyze food samples linked to 

reported cases when feasible, would 

substantially improve the ability to establish 

connections between clinical cases and food 

sources. The presented results emphasize the 

epidemiological contribution of laboratory-

integrated genomic surveillance and alerting on 

the importance of good hygiene practices and 

environmental control of surfaces to prevent the 

cross-contamination of foodstuffs with 

pathogenic and resistant bacteria, thus ensuring 

food safety and promoting consumers' health. 

Continued development and use of harmonized 

whole-genome sequencing surveillance systems, 

such as the EFSA-ECDC One Health database, 

will be critical for early detection of clusters and 

improved risk assessment. Strengthening 

collaboration between public health authorities, 

food safety agencies, and industry stakeholders 

remains the key to advancing foodborne disease 

surveillance and prevention. 
 

Article Information 

Funding. The acquisition of WGS-associated equipment used 

in this study was co-funded by the Health Emergency 

Preparedness and Response (HERA) grant 

“Grant/2021/PHF/23776” and the GenomePT project (POCI-

01-0145-FEDER-022184), supported by COMPETE 2020 – 

Operational Programme for Competitiveness and 

Internationalisation (POCI), Lisboa Portugal Regional 

Operational Programme (Lisboa2020), Algarve Portugal 

Regional Operational Programme (CRESC Algarve2020), 

under the PORTUGAL 2020 Partnership Agreement, through 

the European Regional Development Fund (ERDF), and by 

the Portuguese Science and Technology Foundation (FCT).  

Conflict of interest. The authors declared that there is no 

conflict of interest. 

Authors´ contribution: The corresponding author ensures 

that no inappropriate co-authors are included on the paper, 

and that all co-authors have seen and approved the final 

version of the paper and have agreed to its submission for 

publication. Authors’ contribution: Conceptualization: CBC, 

MS, RB, RF; Methodology: AC, ACC, CF, CVF, JR, MJB, RB, 

RF, SM; Formal analysis: RB; Supervision: CBC, RF, RB; 

Validation: CBC, MS, RB; Writing- original draft: RB; Writing- 

review and editing: All authors. 

Acknowledgments: We acknowledge the Bioinformatic 

Department of the National Institute of Health Doctor 

Ricardo Jorge, for the upload of Listeria 

monocytogenes and Salmonella spp. WGS sequences 

on the European Nucleotide Archive (ENA). 

Supplementary Materials: Supplementary Table 1: 

Summary of the obtained results. 

Publisher’s Note. The claims and data contained in this 

manuscript are solely those of the author(s) and do not 

represent those of the GMPC publisher, editors, or reviewers. 

GMPC publisher and the editors disclaim the responsibility 

for any injury to people or property resulting from the 

contents of this article. 

 



43  

References 

Algarni, S., Ricke, S.C., Foley, S.L., Han, J. 2022. The 

dynamics of the antimicrobial resistance mobilome of 

Salmonella enterica and related enteric bacteria. Frontiers 

in Microbiology 13, 859854. 

https://doi.org/10.3389/fmicb.2022.859854   

Ali, S., Alsayeqh, A.F. 2022. Review of major meat-borne 

zoonotic bacterial pathogens. Frontiers in Public Health 

10, 1045599. 

https://doi.org/10.3389/fpubh.2022.1045599   

Begley, M., Sleator, R.D., Gahan, C.G., Hill, C. 2005. 

Contribution of three bile-associated loci, bsh, pva, and 

btlB, to gastrointestinal persistence and bile tolerance of 

Listeria monocytogenes. Infection and Immunity 73, 894–

904. https://doi.org/10.1128/IAI.73.2.894-904.2005   

Bortolaia, V., Kaas, R.S., Ruppe, E., Roberts, M.C., Schwarz, 

S., Cattoir, V., et al., 2020. ResFinder 4.0 for predictions 

of phenotypes from genotypes. Journal of Antimicrobial 

Chemotherapy 75, 3491–3500. 

https://doi.org/10.1093/jac/dkaa345   

Briers, Y., Klumpp, J., Schuppler, M., Loessner, M.J. 2011. 

Genome sequence of Listeria monocytogenes Scott A, a 

clinical isolate from a food-borne listeriosis outbreak. 

Journal of Bacteriology 193, 4284–4285. 

https://doi.org/10.1128/JB.05328-11   

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., 

Papadopoulos, J., Bealer, K., et al., 2009. BLAST+: 

architecture and applications. BMC Bioinformatics 10, 

421. https://doi.org/10.1186/1471-2105-10-421   

Cotter, P.D., Draper, L.A., Lawton, E.M., Daly, K.M., Groeger, 

D.S., Casey, P.G., et al., 2008. Listeriolysin S, a novel 

peptide haemolysin associated with a subset of lineage I 

Listeria monocytogenes. PLoS Pathogens 4, e1000144. 

https://doi.org/10.1371/journal.ppat.1000144   

Dutta, V., Elhanafi, D., Kathariou, S. 2013. Conservation and 

distribution of the benzalkonium chloride resistance 

cassette bcrABC in Listeria monocytogenes. Applied and 

Environmental Microbiology 79, 6067–6074. 

https://doi.org/10.1128/AEM.01751-13   

Elhanafi, D., Dutta, V., Kathariou, S., 2010. Genetic 

characterization of plasmid-associated benzalkonium 

chloride resistance determinants in a Listeria 

monocytogenes strain from the 1998–1999 outbreak. 

Applied and Environmental Microbiology 76, 8231–8238. 

https://doi.org/10.1128/AEM.02056-10   

European Commission, 2020. Commission Regulation (EC) 

Nº 2073/2005 on microbiological criteria for foodstuffs 

(consolidated version). Official Journal of the European 

Union L338, 1–26. Available at Regulation - 2073/2005 - 

EN - EUR-Lex, accessed on 20th January 2026. 

European Food Safety Authority, EFSA, European Centre for 

Disease Prevention and Control, ECDC, 2024. The 

European Union One Health 2023 Zoonoses report. EFSA 

Journal 22, e9106. 

https://doi.org/10.2903/j.efsa.2024.9106   

European Food Safety Authority, EFSA, European Centre for 

Disease Prevention and Control, ECDC, 2018. The 

European Union summary report on trends and sources of 

zoonoses, zoonotic agents and food-borne outbreaks in 

2017. EFSA Journal 16, e05500. 

https://doi.org/10.2903/j.efsa.2018.5500   

Ferrari, R.G., Rosario, D.K.A., Cunha Neto, A., Mano, S.B., 

Figueiredo, E.E.S., Conte Junior, C.A. 2019. Worldwide 

epidemiology of Salmonella serovars in animal-based 

foods: a meta-analysis. Applied and Environmental 

Microbiology 85, e00591-19. 

https://doi.org/10.1128/AEM.00591-19   

Fischer, M.A., Wamp, S., Fruth, A., Allerberger, F., Flieger, 

A., Halbedel, S. 2020. Population structure guided 

profiling of antibiotic resistance patterns in clinical Listeria 

monocytogenes isolates from Germany identifies pbpB3 

alleles associated with low levels of cephalosporin 

resistance. Emerging Microbes & Infections 9, 1804–1813. 

https://doi.org/10.1080/22221751.2020.1799722    

Harter, E., Lassnig, C., Wagner, E.M., Zaiser, A., Wagner, M., 

Rychli, K. 2019. The novel internalins InlP1 and InlP4 and 

the internalin-like protein InlP3 enhance the pathogenicity 

of Listeria monocytogenes. Frontiers in Microbiology 10, 

1644. https://doi.org/10.3389/fmicb.2019.01644   

Harter, E., Wagner, E.M., Zaiser, A., Halecker, S., Wagner, 

M., Rychli, K. 2017. Stress Survival Islet 2, predominantly 

present in Listeria monocytogenes strains of Sequence Type 

121, is involved in the alkaline and oxidative stress 

responses. Applied and Environmental Microbiology 83, 

e00827-17. https://doi.org/10.1128/AEM.00827-17   

Haubert, L., Mendonça, M., Lopes, G.V., de Itapema Cardoso, 

M.R., da Silva, W.P. 2016. Listeria monocytogenes isolates 

from food and food environment harbouring tetM and 

ermB resistance genes. Letters in Applied Microbiology 62, 

23–29. https://doi.org/10.1111/lam.12516  

Herod, A., Emond Rheault, J.G., Tamber, S., Goodridge, L., 

Lévesque, R.C., Rohde, J. 2022. Genomic and phenotypic 

analysis of SspH1 identifies a new Salmonella effector, 

SspH3. Molecular Microbiology 117, 770–789. 

https://doi.org/10.1111/mmi.14871  

International Organization for Standardization, ISO, 2017. 

ISO 11290 1:2017. Microbiology of the food chain: 

Horizontal method for the detection and enumeration of 

Listeria monocytogenes and Listeria spp. Part 1: Detection 

method. 2nd ed. Geneva: ISO. 

International Organization for Standardization, ISO, 2017. 

ISO 11290 2:2017. Microbiology of the food chain: 

Horizontal method for the detection and enumeration of 

Listeria monocytogenes and Listeria spp. Part 2: 

Enumeration method. 2nd ed. Geneva: ISO. 

International Organization for Standardization, ISO, 2020. 

ISO 6579 1:2017/Amd1:2020. Microbiology of the food 

chain: Horizontal method for the detection, enumeration, 

and serotyping of Salmonella. Part 1: Detection of 

Salmonella spp. Amendment 1. Geneva: ISO. 

International Organization for Standardization, ISO, 2024. 

ISO 7218:2024. Microbiology of the food chain — General 

requirements and guidance for microbiological 

examinations. Geneva: ISO. 

International Organization for Standardization, ISO, 2015. 

ISO/TS 17728:2015. Microbiology of the food chain: 

Sampling techniques for microbiological analysis of food 

and feed samples. 1st ed. Geneva: ISO. 

Jenkins, C., Dallman, T.J., Grant, K.A. 2019. Impact of whole 

genome sequencing on the investigation of food-borne 

outbreaks of Shiga toxin-producing Escherichia coli 

serogroup O157:H7, England, 2013 to 2017. 

Eurosurveillance 24, 1800346. 

https://doi.org/10.2807/1560-

7917.ES.2019.24.4.1800346    

Jennings, E., Thurston, T.L.M., Holden, D.W. 2017. 

Salmonella SPI 2 Type III secretion system effectors: 

Molecular mechanisms and physiological consequences. 

https://doi.org/10.3389/fmicb.2022.859854
https://doi.org/10.3389/fpubh.2022.1045599
https://doi.org/10.1128/IAI.73.2.894-904.2005
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1128/JB.05328-11
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1371/journal.ppat.1000144
https://doi.org/10.1128/AEM.01751-13
https://doi.org/10.1128/AEM.02056-10
https://eur-lex.europa.eu/eli/reg/2005/2073/oj/eng
https://eur-lex.europa.eu/eli/reg/2005/2073/oj/eng
https://doi.org/10.2903/j.efsa.2024.9106
https://doi.org/10.2903/j.efsa.2018.5500
https://doi.org/10.1128/AEM.00591-19
https://doi.org/10.1080/22221751.2020.1799722
https://doi.org/10.3389/fmicb.2019.01644
https://doi.org/10.1128/AEM.00827-17
https://doi.org/10.1111/lam.12516
https://doi.org/10.1111/mmi.14871
https://doi.org/10.2807/1560-7917.ES.2019.24.4.1800346
https://doi.org/10.2807/1560-7917.ES.2019.24.4.1800346


44  

Cell Host & Microbe 22, 217–231. 

https://doi.org/10.1016/j.chom.2017.07.009   

Ji, S., Song, Z., Luo, L., Wang, Y., Li, L., Mao, P., et al., 2023. 

Whole genome sequencing reveals genomic 

characterization of Listeria monocytogenes from food in 

China. Frontiers in Microbiology 13, 1049843. 

https://doi.org/10.3389/fmicb.2022.1049843   

Kawacka, I., Olejnik Schmidt, A. 2024. Gene emrC associated 

with resistance to quaternary ammonium compounds is 

common among Listeria monocytogenes from meat 

products and meat processing plants in Poland. Antibiotics 

(Basel) 13, 749. 

https://doi.org/10.3390/antibiotics13080749   

Kingsley, R.A., Humphries, A.D., Weening, E.H., De Zoete, 

M.R., Winter, S., Papaconstantinopoulou, A., et al., 2003. 

Molecular and phenotypic analysis of the CS54 island of 

Salmonella enterica serotype Typhimurium: identification 

of intestinal colonization and persistence determinants. 

Infection and Immunity 71, 629–640. 

https://doi.org/10.1128/IAI.71.2.629-640.2003   

Kovac, J., Dudley, E.G., Nawrocki, E.M., Yan, R., Chung, T., 

2021. Whole genome sequencing: the impact on foodborne 

outbreak investigations. In: Cifuentes, A., ed. 

Comprehensive Foodomics, Elsevier, Oxford, 147–159. 

https://doi.org/10.1016/B978-0-08-100596-5.22697-8  

Lake, F.B., van Overbeek, L.S., Baars, J.J.P., Koomen, J., 

Abee, T., den Besten, H.M.W. 2021. Genomic 

characteristics of Listeria monocytogenes isolated during 

mushroom (Agaricus bisporus) production and processing. 

International Journal of Food Microbiology 360, 109438. 

https://doi.org/10.1016/j.ijfoodmicro.2021.109438   

Lecuit, M., Ohayon, H., Braun, L., Mengaud, J., Cossart, P. 

1997. Internalin of Listeria monocytogenes with an intact 

leucine-rich repeat region is sufficient to promote 

internalization. Infection and Immunity 65, 5309–5319. 

https://doi.org/10.1128/IAI.65.12.5309-5319.1997   

Lee, S., Ward, T.J., Jima, D.D., Parsons, C., Kathariou, S. 

2017. The arsenic resistance-associated Listeria Genomic 

Island LGI2 exhibits sequence and integration site 

diversity and a propensity for three Listeria monocytogenes 

clones with enhanced virulence. Applied and 

Environmental Microbiology 83, e01189-17. 

https://doi.org/10.1128/AEM.01189-17   

Liu, C., Ma, X., Jia, B., Qian, R., Gao, S., Liu, L., et al., 2025. 

Function analysis of LIPI 4 in Listeria monocytogenes 

reveals a key role of flagella formation in the regulation of 

virulence. Virulence 16, 2543144. 

https://doi.org/10.1080/21505594.2025.2543144   

Maury, M.M., Tsai, Y.H., Charlier, C., Touchon, M., Chenal 

Francisque, V., Leclercq, A., et al., 2016. Uncovering 

Listeria monocytogenes hypervirulence by harnessing its 

biodiversity. Nature Genetics 48, 308–313. 

https://doi.org/10.1038/ng.3501  

Mezal, E.H., Bae, D., Khan, A.A. 2014. Detection and 

functionality of the CdtB, PltA, and PltB from Salmonella 

enterica serovar Javiana. Pathogens and Disease 72, 95–

103. https://doi.org/10.1111/2049-632X.12191   

Meza Torres, J., Lelek, M., Quereda, J.J., Sachse, M., 

Manina, G., Ershov, D., et al., 2021. Listeriolysin S: A 

bacteriocin from Listeria monocytogenes that induces 

membrane permeabilization in a contact-dependent 

manner. Proceedings of the National Academy of Sciences 

of the USA 118, e2108155118. 

https://doi.org/10.1073/pnas.2108155118   

Monte, D.F.M., Doi, Y., Lincopan, N. 2023. High prevalence 

and global distribution of fosfomycin resistance genes in 

Salmonella serovars. The Lancet Microbe 4, e968. 

https://doi.org/10.1016/S2666-5247(23)00261-6   

Møretrø, T., Schirmer, B.C.T., Heir, E., Fagerlund, A., Hjemli, 

P., Langsrud, S. 2017. Tolerance to quaternary ammonium 

compound disinfectants may enhance growth of Listeria 

monocytogenes in the food industry. International Journal 

of Food Microbiology 241, 215–224. 

https://doi.org/10.1016/j.ijfoodmicro.2016.10.025   

Moura, A., Criscuolo, A., Pouseele, H., Maury, M.M., Leclercq, 

A., Tarr, C., et al., 2016. Whole genome-based population 

biology and epidemiological surveillance of Listeria 

monocytogenes. Nature Microbiology 2, 16185. 

https://doi.org/10.1038/nmicrobiol.2016.185   

Müller, A., Rychli, K., Muhterem Uyar, M., Zaiser, A., Stessl, 

B., Guinane, C.M., et al., 2013. Tn6188 — a novel 

transposon in Listeria monocytogenes responsible for 

tolerance to benzalkonium chloride. PLoS One 8, e76835. 

https://doi.org/10.1371/journal.pone.0076835   

Nadon, C., Van Walle, I., Gerner Smidt, P., Campos, J., 

Chinen, I., Concepcion Acevedo, J., et al., 2017. PulseNet 

International: Vision for the implementation of whole 

genome sequencing (WGS) for global food-borne disease 

surveillance. Eurosurveillance 22, 30544. 

https://doi.org/10.2807/1560-

7917.ES.2017.22.23.30544   

Nightingale, K.K., Ivy, R.A., Ho, A.J., Fortes, E.D., Njaa, B.L., 

Peters, R.M., et al., 2008. inlA premature stop codons are 

common among Listeria monocytogenes isolates from foods 

and yield virulence-attenuated strains that confer 

protection against fully virulent strains. Applied and 

Environmental Microbiology 74, 6570–6583. 

https://doi.org/10.1128/AEM.00997-08   

Nouws, S., Bogaerts, B., Verhaegen, B., Denayer, S., Crombé, 

F., De Rauw, K., et al., 2020. The benefits of whole genome 

sequencing for foodborne outbreak investigation from the 

perspective of a National Reference Laboratory in a smaller 

country. Foods 9, 1030. 

https://doi.org/10.3390/foods9081030   

Parsons, C., Lee, S., Jayeola, V., Kathariou, S. 2017. Novel 

cadmium resistance determinant in Listeria 

monocytogenes. Applied and Environmental Microbiology 

83, e02580-16. https://doi.org/10.1128/AEM.02580-16   

Pushkarev, N. 2021. Meat production and consumption in 

Europe and public health: An exploration. European 

Public Health Alliance report. Available at: 

https://epha.org/wp-content/uploads/2021/10/meat-

production-consumption-in-europe-and-public-health-

an-exploration-final.pdf  

Ronholm, J., Nasheri, N., Petronella, N., Pagotto, F. 2016. 

Navigating microbiological food safety in the era of whole 

genome sequencing. Clinical Microbiology Reviews 29, 

837–857. https://doi.org/10.1128/CMR.00056-16   

Rossi, M., Santos da Silva, M., Ribeiro Gonçalves, B.F., Silva, 

D.N., Machado, M.P., Oleastro, M., et al., 2018. 

INNUENDO whole genome and core genome MLST 

schemas and datasets for Salmonella enterica. Zenodo. 

https://doi.org/10.5281/zenodo.1323684   

Ryan, S., Begley, M., Gahan, C.G., Hill, C. 2009. Molecular 

characterization of the arginine deiminase system in 

Listeria monocytogenes: regulation and role in acid 

tolerance. Environmental Microbiology 11, 432–445. 

https://doi.org/10.1111/j.1462-2920.2008.01782.x   

https://doi.org/10.1016/j.chom.2017.07.009
https://doi.org/10.3389/fmicb.2022.1049843
https://doi.org/10.3390/antibiotics13080749
https://doi.org/10.1128/IAI.71.2.629-640.2003
https://doi.org/10.1016/B978-0-08-100596-5.22697-8
https://doi.org/10.1016/j.ijfoodmicro.2021.109438
https://doi.org/10.1128/IAI.65.12.5309-5319.1997
https://doi.org/10.1128/AEM.01189-17
https://doi.org/10.1080/21505594.2025.2543144
https://doi.org/10.1038/ng.3501
https://doi.org/10.1111/2049-632X.12191
https://doi.org/10.1073/pnas.2108155118
https://doi.org/10.1016/S2666-5247(23)00261-6
https://doi.org/10.1016/j.ijfoodmicro.2016.10.025
https://doi.org/10.1038/nmicrobiol.2016.185
https://doi.org/10.1371/journal.pone.0076835
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.1128/AEM.00997-08
https://doi.org/10.3390/foods9081030
https://doi.org/10.1128/AEM.02580-16
https://epha.org/wp-content/uploads/2021/10/meat-production-consumption-in-europe-and-public-health-an-exploration-final.pdf
https://epha.org/wp-content/uploads/2021/10/meat-production-consumption-in-europe-and-public-health-an-exploration-final.pdf
https://epha.org/wp-content/uploads/2021/10/meat-production-consumption-in-europe-and-public-health-an-exploration-final.pdf
https://doi.org/10.1128/CMR.00056-16
https://doi.org/10.5281/zenodo.1323684
https://doi.org/10.1111/j.1462-2920.2008.01782.x


45  

Ryan, S., Begley, M., Hill, C., Gahan, C.G. 2010. A five gene 

stress survival islet (SSI 1) that contributes to the growth 

of Listeria monocytogenes in suboptimal conditions. 

Journal of Applied Microbiology 109, 984–995. 

https://doi.org/10.1111/j.1365-2672.2010.04726.x   

Tidhar, A., Rushing, M.D., Kim, B., Slauch, J.M. 2015. 

Periplasmic superoxide dismutase SodCI of Salmonella 

binds peptidoglycan to remain tethered within the 

periplasm. Molecular Microbiology 97, 832–843. 

https://doi.org/10.1111/mmi.13067  

Tîrziu, E., Bărbălan, G., Morar, A., Herman, V., Cristina, R.T., 

Imre, K. 2020. Occurrence and antimicrobial susceptibility 

profile of Salmonella spp. in raw and ready-to-eat foods 

and Campylobacter spp. in retail raw chicken meat in 

Transylvania, Romania. Foodborne Pathogens and Disease 

17, 479–484. https://doi.org/10.1089/fpd.2019.2738   

Van Walle, I., Björkman, J.T., Cormican, M., Dallman, T., 

Mossong, J., Moura, A., et al., 2018. Retrospective 

validation of whole genome sequencing enhanced 

surveillance of listeriosis in Europe, 2010 to 2015. 

Eurosurveillance 23, 1700798. 

https://doi.org/10.2807/1560-

7917.ES.2018.23.33.1700798   

Vázquez Boland, J.A., Kuhn, M., Berche, P., Chakraborty, T., 

Domínguez Bernal, G., Goebel, W., et al., 2001. Listeria 

pathogenesis and molecular virulence determinants. 

Clinical Microbiology Reviews 14, 584–640. 

https://doi.org/10.1128/CMR.14.3.584-640.2001   

Vilchis Rangel, R.E., Espinoza Mellado, M.D.R., Salinas 

Jaramillo, I.J., Martínez Peña, M.D., Rodas Suárez, O.R. 

2019. Association of Listeria monocytogenes LIPI 1 and LIPI 

3 marker llsX with invasiveness. Current Microbiology 76, 

637–643. https://doi.org/10.1007/s00284-019-01671-2   

Wang, Y., Luo, L., Li, Q., Wang, H., Wang, Y., Sun, H., et al., 

2019. Genomic dissection of the most prevalent Listeria 

monocytogenes clone, sequence type ST87, in China. BMC 

Genomics 20, 1014. https://doi.org/10.1186/s12864-

019-6399-1   

Wiktorczyk, K.N., Skowron, K., Wałecka, Z.E. 2023. Genomic 

and pathogenicity islands of Listeria monocytogenes — 

overview of selected aspects. Frontiers in Molecular 

Biosciences 10, 1161486. 

https://doi.org/10.3389/fmolb.2023.1161486   

Worley, M.J. 2025. Salmonella Type III Secretion System 

Effectors. International Journal of Molecular Sciences 26, 

2611. https://doi.org/10.3390/ijms26062611   

Zhang, H., Luo, X., Aspridou, Z., Misiou, O., Dong, P., Zhang, 

Y. 2023. The prevalence and antibiotic resistance of 

Listeria monocytogenes in livestock and poultry meat in 

China and the EU from 2001 to 2022: a systematic review 

and meta-analysis. Foods 12, 769. 

https://doi.org/10.3390/foods12040769  

Zhou, Z., Alikhan, N.F., Sergeant, M.J., Luhmann, N., Vaz, 

C., Francisco, A.P., et al., 2018. GrapeTree: visualization 

of core genomic relationships among 100,000 bacterial 

pathogens. Genome Research 28, 1395–1404. 

https://doi.org/10.1101/gr.232397.117  

 

  

https://doi.org/10.1111/j.1365-2672.2010.04726.x
https://doi.org/10.1111/mmi.13067
https://doi.org/10.1089/fpd.2019.2738
https://doi.org/10.2807/1560-7917.ES.2018.23.33.1700798
https://doi.org/10.2807/1560-7917.ES.2018.23.33.1700798
https://doi.org/10.1128/CMR.14.3.584-640.2001
https://doi.org/10.1007/s00284-019-01671-2
https://doi.org/10.1186/s12864-019-6399-1
https://doi.org/10.1186/s12864-019-6399-1
https://doi.org/10.3389/fmolb.2023.1161486
https://doi.org/10.3390/ijms26062611
https://doi.org/10.3390/foods12040769
https://doi.org/10.1101/gr.232397.117

