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A B S T R A C T   

Human listeriosis outbreaks are often associated with food products, which could be contaminated, at the same 
time, also by different clones of Listeria monocytogenes. This emphasize the need to type more than one L. 
monocytogenes isolate found in a single food or environmental sample. 

The purpose of the present study was to evaluate the presence of different L. monocytogenes strains in food and 
food production environment in order to understand if there is need to type more isolates from the same sample 
in case of presence of L. monocytogenes. Between 2011 and 2015, at the Italian National Reference Laboratory for 
L. monocytogenes, for each positive sample, from two to twenty-three isolates of L. monocytogenes were collected. 
All the isolates were characterized by conventional serotyping and pulsed field gel electrophoresis (PFGE). 
Moreover, isolates from the same sample, having indistinguishable PFGE profile, were subjected to whole 
genome sequencing in order to perform core genome Multi Locus Sequence Typing (cgMLST). 

Within each sample, more than one serotype and one pulsotype were found in 11.9% and 27.5%, respectively. 
For indistinguishable PFGE patterns the cgMLST analysis showed 96.2% of concordance demonstrating the 
added value of new sequencing technologies. 

This study has demonstrated the need to select and type more than one L. monocytogenes colony in one food or 
food environmental sample to detect the diversity of L. monocytogenes strains and facilitate downstream in-
vestigations and effective source attribution in foodborne outbreak inquiry.   

1. Introduction 

L. monocytogenes is a pathogen transmitted by food products that 
may cause listeriosis, a severe infection in humans that has been 
recognized around the world as a serious public health problem. 
Currently in Europe the number of L. monocytogenes outbreaks is higher 
than in previous years, although confirmed cases of listeriosis are stable 
(EFSA and ECDC (European Food Safety Authority and European Centre 
for Disease Prevention and Control), 2021). 

This disease may present either in its invasive form or as febrile 

gastroenteritis. The invasive form, which has a high mortality rate 
(20–30%), mainly affects the elderly and immunocompromised in-
dividuals, who may have different clinical symptoms such as septicemia, 
meningitis and meningoencephalitis (Montero et al., 2015). In infants 
and pregnant women, the invasive form can cause perinatal infections 
and spontaneous abortions, respectively. In contrast, febrile gastroen-
teritis caused by this pathogen is usually a self-limiting infection that 
generally affects healthy individuals after ingesting a large number of 
these bacteria from contaminated food products (Maurella et al., 2018). 

Human listeriosis outbreaks are always associated with 
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contaminated food products, although L. monocytogenes is known to be 
common in the natural environment (Montero et al., 2015). 

L. monocytogenes represents a threat for both food industry and 
consumers, due to its ability to tolerate extreme environmental condi-
tions, such as dry environments, wide range of pH values and at a broad 
temperature range. This is made possible by L. monocytogenes ability to 
regulate the cytoplasmic membrane fluidity, modifying the lipid 
composition (Flegler et al., 2021). In addition, genetic factors respon-
sible for the high adaptive capacity against physical–chemical factors 
confer at this pathogen the ability to produce biofilm, colonize and 
persist in food processing plant environment (Ricci et al., 2018). 

The serotype 4b (PCR serogroups IVb) of L. monocytogenes is 
considered the serotype associated with 50% of human outbreaks, 
whereas 1/2a strains are more frequently isolated from food (Burall 
et al., 2017; Maury et al., 2016). This could be not only due to the 
particular genetic characteristics of strains, which provide them with 
adequate capabilities to resist or grow under different conditions, but 
also the result of the possible failure of selective enrichment to detect all 
strains in a food contaminated with strains having diverse serotypes 
(Zilelidou et al., 2016). 

The main food sources attributed to human infections are milk and 
dairy products, vegetables, salads, fish and meat products (Ricci et al., 
2018; EFSA and ECDC (European Food Safety Authority and European 
Centre for Disease Prevention and Control), 2021; Kaptchouang 
Tchatchouang et al., 2020). Investigating the ecology and diversity L. 
monocytogenes in food products and in food production animals may 
yield valuable information on the potential sources of future human 
infections. 

Isolates derived by the selection of more than one colony in the same 
sample, can allow to highlight the presence of strains with different 
phenotypic and genotypic characteristics. Furthermore, strains detected 
from different sources and at different times, showing identical pheno-
typic and genotypic traits, suggest a common origin and can be defined 
as clones (van Belkum et al., 2007). It is well documented that mixed 
clones of L. monocytogenes may contaminate a single food sample. Ac-
cording to von Laer et al. (2009), the contamination caused by more 
than one L. monocytogenes strain, highlighted by the detection of 
different Pulsed-field-gel electrophoresis (PFGE) profiles in tested sam-
ples, may be linked to presence of L. monocytogenes from different sites of 
the food producing plants. Its results pointed out that several isolates 
from a single sample should be molecular typed in epidemiological and 
contamination studies (von Laer et al., 2009). 

Even if not frequently, the isolation of more than one strain can also 
occur analyzing clinical samples (Tham et al., 2013). Such a phenome-
non may not have any clinical relevance, although it may confuse the 
epidemiologist for surveillance, source attribution or foodborne 
outbreak investigation. 

In 2011 in the United States, the first listeriosis outbreak caused by 
several distinct clones of L. monocytogenes occurred (Laksanalamai et al., 
2012). The authors reported four different PFGE profiles isolated from 
patients, food producing environment, refrigerators and fruits. 

From an epidemiological point of view, the findings of different 
clones of L. monocytogenes in the same sample emphasize the need for 
typing more than one isolates from a single food sample (Tham et al., 
2013), particularly during foodborne outbreak investigation. 

In recent years the improvement of laboratory methods able to in-
crease the discriminatory capacity and phylogenetic analyses, such as 
whole genome sequencing (WGS) replaced the fingerprinting based on 
PFGE, that in the past was considered as the gold standard for L. mon-
ocytogenes subtyping (Brown et al., 2019; Ribot et al., 2019). 

The purpose of the present study was to carry out a retrospective 
study, starting from the results of the molecular characterization of the 
isolates detected in one food sample, to demonstrate if the selection of 
one isolate per positive sample is sufficient or not to give comprehensive 
data for epidemiological purposes, such as foodborne outbreak investi-
gation, prevalence and ecological studies. 

2. Materials and methods 

2.1. Strain collection 

The isolates collected by the Italian National Reference Laboratory 
for L. monocytogenes (It LNR Lm) were used to build the database, 
dividing all samples into 4 ready to eat (RTE) food categories (dairy 
products, meat products, fish and fishery products, composite dishes) 
and food processing environmental (FPE). 

The final dataset consisted of 1293 L. monocytogenes isolates (1076 
from 325 food samples and 217 from 43 environmental samples). The 
number of the samples and isolates considered in this study was yielded 
from a randomized sampling, therefore the number of positive samples 
and isolates analyzed did not represent the effective percentage of 
contamination of L. monocytogenes in different matrices. In particular, 
were analyzed 413 isolates from 102 dairy products samples, 331 iso-
lates from 115 meat products samples, 297 isolates from 97 fish and 
fishery products samples, 35 isolates from 11 composite dishes samples 
and 217 isolates from 43 FPE samples. 

The number of the isolates collected for each sample, sent by official 
laboratories and collected at the It NRL Lm, ranged from two to twenty- 
three as reported in Table 1. 

2.2. Serotyping 

All the L. monocytogenes isolates were serotyped according to the 
method described in the United States Food and Drug Administration 
Bacteriological analytical manual (Bennet and Weaver, 2001), using 
commercial sera for somatic (O) and flagellar (H) antigens (Denkan 
Seiken Co. Ltd., Tokyo, Japan). 

2.3. Pulsed-field gel electrophoresis 

L. monocytogenes isolates were characterized by PFGE, using the 
PulseNet protocol (PulseNet-International, 2017) involving the restric-
tion enzymes AscI and ApaI as described by Acciari et al. (2016). 

The analysis of PFGE gels was performed using BioNumerics soft-
ware version 7.5 (Applied Maths, Sint-Martens-Latem, Belgium). Den-
drograms for AscI and ApaI macrorestriction profiles (MRPs) were 
generated based on the Dice correlation coefficient for similarity, and 
the unweighted pair group method with arithmetic means (UPGMA) was 
employed for cluster analysis. Band matching was carried out at opti-
mization of 1% and position tolerance of 1% for both enzymes. 

Starting from the single similarity matrices for each enzyme, the 
software created a single combined matrix (pulsotype), obtained from 
the average of the values of the single tests; each matrix was considered 

Table 1 
Number of L. monocytogenes collected by It NRL Lm, isolated from each single 
positive sample.  

N. of Isolates collected 
from a single sample 

N. of positive environmental 
samples tested (N. of isolates) 

N. of positive food 
samples tested (N. of 
isolates) 

2 4 (8) 67 (134) 
3 13 (39) 195 (585) 
4 3 (12) 21 (84) 
5 13 (65) 33 (165) 
6 1 (6) 1 (6) 
7 1 (7) 1 (7) 
8 – 1 (8) 
9 – 2 (18) 
10 8 (80) – 
11 – 1 (11) 
14 – 1 (14) 
21 – 1 (21) 
23 – 1 (23) 
Total 43 (217) 325 (1076)  
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of equal importance, regardless of restriction enzyme. Pulsotypes were 
obtained combining AscI and ApaI MRPs. 

2.4. Whole genome sequencing 

A subset of 230 isolates (127 from 39 food samples and 103 from 14 
environmental samples) with indistinguishable pulsotype were selected 
for WGS. 

DNA was extracted using the Maxwell 16® Cell DNA purification kit 
(Promega Italia Srl, Milan, Italy) according to the manufacturer's pro-
tocol. DNA quality and concentration were measured by NanoDrop® 
Spectrophotometer (ThermoFisher Scientific, Wältham, MA, USA). 

Sequencing libraries were prepared with a Nextera XT library prep-
aration kit (Illumina Inc., San Diego, CA, USA) according to the pro-
ducers' instructions and sequenced in a NextSeq 500 Illumina platform, 
producing 150-bp paired-end reads (Illumina, San Diego, CA, USA). 

An in-house developed pipeline was used for the generation of draft 
genome assemblies (Cito et al., 2018), which included steps for trim-
ming with Trimmomatic v0.36 (Bolger et al., 2014) and quality control 
check of the reads (FastQC v0.11.5). De novo assembly of paired-end 
reads was performed with SPAdes v3.11.1 (Bankevich et al., 2012). 
Then, the genome assembly quality check was performed with QUAST 
v4.3 (Gurevich et al., 2013). 

Multi Locus Sequence Type (MLST) and core genome MLST 
(cgMLST) profiles (1748 loci) were extracted from the assemblies using 
the tool available on the BIGSdb-Lm platform hosted by Pasteur Insti-
tute, France (http://bigsdb.pasteur.fr/listeria) (Moura et al., 2016). 

Based on categorical differences in the allelic cgMLST profiles for 
each isolate, the Minimum Spanning Tree (MST) were built using the 
software online GrapeTree with parameters implemented in MSTree v2 
ignoring missing values (Zhou et al., 2018). 

2.5. Statistical analysis 

Associations between food categories and percentage of positive 
samples for two or more pulsotypes was analyzed through a Bayesian 
approach using a Beta distribution and its 95% confidence intervals 
(Gupta and Nadarajah, 2004). 

To evaluate association between pulsotypes and number of isolates 
per sample, Fisher exact test was calculated on the observed frequencies 
and significance per each condition (cell) was assessed (Fisher, 1954). 
Data analysis was performed using XLSTAT Version 2013.2.04 - 
Addinsoft 1995–2013. 

3. Results 

The final dataset consisted of 1293 L. monocytogenes isolates (1076 
from 325 food samples and 217 from 43 environmental samples), as 
summarized in Table 1. 

3.1. Serotyping 

Serotyping revealed that the 1293 isolates were grouped in seven 
serotypes (1/2a, 1/2b, 1/2c, 3a, 3b, 4b and 4d), the main serotype 
detected was 1/2a (61.6%) followed by serotype 1/2b (14.5%) and 
serotype 1/2c (13.9%) (Table 2). 

In 324 (88.1%) samples, only one serotype was detected. In 41 
samples (11.1%) two different serotypes, while in three (0.8%) samples 
three different serotypes were present (Table 3). 

Fig. 1 reports the number of different serotypes for each sample 
correlated to the number of isolates sent to It LNR Lm. 

3.2. Pulsed-field gel electrophoresis 

PFGE subtyping yielded 85 AscI and 121 ApaI different MRPs. 
Combined analysis with both enzymes produced 166 combined 

pulsotypes, 148 (89.16%) of them were reported only in one food 
category, 15 (9.04%) pulsotypes were found in two categories and only 
three (1.8%) pulsotypes were found in three food categories. 

In 267 samples (72.55%) only one pulsotype was reported, while in 
101 samples (27.45%) two or more pulsotypes were found. In Fig. 2, the 
distribution of pulsotypes as a function of the number of strains isolated 
from a single sample was represented. 

The number of pulsotypes found within a single sample was corre-
lated to the tested material. Fig. 3 reports the percentage of samples with 
two or more pulsotypes and the 95% of confidence intervals. 

In particular, the number of pulsotypes found in the fish matrix was 
significantly lower than the number of pulsotypes in the dairy products 
and composite dishes. Even if slightly above 0.05, the significance is 
relevant also in comparison with meat (p < 0.06). 

An association between a low isolates number with a low number of 
pulsotypes was observed as reported in Tables 4 and 5. In 324 of 368 
positive samples, the number of the pulsotypes detected was one or two. 
In only 21 samples more than two pulsotypes were detected, with sig-
nificance at the Fisher test (p < 0.001) (see Table 5). Lastly, in 19 
samples more than five isolates were subtyped. Because of the low 
number of samples considered, the statistical were not calculated. 

3.3. Whole genome sequencing 

Results of the selected subset of isolates, submitted for WGS testing, 
were summarized in detail in Figs. 4 to 6. 

All the strains detected in one sample were evaluated building a 
Minimum Spanning tree for each RTE food results in order to find 
additional genetic differences. The minimum number of called loci was 
1714 (98%) of the 1748 included in the Lm cgMLST scheme. Samples 
with indistinguishable PFGE profile strains, showed less than seven 
allelic differences in 96.2% (<0.408% mismatched loci). Only two 
samples with indistinguishable PFGE profile showed eight and fifteen 
alleles differences. 

4. Discussion 

The present study reports typing of 1293 L. monocytogenes isolates 
from 368 RTE food and environmental samples. More than one strain 
was detected in 30.4% of tested samples, highlighting genetic vari-
ability, showing different serotypes, pulsotypes or WGS patterns. 

Table 2 
L. monocytogenes serotyping: number of strains for each serotype and sample 
origin.  

Serotype Total number of 
collected strains 
(%) 

Number of strains 
from food samples 
(%) 

Number of strains from 
environmental samples 
(%) 

1/2a 797 (61.6) 633 (58.8) 164 (75.6) 
1/2b 187 (14.5) 149 (13.8) 38 (17.5) 
1/2c 180 (13.9) 177 (16.4) 3 (1.4) 
4b 78 (6) 67 (6.2) 11 (5.1) 
3a 39 (3) 39 (3.6) 0 (0.0) 
4d 9 (0.7) 8 (0.7) 1 (0.5) 
3b 3 (0.2) 3 (0.3) 0 (0.0) 
Total 1293 1076 217  

Table 3 
L. monocytogenes serotyping: serotypes found in a single sample.  

Number of 
serotypes 

Number of food 
samples (%) 

Number of 
environmental samples 

Total number of 
samples(%) 

1 284 (87.4) 40 (93) 324 (88.1) 
2 38 (11.7) 3 (7) 41 (11.1) 
3 3 (0.9) 0 3 (0.8) 
Total 325 43 368  
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The most common serovar detected was 1/2a, both in food (58.8%) 
and in environmental samples (75.6%) which is in agreement with 
previous studies in several countries (Braga et al., 2017; O'Connor et al., 
2010). Usually the 1/2a strains are commonly detected in foods, and 
food environments, but it was reported also in listeriosis cases both in 
human and animal (Ricci et al., 2018; Orsi et al., 2011). Serotype 1/2a 
strains seem to be more resistant to bacteriocins produced by a range of 
lactic acid bacteria commonly present in foods, which probably confers 
an advantage in environments where bacteriocin-producing organisms 
are abundant (Buncic et al., 2001; Korsak et al., 2012). Moreover, the 
prevalence of this serotype in food environments could be due to that 1/ 
2a strains seem to carry more plasmids that confer resistance to toxic 

metals and possibly other compounds found in the environment, than 
other isolates (Orsi et al., 2011). 

Due to the low number of environmental samples considered in the 
study, it was not possible to evaluate the significance of the different 
distribution of serotypes between environmental and food strains. 

Based on our data, 89.16% of pulsotypes have specific food or 
environmental origin. Moreover, results highlighted a higher number of 
pulsotypes found in milk samples than in fish product samples, showing 
greater genetic variability associated with dairy matrices. 

Laboratories usually select a low number of isolates and, therefore, 
the estimation of the probabilities of losing isolates having different 
pulsotypes cannot be calculated. Based on the tested isolates, two 

Fig. 1. Variability of the number of serotypes based on the number of strains analyzed for one sample.  

Fig. 2. Distribution of pulsotypes found in one sample.  
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different strains were found in 21.1% of samples if two isolates were 
characterized. Instead, in case of three isolates characterized, two and 
three different strains were found in 19.2% and in 3.8% of samples, 
respectively. 

Of course, the results were biased by the number of isolates sent for 

characterization, showing association between low isolates number with 
a low number of pulsotypes. 

Although, should be pointed out, instead, that the association be-
tween five isolates and three pulsotypes detected is much higher than 
the theoretical one. 

New analytical methods, based on WGS, provided higher discrimi-
natory alternative to PFGE and serotyping for the laboratory investiga-
tion of foodborne outbreaks. These methods are able to determine other 
variables within bacterial populations and highlight the differences 
between clones of the same species in a single tested sample. 

The data available for the investigated interval of time, being only on 
serotype and PFGE cannot give a modern scenario, in which Next Gen-
eration Sequencing (NGS) is more sensitive and gives a better evidence 
of strains diversity. 

Most of our isolates were clustered in 1/2a, 1/2b and 1/2c serotypes 
known to be less frequently associated with cases of listeriosis (Maury 
et al., 2016). However, L. monocytogenes is a pathogenically heteroge-
neous species, composed of hypervirulent and hypovirulent clones 
grouped in clonal complexes (CCs) and epidemic clones (ECs). The 
application of a WGS-based approach would have been useful to predict 
hypovirulent and hypervirulent phenotypes (Hurley et al., 2019). 

Mixed populations of L. monocytogenes strains could be present in a 
single sample and ingestion of more than one strain by a consumer is a 
likely scenario (Zilelidou et al., 2016), resulting in an exposure of con-
sumers to multiple strains. The occurrence of multiple strains in one 
food is an important aspect contributing to create potential mismatches 
between clinical isolates and infection sources during listeriosis 
outbreak investigations. 

A higher number of isolates collected from a single sample and then 
tested by the laboratory could give the possibility to increase detection 
of strains genetically different increasing the probability to find a match 
in case of foodborne outbreak investigation (Ryser et al., 1996). 

For environmental samples, the issue has a minor relevance since 
usually a large number of sample are taken (from 15 to 60 samples or 
more). If a large number of positive samples are detected, also the se-
lection of one isolate for positive sample could give the opportunity to 
detect multiple clones. 

The interaction among different strains in one sample could change 
their growth rate; it could enhance or inhibit growth leading potentially 

Fig. 3. Variability of number of identified pulsotypes according to the category of isolation.  

Table 4 
Association between tested isolates collected in a single sample and combined 
pulsotypes identified with PFGE.  

Isolate collected in a single 
sample 

Number of pulsotypes isolated in a single sample 
(in %) 

1 2 3 4 

2 56 (78.9) 15 
(21.1) 

N.A. N.A. 

3 160 
(76.9) 

40 
(19.2) 

8 (3.8) N.A. 

4 11 (45.8) 7 (29.2) 3 (12.5) 3 (12.5) 
5 29 (63.0) 6 (13.0) 10 

(21.7) 
1 (2.2) 

>5 12 (63.2) 4 (21.1) 1 (5.3) 2 (10.5) 
Totala 256 68 21 4 

N.A. Not applicable. 
a Line >5 was not taken into account for calculation. 

Table 5 
Significance per cell (Fisher test). The table reports the results based on the 
expected ones.  

Isolate collected in a single sample Number of pulsotypes isolated in a single 
sample 

1 2 3 4 

2 > > N.A. N.A. 
3 > < <a N.A. 
4 <a > > >a 

5 < < >a >

> more than expected. 
< less than expected. 
N.A. Not applicable. 

a The asterisk denotes the significance per cell of the Fisher test. 
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to biased recovery during enrichment procedures (Bruhn et al., 2005; 
Gorski et al., 2006). Furthermore, the presence of more than one L. 
monocytogenes strain in one food sample can lead to an increased 
infection rates due to synergistic effects on the potential virulence (Ricci 
et al., 2018). 

While competition of L. monocytogenes with other bacteria, including 
other Listeria species, has been described, little is known about L. mon-
ocytogenes inter-clone interactions. Recent studies have demonstrated 
different recovery rates of L. monocytogenes clones during the selective 
enrichment process, as a result of strains competition (Zilelidou et al., 
2015). 

5. Conclusion 

Previous studies have already demonstrated the occurrence of mul-
tiple L. monocytogenes clones in one food sample. This scenario, if we are 
not able to detect the multiple occurrence, can complicate the 

downstream investigations and the effective source attribution. 
Furthermore, strains could interact and change the contamination 

scenario in the food, due to their genetic and phenotypic diversity. Some 
strains present in foods may be missed during detection and such 
probability should be taken into consideration during outbreak 
investigation. 

To date, we are not able to suggest the number of isolates to be tested 
in order to obtain the exact distribution of different strains in a single 
sample. Nevertheless, this study highlights the importance to select and 
characterize more than one isolate from each positive sample. These 
results should be taken into consideration particularly when attempting 
to identify L. monocytogenes strains of clinical importance during food-
borne outbreak investigations of listeriosis, improving the sensitivity of 
surveillance activities and increasing the probability of source 
attribution. 

In our dataset, we performed WGS only in strains showing indistin-
guishable PFGE profiles. Results showed high correspondence, only in 

Fig. 4. Cluster analysis of Lm strains isolated in fish product: Minimum Spanning tree were built using the software GrapeTree based on cgMLST allelic profiles. The 
nodes are colored according to the sample (FP = fish product). The number reported in the branches indicate the allelic differences existing between the isolates. 

Fig. 5. Cluster analysis of Lm strains isolated in meat product: Minimum Spanning tree built using the software GrapeTree based on cgMLST allelic profiles. The 
nodes are colored according to the sample (MeP = meat product). The number reported in the branches indicate the allelic differences existing between the isolates. 
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two samples difference between isolates was greater than seven alleles. 
Future studies with an increased number of isolates typed by WGS will 
probably help to understand how many L. monocytogenes isolates need to 
be selected and molecular typed in case of a positive sample in order to 
obtain a comprehensive scenario. 
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Herman, L., Koutsoumanis, K., Nørrung, B., Robertson, L., Ru, G., Sanaa, M., 
Simmons, M., Skandamis, P., Snary, E., Speybroeck, N., Ter Kuile, B., Threlfall, J., 
Wahlström, H., Takkinen, J., Wagner, M., Arcella, D., Felicio, Da Silva, 
Teresa, Maria, Georgiadis, M., Messens, W., Lindqvist, R., 2018. Scientific Opinion 
on the Listeria monocytogenes contamination of ready-to-eat foods and the risk for 
human health in the EU. EFSA J. 16, 5134. 

Fisher, R.A., 1954. Statistical Methods for Research Workers. Oliver and Boyd, 
Edinburgh.  

Flegler, A., Kombeitz, V., Lipski, A., 2021. Menaquinone-mediated regulation of 
membrane fluidity is relevant for fitness of listeria monocytogenes. Arch. Microbiol. 
203 (6), 3353–3360. https://doi.org/10.1007/s00203-021-02322-6. 

Gorski, L., Flaherty, D., Mandrell, R.E., 2006. Competitive fitness of listeria 
monocytogenes serotype 1/2a and 4b strains in mixed cultures with and without 
food in the U.S. Food and Drug Administration enrichment protocol. Appl. Environ. 
Microbiol. 72, 776–783. https://doi.org/10.1128/AEM.72.1.776-783.2006. 

Gupta, A.K., Nadarajah, S., 2004. Handbook of Beta distribution and its application. CRC 
Press. 

Gurevich, A., Saveliev, V., Vyahhi, N., Tesler, G., 2013. QUAST: quality assessment tool 
for genome assemblies. Bioinformatics 29, 1072–1075. 

Hurley, D., Luque-Sastre, L., Parker, C.T., Huynh, S., Eshwar, A.K., Nguyen, S.V., 
Andrews, N., Moura, A., Fox, E.M., Jordan, K., Lehner, A., Stephan, R., Fanning, S., 
2019. Whole-Genome Sequencing-based characterization of 100 Listeria 
monocytogenes isolates collected from food processing environments over a four- 

Fig. 6. Cluster analysis of Lm strains isolated in milk product: Minimum Spanning tree built using the software GrapeTree based on cgMLST allelic profiles. The 
nodes are colored according to the sample (MP = milk product). The number reported in the branches indicate the allelic differences existing between the isolates. 

V.A. Acciari et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547087019
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547087019
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547087019
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547087019
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547087019
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547097297
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547097297
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547097297
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547097297
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547097297
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020546273668
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020546273668
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020546273668
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020546273668
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547108903
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547108903
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547114528
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547114528
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547114528
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547114528
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547119288
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547119288
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547119288
https://doi.org/10.1128/AEM.71.2.961-967.2005
https://doi.org/10.1128/AEM.71.2.961-967.2005
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547170560
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547170560
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547170560
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547203099
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547203099
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547203099
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547203880
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547203880
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547203880
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020543301015
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020543301015
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020543301015
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544401792
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544123038
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544123038
https://doi.org/10.1007/s00203-021-02322-6
https://doi.org/10.1128/AEM.72.1.776-783.2006
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544139762
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020544139762
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547272674
http://refhub.elsevier.com/S0168-1605(22)00033-2/rf202202020547272674


International Journal of Food Microbiology 366 (2022) 109562

8

year period. mSphere 4 (4), e00252-19. https://doi.org/10.1128/mSphere.00252- 
19. 

Kaptchouang Tchatchouang, C.-D., Fri, J., De Santi, M., Brandi, G., Schiavano, G.F., 
Amagliani, G., Ateba, C.N., 2020. Listeriosis outbreak in South Africa: a comparative 
analysis with previously reported cases worldwide. Microorganisms. 8, 135. 

Korsak, D., Borek, A., Daniluk, S., Grabowska, A., Pappelbaum, K., 2012. Antimicrobial 
susceptibilities of listeria monocytogenes strains isolated from food and food 
processing environment in Poland. Int. J. Food Microbiol. 158, 203–208. 

Laksanalamai, P., Joseph, L.A., Silk, B.J., Burall, L.S., Tarr, C.L., Gerner-Smidt, P., 
Datta, A.R., 2012. Genomic characterization of listeria monocytogenes strains 
involved in a multistate listeriosis outbreak associated with cantaloupe in US. PLoS 
One 7, e42448. 

Maurella, C., Gallina, S., Ru, G., Adriano, D., Bellio, A., Bianchi, D.M., Chiavacci, L., 
Crescio, M.I., Croce, M., D’Errico, V., Dupont, M.F., Marra, A., Natangelo, U., 
Pomilio, F., Romano, A., Stanzione, S., Zaccaria, T., Zuccon, F., Caramelli, M., 
Decastelli, L., 2018. Outbreak of febrile gastroenteritis caused by listeria 
monocytogenes 1/2a in sliced cold beef ham, Italy, may 2016. Euro Surveill. 23, 1–9. 

Maury, M.M., Tsai, Y.H., Charlier, C., Touchon, M., Chenal-Francisque, V., Leclercq, A., 
Criscuolo, A., Gaultier, C., Roussel, S., Brisabois, A., Disson, O., Rocha, E., Brisse, S., 
Lecuit, M., 2016. Uncovering listeria monocytogenes hypervirulence by harnessing 
its biodiversity. Nat. Genet. 48 (3), 308–313. 

Montero, D., Bodero, M., Riveros, G., Lapierre, L., Gaggero, A., Vidal, R.M., Vidal, M., 
2015. Molecular epidemiology and genetic diversity of listeria monocytogenes 
isolates from a wide variety of ready-to-eat foods and their relationship to clinical 
strains from listeriosis outbreaks in Chile. Front. Microbiol. 6, 384. 

Moura, A., Criscuolo, A., Pouseele, H., Maury, M.M., Leclercq, A., Tarr, C., Björkman, J. 
T., Dallman, T., Reimer, A., Enouf, V., Larsonneur, E., Carleton, H., Bracq-Dieye, H., 
Katz, L.S., Jones, L., Touchon, M., Tourdjman, M., Walker, M., Stroika, S., 
Cantinelli, T., Chenal-Francisque, V., Kucerova, Z., Rocha, E.P.C., Nadon, C., 
Grant, K., Nielsen, E.M., Pot, B., Gerner-Smidt, P., Lecuit, M., Brisse, S., 2016. Whole 
genome-based population biology and epidemiological surveillance of listeria 
monocytogenes. Nat. Microbiol. 2, 16185. 

O'Connor, L., O'Leary, M., Leonard, N., Godinho, M., O'Reilly, C., Egan, J., O'Mahony, R., 
2010. The characterization of Listeria spp. Isolated from food products and the food- 
processing environment. Lett. Appl. Microbiol. 51, 490–498. 

Orsi, R.H., Bakker, H.C.D., Wiedmann, M., 2011. Listeria monocytogenes lineages: 
genomics, evolution, ecology, and phenotypic characteristics. Int. J. Med. Microbiol. 
301, 79–96. 

PulseNet-International, 2017. Standard Operating Procedure for PulseNet PFGE of 
Listeria Monocytogenes. Retrieved 07/30, 2021, from. https://www.cdc.gov/pulse 
net/pdf/listeria-pfge-protocol-508c.pdf. 

Ribot, E.M., Freeman, M., Hise, K.B., Gerner-Smidt, P., 2019. PulseNet: entering the age 
of next-generation sequencing. Foodborne Pathog. Dis. 16, 451–456. 

Ryser, E.T., Arimi, S.M., Marie-Claire Bunduki, M., Donnelly, C.W., 1996. Recovery of 
different listeria ribotypes from naturally contaminated, raw refrigerated meat and 
poultry products with two primary enrichment media. Appl. Environ. Microbiol. 62, 
1781–1787. 

Tham, W., Lopez-Valladares, G., Helmersson, S., Wennström, S., Österlund, A., 
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