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ARTICLE INFO ABSTRACT
Keywords: Listeria (L.) monocytogenes is of global concern for food safety as the listeriosis-causing pathogen is widely
Foodborne pathogen distributed in the food processing environments, where it can survive for a long time. Frozen vegetables

Food safety
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Stress resistance genes
Cold stress

contaminated with L. monocytogenes were recently identified as the source of two large listeriosis outbreaks in the
EU and US. So far, only a few studies have investigated the occurrence and behavior of Listeria in frozen veg-
etables and the associated processing environment.

This study investigates the occurrence of L. monocytogenes and other Listeria spp. in a frozen vegetable pro-
cessing environment and in frozen vegetable products. Using whole genome sequencing (WGS), the distribution
of sequence types (MLST-STs) and core genome sequence types (cgMLST-CT) of L. monocytogenes were assessed,
and in-house clones were identified. Comparative genomic analyses and phenotypical characterization of the
different MLST-STs and isolates were performed, including growth ability under low temperatures, as well as
survival of freeze-thaw cycles.

Listeria were widely disseminated in the processing environment and five in-house clones namely ST451-
CT4117, ST20-CT3737, ST8-CT1349, ST8-CT6243, ST224-CT5623 were identified among L. monocytogenes iso-
lates present in environmental swab samples. Subsequently, the identified in-house clones were also detected in
product samples. Conveyor belts were a major source of contamination in the processing environment. A wide
repertoire of stress resistance markers supported the colonization and survival of L. monocytogenes in the frozen
vegetable processing facility. The presence of ArgB was significantly associated with in-house clones. Significant
differences were also observed in the growth rate between different MLST-STs at low temperatures (4 °C and
10 °C), but not between in-house and non-in-house isolates. All isolates harbored major virulence genes such as
full length InlA and InlB and LIPI-1, yet there were differences between MLST-STs in the genomic content.

The results of this study demonstrate that WGS is a strong tool for tracing contamination sources and trans-
mission routes, and for identifying in-house clones. Further research targeting the co-occurring microbiota and
the presence of biofilms is needed to fully understand the mechanism of colonization and persistence in a food
processing environment.

1. Introduction susceptible populations such as the immunocompromised, the elderly,
pregnant women and newborns, listeriosis can manifest as bacteremia/

Listeria (L.) monocytogenes is a foodborne pathogen and the causative sepsis, an infection of the central nervous system, or can affect the fetus
agent of listeriosis in humans and animals. In healthy individuals, (Koopmans et al., 2023; Radoshevich and Cossart, 2018). Although
listeriosis is restricted to self-limiting gastroenteritis. However, in listeriosis is a rare disease, the hospitalization and fatality rates are high.
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In 2021, >2000 cases of human listeriosis including a 13.7 % case fa-
tality rate were reported in the EU (EFSA, 2022). Ready-to-eat (RTE)
foods of various origins are associated with elevated risk, resulting in
sporadic listeriosis cases or (multi)national outbreaks (EFSA, 2022; Ricci
et al., 2018).

Contaminated frozen vegetables were the source of two recent
listeriosis outbreaks: in the EU between 2015 and 2018 including 53
cases and 10 fatalities (EFSA, 2018; Koutsoumanis et al., 2020) and in
the US during 2016, including 10 cases with a 100 % hospitalization rate
(Marshall et al., 2020). These outbreaks highlighted the emerging public
health risk associated with consumption of frozen vegetables contami-
nated with L. monocytogenes. As frozen vegetables are usually not
intended as RTE foods, a threshold of 100 CFU/g is accepted in the EU.
However, investigations of the European outbreak indicated possible
improper handling of frozen vegetables by customers by omitting the
cooking step before consumption e.g. by using frozen vegetables without
heating in smoothies or salads (Koutsoumanis et al., 2020). Moreover,
thawing and storage of contaminated frozen vegetables at refrigeration
or ambient temperatures increases the risk of listeriosis infection, as
L. monocytogenes is capable of growing under temperatures as low as
—0.4 °C (Koutsoumanis et al., 2020; Walker et al., 1990).

The control of L. monocytogenes in food and food processing envi-
ronments is challenging due to its ubiquitous nature and the ability to
survive over time even under hostile environmental conditions (Belias
et al., 2022; Palaiodimou et al., 2021). Therefore, a detailed monitoring
plan including subtyping of L. monocytogenes isolates is essential for
identifying contamination hotspots and in-house clones and for devel-
oping measures for L. monocytogenes eradication. For subtyping of
L. monocytogenes, different approaches can be used, such as serotyping
or PFGE. However, molecular subtyping methods based on whole
genome sequencing (WGS) show the highest discriminatory power and
are widely used for outbreak investigations (Chen et al., 2016; Lakicevic
etal., 2023; Liith et al., 2021; Pietzka et al., 2019). The determination of
the core genome multi-locus sequence type (cgMLST-CT) is based on
1701 or 1748 genes (Moura et al., 2017; Ruppitsch et al., 2015), whereas
multi-locus sequence typing (MLST) is based on seven housekeeping
genes in L. monocytogenes (Cai et al., 2002; Ragon et al., 2008). The
sequence types (MLST-STs), that do not vary by more than one locus
allele are assigned to clonal complexes (CC) (Haase et al., 2014; Ragon
et al., 2008), which are further grouped into four evolutionary lineages
(Doumith et al., 2004; Nyarko and Donnelly, 2015; Seeliger and Hohne,
1979).

The different CCs are unevenly distributed among clinical and food
isolates: e.g. CC1, CC2, CC6 (all lineage I) are more prevalent in human
listeriosis cases, while others like CC121, CC9 and CC8 (all lineage II) are
strongly associated with food origin (Maury et al., 2016). There are CC-
dependent variations in the virulence gene profile which explain dif-
ferences in the abundance of specific CCs among food (often hypovir-
ulent clones) or clinical isolates (often hypervirulent clones). E.g. the
Listeria Pathogenicity Islands LIPI-3 and LIPI-4 are detected at low fre-
quencies in lineage Il isolates and the inlA gene is frequently truncated in
isolates of CC121 and CC9, both assigned to lineage II (Lakicevic et al.,
2023; Maury et al., 2016; Muchaamba et al., 2022; Sullivan et al., 2022;
Wagner et al., 2022).

A wide repertoire of stress resistance genes promotes the survival of
L. monocytogenes and the establishment of in-house clones in food and
food processing environments, where L. monocytogenes encounters cold
temperatures, acidic or alkaline conditions, high salinity and disinfec-
tants such as quaternary ammonium compounds (QACs) or hydrogen
peroxide (Bucur et al., 2018; NicAogain and O'Byrne, 2016). The stress
resistance gene profile is source- and CC-specific. For example, the
Stress-Survival-Islet (SSI)-2, involved in tolerance against alkaline and
oxidative stress, was detected predominantly in CC121 strains, whereas
SSI-1, which provides tolerance against acid and high osmolarity, is
present in strains of CC3, CC5, CC7, CC8 and CC9 (Fagerlund et al.,
2022; Harter et al., 2017; Liao et al., 2023; Malekmohammadi et al.,
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2017). In addition, benzalkonium chloride (BC) or cadmium resistance
genes, often found on mobile genetic elements, have been identified
mainly in lineage Il isolates (e.g. ST121, ST8) (Naditz et al., 2019; Palma
et al., 2022).

In the current study, we investigated the frequency and abundance of
L. monocytogenes and other Listeria spp. in a European frozen vegetable
processing facility (FVPF) in 2019-2020. The study included 3333
environmental swab and 5509 food product samples. In total 947 sam-
ples were positive for L. monocytogenes and 5052 samples were positive
for other Listeria spp. We analyzed the distribution and occurrence of
subtypes of L. monocytogenes on MLST-ST/cgMLST-CT level to identify
in-house clones that frequently re-occur and survive in the processing
environment as well as transmission routes and contamination sources.
In addition, we studied the genomic diversity of the seven most abun-
dant MLST-STs including the virulence gene and stress resistance gene
content of 96 representative isolates. Finally, we performed growth
experiments under low temperatures and determined the survival of
L. monocytogenes after multiple freeze-thaw cycles.

2. Material and methods
2.1. Dataset and frozen vegetable processing facility structure

The presence of L. monocytogenes and other Listeria spp. was analyzed
in an European frozen vegetable processing facility (FVPF) in 2019 and
2020. The dataset included environmental swab samples (n = 3333) and
product samples (n = 5509). Basic operations in the FVPF included
washing of raw products, optionally cutting/peeling, blanching,
cooling-down and freezing of products (“production” area). In addition
to frozen blanched vegetables, fried and frozen processed foods with
vegetable ingredients were produced (Table S1). The production pro-
cessing lines were located in three separate rooms. Subsequent to the
freezing process, products could be packed in large bins for storage at
the facility, mixed with other vegetables and/or coating agents and
other ingredients (“mixing” area) and finally packed for retail (“pack-
aging” area). Packaging processing lines were also present in two
different rooms in the facility. Due to the different availability of veg-
etables over the course of the year, some processing lines were not
running permanently. Processing lines in the different areas were only
sampled if they were in operation. In total, the dataset contained 62
different product groups.

The environmental sampling plan comprised swab samples and 25 g
product samples that were taken weekly by the quality management
team of the FVPF in the production, mixing and packaging areas from in-
use surfaces. Swab samples included food contact surfaces (FCS, n = 44),
indirect food contact surfaces (iFCS, n = 35) and non-food-contact sur-
faces (nFCS, n = 24). The sampling plan included 48 sampling sites in
the production area (only after the blanching process; main locations:
blanchers, freezers, fryer, floor areas, drains), 26 sampling sites in the
mixing area (main locations: conveyors, steel funnels, steel bins, drains,
floor areas) and 30 sampling sites in the packaging area (main locations:
conveyors, scales and filling equipment for product packaging, drains,
floor areas). Products that were purchased from other food processing
facilities (e.g. coating agents, other frozen vegetables) were also tested.
The samples were transferred within 24 h to a laboratory for further
analysis. Listeria detection and isolation was performed by a culture-
dependent method according to ISO 11290-1:2017. Briefly, swab sam-
ples and 25 g food products were incubated for 24 h in half-Fraser broth
at 30 °C (primary enrichment) and subsequently in Fraser broth at 37 °C
for 24 h. Both enrichment cultures were plated out on RAPID'Lmono®
selective medium agar and one colony was selected for species confir-
mation. Listeria isolation and colony selection only focused on
L. monocytogenes and co-contamination with other Listeria spp. was not
analyzed.

Regular enumeration of L. monocytogenes according to ISO 11290-
2:2017 ensured the safety of the food products. All food types of the



N. Pracser et al.

product range were intended as non-ready-to-eat food products.

L. monocytogenes isolates were sent for WGS to the Austrian Agency
for Health and Food Safety (AGES), where subtyping (MLST-ST/
cgMLST-CT) was done. Briefly, DNA of L. monocytogenes cultures was
extracted using the MagAttract high-molecular-weight (HMW) DNA kit
(Qiagen, Hilden, Germany). Whole genome sequencing libraries were
prepared using the Nextera XT kit (Illumina, Inc., San Diego, CA, USA)
and paired-end sequencing (2 x 300 bp) was performed on a MiSeq
platform (Illumina). Subtyping of L. monocytogenes isolates was per-
formed using SeqSphere+ v7.2.3 (Ridom GmbH, Wiirzburg, Germany).

2.2. Data analysis

The spatial and temporal distribution of L. monocytogenes and other
Listeria spp. were investigated using Microsoft Excel (Microsoft 365) and
R v3.6.3 (R Core Team, 2020). For data analysis and illustrations, the R
packages dplyr v1.0.10 (Wickham et al., 2022a), tidyr v1.2.1 (Wickham
etal., 2022b), ggplot2 v3.4.0 (Wickham, 2016), circlize v0.4.15 (Gu et al.,
2014), and RColorBrewer v1.1-3 (Neuwirth, 2022) were used. First, the
frequency of L. monocytogenes and other Listeria spp. in swab samples
from the different main areas of the facility and on a more detailed level
from different processing lines and sampling points was assessed in total
for 2019 and 2020, as well as on a yearly and/or monthly basis. The
same approach was applied for product samples from different areas,
processing lines, and product groups. Moreover, the distribution and
prevalence of different MLST-STs and cgMLST-CTs were examined.
L. monocytogenes in-house clones were identified based on the repeated
isolation of the same cgMLST-CT in environmental swab samples of the
same sampling site over the course of two years (2019-2020). The
spatial distribution of the identified in-house clones was further inves-
tigated. Identification of potential transmission routes was performed by
visualization of interconnected environmental sampling sites by
cgMLST-CT data using the R packages dplyr v1.1.0 (Wickham et al.,
2023a), igraph v1.4.1 (Csardi et al., 2023), ggraph v2.1.0 (Pedersen,
2022), colormap v0.1.4 (Karambelkar, 2016), and viridis v0.6.2 (Garnier
et al., 2021).

2.3. Genomic characterization of selected L. monocytogenes isolates

To characterize the genomic diversity between different
L. monocytogenes subtypes, whole genome SNP analysis followed by
phylogenetic inference and an assessment of the virulence, stress resis-
tance and plasmid gene content was performed. Therefore, 96 repre-
sentative isolates from the seven most abundant MLST (ST1, n = 10, 8
cgMLST-CT; ST8, n = 28, 16 cgMLST-CT; ST20, n = 15, 1 cgMLST-CT;
ST26, n = 8, 1 cgMLST-CT; ST37, n = 13, 13 cgMLST-CT; ST224, n =
6, 2 cgMLST-CT and ST451, n = 16, 1 ¢gMLST-CT) including isolates
that were identified as in-house clones by cgMLST-CT (ST8-CT1349, n =
10; ST8-CT6243, n = 4; ST20-CT3737, n = 15; ST224-CT5623, n = 4;
ST451-CT4117, n = 16) were selected. Representative isolates of the
identified in-house clones included early and late occurring isolates
within the observation period and isolates from different locations or
product types in the processing environment. Non-in-house clones were
represented by at least one isolate of each cgMLST-CT described above.
For detailed analysis of ST8 isolates, the genomes of all available ST8
isolates from 2019 and 2020 (n = 198) were characterized.

2.4. Quality check of raw reads and genome assembly

Whole genome sequencing Illumina paired-end raw reads were
quality checked using FastQC v0.11.9 (Andrews, 2010). Removal of
adapter content and trimming was performed using trimmomatic v0.39
(Bolger et al., 2014). Genomes were assembled using SPAdes (min
contig size: 500 bp, min. coverage: 10) implemented in the compre-
hensive genome analysis pipeline provided by “The Bacterial and Viral
Bioinformatics Resource Center (BV-BRC)” (Olson et al., 2023). The
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pipeline additionally included an assessment of the quality of all as-
semblies by QUAST.

2.5. SNP analysis

A reference-based whole genome SNP analysis was performed for
each MLST-ST group containing in-house clones (ST8, ST20, ST224 and
ST451) using the CFSAN SNP Pipeline v2.2.1 (Davis et al., 2015) with
default settings. As reference genome for each MLST-ST group, an in-
ternal draft genome was selected based on metrics such as highest total
length, high average coverage, and low number of contigs. SNP dis-
tances were read from the pairwise filtered SNP distance matrix, where
abnormal SNPs from the end of contigs and from SNP dense regions have
been removed. The resulting SNP matrix, containing the consensus base
for each of the samples where SNPs were identified, was further used for
phylogenetic tree building using maximum likelihood (Figure S5).
Invariant sites were removed with snp-sites implemented in Snippy
v4.6.0 (Seemann, 2015). Phylogenetic trees were constructed with IQ-
TREE v2.0.3 (Minh et al., 2020) using the GTR + ASC substitution
model and with 1000 bootstrap replicates. For visualization of phylo-
genetic trees iTOL v6.6 (Interactive Tree of Life) (Letunic and Bork,
2021) was used.

2.6. Phylogeny of selected 96 isolates

Trimmed reads were mapped against an internal draft reference
genome (ST8-CT1348) and a reference-based alignment was generated
using Snippy v4.6.0 (Seemann, 2015). Gaps and Ns were removed from
the resulting multiple sequence SNP alignment file using trimAL v1.4
(Capella-Gutiérrez et al., 2009). An initial phylogeny was inferred from
the resulting SNP alignment (without gaps and Ns) using IQ-TREE v2.0.3
(Kalyaanamoorthy et al., 2017; Minh et al., 2020) with automated
model selection (Fig. 3A: GTR + F + R2; Fig. 3B: GTR + F + R2, Fig. S6:
GTR + F + R2). Recombination removal was performed with Clonal-
FrameML v1.12 (Didelot and Wilson, 2015) and the recombination
filtered SNP alignment was used to generate the phylogenetic tree with
IQ-TREE v2.0.3 (Kalyaanamoorthy et al., 2017; Minh et al., 2020) with
automated model selection (Fig. 3A: GTR + F + R5; Fig. 3B: TVM + F +
R4, Fig. S6: GTR + F + R4).

2.7. Determination of virulence, stress resistance and plasmid genes

Local BLAST databases of virulence genes (n = 99), stress resistance
genes (n = 104), plasmid sequences and plasmid genes (n = 23) were
used to investigate the presence of these genes in the 96 selected
L. monocytogenes genomes by applying a custom-made python-script
(Tables S2-4). In a first step, a BlastN (BLAST version 2.13.0) search
with the genomes against the databases of genes in nucleotide format
was performed. An e-value of 0.01 and a culling limit of 1 was used to
remove redundant hits. Plasmid sequences were identified as present, if
the nucleotide identity was >99 % and the ratio of the largest alignment
fragment length was at least 40 % compared to the reference in the
database. In addition, the databases of virulence and stress-resistance
genes and the single BLAST hits from the previous BlastN analysis
were translated into amino acid sequences using transeq (EMBOSS
v6.6.0.0) (Rice et al., 2000). Non-coding genes were excluded from this
step. A custom-made python-script was used for selecting the appro-
priate reading frame for each gene sequence. The translated single query
sequences were compared against the local database of virulence and
stress-resistance genes in amino acid format using BlastP. Genes were
classified as present in a genome if the amino acid sequence identity was
>92 % and if the length ratio of the BLAST hits (amino acid) relative to
the length of the gene in the database (amino acid) was >0.75. Double
hits and genes with <0.75 length-ratio were manually investigated. A
Fisher's exact test using R v4.2.2 (R Core Team, 2022) was performed to
test for any significant associations of the presence or absence of stress
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resistance genes with in-house or non-in-house clones. Figures showing
gene presence/absence patterns were created with the R packages ggtree
v3.6.2 (Yuetal., 2017), tidyr v1.3.0 (Wickham et al., 2023b), dplyr 1.1.0
(Wickham et al., 2023a), and ggplot2 v3.4.1 (Wickham, 2016).

2.8. Growth and survival under low temperatures and multiple freeze-
thaw cycles

We investigated the growth ability and the survival after three
freeze-thaw cycles of 34 representative L. monocytogenes isolates from
the seven most abundant MLST-STs (ST1, n = 6; 6 cgMLST-CT; ST8, n =
8, 6 cgMLST-CT; ST20, n = 4, 1 cgMLST-CT; ST26, n = 3, 1 cgMLST-CT;
ST37,n =35, 5 ¢cgMLST-CT; ST224, n = 3, 2 cgMLST-CT; ST451,n=>5, 1
cgMLST-CT), including in-house and non-in-house isolates. Growth at
10 °C and 30 °C (control) was analyzed in 96 well plates with a starting
ODgpp of 0.05 in a total volume of 200 pL TSB-Y in triplicates. Growth at
4 °C was determined in 10 mL TSB-Y with a starting ODggg of 0.1. ODggg
values were measured using a microplate reader (Biotek Synergy H1,
Agilent). All experiments were conducted three times with three tech-
nical replicates per experiment.

The survival ability of three freeze-thaw cycles of MLST-ST specific
isolate cocktails (ST1, ST8, ST20, ST26, ST37, ST224 and ST451) was
assessed. Briefly, isolate cocktails were adjusted to ODggg 0.01 in 5 mL
TSB-Y and the initial number of colony forming units (CFU) was deter-
mined by plating serial dilutions of the bacterial suspensions on TSA-Y
agar in triplicates. The isolate cocktails were stored at —20 °C for 24 h
and thawed at room temperature for 1 h. This procedure was repeated
three times, then the CFU was determined again. Statistical analysis of
the survival rate (%) between different MLST-ST isolate cocktails was
performed using a Kruskal Wallis rank sum test (p < 0.05) using the R
package stats v4.2.2 and misty v0.4.8. For detailed protocol see supple-
mentary material.

3. Results
3.1. Spatial and temporal distribution of Listeria spp.

The abundance of L. monocytogenes and other Listeria spp. (not
further characterized) in swab and product samples of the FVPF was
calculated. In total, 947 samples out of 9270 total samples were positive
for L. monocytogenes including 454 swab samples and 493 product
samples. Other Listeria spp. were detected in 5052 samples, of which
1803 were swab samples and 3249 product samples. The relative
abundance of L. monocytogenes decreased from 17.69 % to 8.52 % in
swab samples and from 10.87 % to 6.94 % in product samples, between
2019 and 2020. In contrast, the relative abundance of other Listeria spp.
slightly increased from 51.08 % to 57.88 % in swab samples and from
57.69 % to 60.32 % in product samples from 2019 to 2020.

Table 1
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We further investigated Listeria prevalence in swab and product
samples from the three main areas of the FVPF (“production”, “mixing”,
“packaging”) and in products purchased from other food processing
facilities (“purchase”; Table 1, Figs. S1A + B, S2A + B).

L. monocytogenes were only present at low levels in swab and product
samples from the production area. However, other Listeria spp. were
highly abundant: occurring in up to 73 % of swab samples and 81 % of
product samples. In the mixing and packaging area, L. monocytogenes
was more prevalent than in the production area. In the mixing area,
L. monocytogenes was present in 37.69 % of swab samples and 18.20 % of
product samples in 2019. The proportion of L. monocytogenes positive
samples from the mixing area decreased in 2020, mainly due to the
shutdown of a processing line (processing line A). The occurrence of
other Listeria spp. was high in swab and products samples in the mixing
area and even increased in 2020 (swabs: 46.32 %, products: 69.15 %). In
the packaging area, up to 17.47 % (2019) and 11.38 % (2020) of swab
samples and 10.48 % (2019) and 2.71 % (2020) of product samples were
positive for L. monocytogenes. The level of other Listeria spp. was also
high (>38 %) in the packaging area. Notably, Listeria prevalence in
incoming processed frozen products and ingredients (“purchase”) was
high, since up to 12.50 % purchase products tested positive for
L. monocytogenes and 49.33 % were positive for other Listeria spp.
(Table 1).

3.2. Occurrence of L. monocytogenes in product groups

L. monocytogenes was detected at least once in 18 of 62 different
product groups processed in the factory. Over the course of 2019-2020,
the most affected product groups were broccoli (26.94 %
L. monocytogenes positive), cauliflower (37.29 % L. monocytogenes pos-
itive), and mixed frozen vegetables with or without coating agents
(24.42 % L. monocytogenes positive). All three product groups contained
products or ingredients that were introduced into the local processing
environment as purchase products from other processing facilities.
Moreover, in 2019, 27.57 % of products and product residues of pro-
cessing line A, located in the mixing area, were found to be positive for
L. monocytogenes. Processing line A was shut down in 2020 by the FVPF.
Contamination levels of L. monocytogenes in products of the FVPF were
<10 CFU/g food.

3.3. Distribution of subtypes of L. monocytogenes

We further investigated the distribution and occurrence of MLST-STs
and cgMLST-CTs of 947 L. monocytogenes isolates from swab and product
samples. The isolates could be assigned to 34 different MLST-STs, of
which the seven most abundant types were ST451 (26.90 %), ST8
(21.20 %), ST20 (17.83 %), ST1 (4.96 %), ST224 (4.54 %), ST37 (4.22
%) and ST26 (2.85 %, Fig. 1A, Table 2). ST1 and ST224 were assigned to

Frequency of L. monocytogenes and other Listeria spp. in environmental swab and product samples from different areas in 2019 and 2020.

Area Group Swab Swab Swab

Product Product Product

2019 numbers 2020 numbers
[%] [%] [%]

Change 2020 vs. 2019

2019 numbers 2020 numbers Change 2020 vs. 2019
[%] [%] [%]

Production  Samples 628 639

Production L. monocytogenes 21 [3.34 %] 23 [3.60 %] +7.64 %
Production  Other Listeria spp. 454 [72.29 %] 467 [73.08 %] +1.09 %
Mixing Samples 459 190

Mixing L. monocytogenes 173 [37.69 %] 29 [15.26 %] —59.50 %
Mixing Other Listeria spp. 157 [34.20 %] 88 [46.32 %] +35.41 %
Packaging Samples 767 650

Packaging L. monocytogenes 134 [17.47 %] 74 [11.38 %] —34.84 %
Packaging Other Listeria spp. 336 [43.81 %] 301 [46.31 %] +5.71 %
Purchase Samples

Purchase L. monocytogenes

Purchase Other Listeria spp.

565 715

4 [0.71 %] 2 [0.28 %] —50.00 %
455 [80.53 %] 537 [75.10 %] —6.74 %
555 470

101 [18.20 %] 76 [16.17 %] -11.14 %
307 [55.32 %] 325 [69.15 %] +25.01 %
1508 1107

158 [10.48 %] 30 [2.71 %] ~74.13 %
687 [45.56 %] 431 [38.93 %] -14.54 %
344 673

43 [12.50 %] 79 [11.74 %] —6.09 %
148 [43.02 %] 332 [49.33 %] +14.66 %




N. Pracser et al.

lineage I, whereas ST8, ST20, ST26, ST37 and ST451 belong to lineage
II. In swab samples, 15 different MLST-STs were present and in product
samples 31 different MLST-STs (Fig. 1B + C, Table S6). In the production
area, ST8 was highly abundant in swab samples (68.18 %), but
contamination of product samples rarely occurred (only two ST8 posi-
tive samples). In swab samples from the mixing area, mainly ST451
(44.06 %; sources: conveyor belts, stainless steel bins, scales and in
drains), ST20 (28.22 %; sources: drain, steel funnel, steel bin, conveyor
belt, floor areas) and ST8 (15.85 %; sources: conveyor belts, steel fun-
nels, screw conveyor, steel bins, floor areas, slides, drains) were detec-
ted. In product samples from the mixing area, ST451 (38.42 %) and ST20
(21.47 %) were the most abundant MLST-STs, whereas ST8 was detected
at a lower rate (3.39 %). However, 11.30 % of products in the mixing
area were positive for ST1, which was not present in swab samples. The
most abundant MLST-STs in swab samples from the packaging area were
ST8 (28.37 %; sources: conveyor belts, drains, floor areas, scales for
product filling), ST20 (26.44 %,; sources: scales for product filling, floor
areas, drains, conveyor belts), ST224 (17.79 %; sources: steel tray,
conveyor belt, scale for product filling, filling funnels, drains) and ST451
(12.50 %; sources: scale for product filling, floor areas, conveyor belts,
slide). L. monocytogenes positive product samples from the packaging
area were predominantly contaminated with ST451 (33.51 %), ST8
(32.98 %) and ST20 (6.91 %). Many different MLST-STs such as ST37
(18.85 %), ST1 (14.75 %) and ST26 (11.48 %) were detected in purchase
products incoming from other processing facilities and could therefore
be detected in product samples in downstream processing areas such as
the mixing and packaging area, but were not present or were detected in
very low numbers (<0.5 %) in swab samples of the respective areas. A
temporal analysis of MLST-STs distribution in the processing environ-
ment revealed strong monthly alterations in the occurrence and preva-
lence of different MLST-STs over the course of 2019 and 2020
underlining the dynamic process structures and operations in the facility
(Fig. S3). MLST-STs were detected in different frequencies in the
different months of the observation period.

For analyzing transmission dynamics of L. monocytogenes in the
processing environment, subtyping results on cgMLST-CT level were
used. The analysis demonstrated that L. monocytogenes were broadly
disseminated and almost all sampling sites in the FVPF were highly
interconnected, as demonstrated by the presence of the same subtypes
on cgMLST-CT level. This further emphasizes the dynamic nature of the
processing environment (Fig. 1D). Therefore, no clear transmission
routes or transmission patterns within the processing environment could
be defined and the distribution of cgMLST-CTs was in most cases not
limited to specific areas, rooms, or processing lines.

3.4. Identification of in-house clones

The temporal and spatial distribution of cgMLST-CTs from the seven
most abundant MLST-STs was further analyzed to identify in-house
clones (Table 2, Figs. 2A-D, S4A-C). An in-house clone was defined as
a clone of the same cgMLST-CT, which was detected in swab samples
from the same sampling site at least two times and at the same pro-
cessing line at least five times over the course of 2019 and 2020.
Additionally, the presence of in-house clones in product samples was
investigated. In total, five different in-house clones were identified,
namely ST451-CT4117 (main location: mixing area), ST20-CT3737
(main location: mixing and packaging area), ST8-CT1349 (main loca-
tion: packaging area), ST8-CT6243 (main location: production area) and
ST224-CT5623 (main location: subarea of packaging area). All in-house
clones were also detected in product samples of the FVPF, even though
ST8-CT6243 was only present once in product samples (Fig. 2A-D,
Table 2). Other MLST-STs and/or cgMLST-CTs such as subtypes among
ST26, ST37 and ST1 were only sporadically present in swab samples of
the local processing environment and/or were mainly detected in
products samples purchased from other processing facilities
(Fig. S4A-C).
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To investigate genomic differences with higher discriminatory
power, whole genome SNP analysis was applied on isolates of MLST-ST
groups containing representative isolates of previously identified in-
house clones and other cgMLST-CTs (ST8, ST20, ST224, ST451). The
minimum and maximum pairwise SNP number was determined between
all isolates within a MLST-ST group (Tables S8-10). Isolates with <20
SNPs were considered as closely related (Jagadeesan et al., 2019; Wang
et al., 2018) and were interpreted as single clone. For previously iden-
tified in-house clones, pairwise SNP distances ranged from 0 to 7 SNPs
between ST451-CT4117 isolates, 0-18 SNPs for ST20-CT3737 isolates,
0-21 SNPs for ST8-CT1349, 2-17 SNPs for ST8-CT6243 and 3-5 SNPs
for ST224-CT5623 isolates. As the maximum number of pairwise SNP for
ST8-CT1349 exceeded 20 SNPs, indicating a loose genomic relatedness
of some isolates, we aimed to identify the potential presence of an
additional in-house clone among ST8-CT1349 isolates on whole genome
SNP level. Therefore, we investigated the pairwise SNP distances of all
ST8-CT1349 isolates (n = 119) from 2019 and 2020. Pairwise SNP
numbers ranged from 0 and 37 among the ST8-CT1349 isolates (Ta-
ble S11). Additionally, the ST8-CT1349 isolates clustered in two major
clades in the phylogenetic tree, which included all available ST8 isolates
from this study (n = 198, 17 different cgMLST-CTs) (Fig. S5), empha-
sizing the genomic diversity among the ST8-CT1349 isolates. In addi-
tion, 6 % of the ST8-CT1349 isolates clustered with ST8-CT1348
isolates. The isolates in this cluster shared <10 SNPs, indicating a high
genomic relatedness and the presence of an additional in-house clone.

3.5. Presence of plasmids, and stress and virulence gene profiling

The presence of 23 plasmid associated genes, 103 stress and 97
virulence genes was investigated for 96 selected L. monocytogenes iso-
lates of the seven most abundant MLST-STs, including in-house clones
(Tables S12-14). We observed differences between various MLST-ST
groups (Fig. 3A + B). The gene presence/absence profile within each
MLST-ST group was mainly uniform.

All ST8 isolates except the isolate ST8-CT1247 harbored the plasmid
pLMR479a (nucleotide identity to reference: 99.99-100 %) including
the cadmium resistance genes encoding CadA1CadC1 (Mullapudi et al.,
2010). Plasmids were absent in all other isolates (Fig. 3A).

SSI-1, involved in acid stress (Ryan et al., 2010), was present in
isolates of ST8, ST26 and ST224 and absent in isolates of the other
MLST-ST groups (ST451, ST20, ST1, ST37). SSI-2, essential in alkaline
and oxidative stress (Harter et al., 2017), was absent in all 96 isolates. A
gene encoding for a protein with unknown function, LMOf2365_0481
(Hein et al., 2011), located in the same hypervariable genetic hotspot,
was present in ST451, ST20, ST1 and ST37.

Further, ArgB, which is involved in acid stress (Ryan et al., 2009),
was absent in ST1 and ST224, but present in all other isolates. ArgB
presence was further significantly (p < 0.05) associated with in-house
clones (Fisher's exact test, Table S15). MdrL, a benzalkonium chloride
tolerance marker (Jiang et al., 2019), was present in all isolates except
for ST1-CT6739. PerR, involved in oxidative stress (Rea et al., 2005) and
RsbW, which is part of the stressosome (Chaturongakul and Boor, 2004)
and the general stress response, were absent in ST8-CT14031. Genes
encoding for disinfectant resistance markers such as BcrABC (Elhanafi
et al., 2010), EmrC (Kremer et al., 2017), EmrE (Kovacevic et al., 2016)
and QacH (Miiller et al., 2013) were absent in the 96 genomes.

Major virulence genes such as InlA, InlB and LIPI-1 (encoding for
PrfA, PlcA, LLO, Mpl, ActA, PlcB), essential for host infection, cell in-
vasion, escape from the vacuole and cell-to-cell spread (Bierne et al.,
2007; Vazquez-Boland et al., 2001), were present in all 96
L. monocytogenes genomes (Fig. 4B). InlC, capable of reducing the host's
innate immune response (Gouin et al., 2010), was detected in all 96
genomes. InlC2 and InlD were present in ST1 and ST224 isolates. InlE,
InlF, InlG, InlH, InlJ, and InlK, which contribute to virulence and
pathogenicity (Bierne et al., 2007), were present in ST451, ST8 (InlK
absent in ST8-CT14340), ST20, ST37 and ST26. InlP1 and InlP3,
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sampling sites, the sampling sites were connected by a black line. The size of the nodes reflects the number of connections to other sampling sites. The color of nodes
represents groups of sampling sites that are especially interconnected. Colored bars represent different rooms in the processing environment.

Table 2

Prevalence of L. monocytogenes in-house clones in swab and product samples
from the main areas of the processing environment (production, mixing and
packaging) and from products purchased from other processing facilities.

L. monocytogenes
ST-CT

Occurrence

Main isolation sources

ST451
ST451-CT4117
Swab samples
Product
samples

ST8

ST8-CT1349

n = 255, 26.90 % of
total L. monocytogenes
n = 237, 25.00 % of
total L. monocytogenes
n =111, 11.71 % of
total L. monocytogenes
n =126, 13.29 % of
total L. monocytogenes
n =201, 21.20 % of
total L. monocytogenes
n =119, 12.55 % of

Mixing and packaging area

Conveyor belts, drains, floor areas,
scales for product packaging
Beans, product residues, vegetable
mix, salsify, spinach

Packaging area

total L. monocytogenes
n=73,7.70 % of total
L. monocytogenes

Swab samples Conveyor belts, drains, scales for
product packaging, floor areas,

tunnel surface at the freezer entry

Product n = 46, 4.85 % of total Beans, product residues, fried
samples L. monocytogenes products, vegetable mix, peas,
salsify, spinach
ST8-CT6243 n =42, 4.43 % of total Predominantly production area

L. monocytogenes
n = 35, 3.69 % of total
L. monocytogenes

Blancher, stainless steel bins,
plastic deflectors, drains, floor
areas

Broccoli, cauliflower, carrots

Swab samples

Product n =7, 0.74 % of total
samples L. monocytogenes

ST20 n =169, 17.83 % of
total L. monocytogenes
n =158, 16.67 % of
total L. monocytogenes
n=112,11.81 % of
total L. monocytogenes

ST20-3737 Mixing and packaging area

Swab samples Drains, floor areas, conveyor belts,

scales for product packaging

Product n =45, 4.75 % of total Beans, broccoli, carrots, product
samples L. monocytogenes residues, vegetable mix, salsify,
spinach
ST224 n = 43, 4.54 % of total

L. monocytogenes
n = 35, 3.70 % of total
L. monocytogenes
n = 34, 3.59 % of total
L. monocytogenes

ST224-CT5623 Sub-area of packaging

Swab samples Conveyor belts, steel tray, scale for
product filling, filling funnels,
plastic deflector, drains

Product Fried products

samples

n=1,0.11 % of total
L. monocytogenes

influencing invasion in human intestinal epithelial cells (Harter et al.,
2019), were absent in all 96 isolates.

LIPI-3, associated with a subset of lineage I isolates and comprising
eight genes encoding a hemolytic and cytotoxic factor (Cotter et al.,
2008), was partially present in ST1 and ST224 isolates: LIsA was present
in four ST1, in one ST224-CT4656 and two ST224-CT5623 isolates. LIsB,
LlsD, LIsG, LlIsH, LIsP, LIsX and LlsY were detected in the genomes of
investigated ST1 and ST224 isolates except for one ST224-CT4656 and
one ST1-CT7949 isolate where LIsP was absent. LIPI-4, involved in the
infection of the CNS and placenta (Maury et al., 2016), was absent from
all 96 isolates.

Ami, which strongly supports the adhesion of L. monocytogenes to
eukaryotic cells (Milohanic et al., 2001), was absent in ST1. Further-
more, Aut, essential for entry into eukaryotic cells (Cabanes et al.,
2004), and GtcA, described to be involved in the pathogenicity in the
gastrointestinal tract in mice (Faith et al., 2009; Promadej et al., 1999),
were absent in ST1. Lmo2026/InlL, promoting binding of
L. monocytogenes to intestinal mucin (Popowska et al., 2017), was only

present in ST20, ST37 and ST26 and Vip, involved in the entry in some
mammalian cells (Cabanes et al., 2005), was detected in ST451, ST20
and ST26.

3.6. Cold stress

The intrinsic growth rate (r in hours™!), describing the growth rate
per hour assuming no limitations regarding the total population size,
was assessed for the different MLST-ST groups (Fig. 4A-C) and for in-
house versus non-in-house clones (Fig. S7A-C) under cold conditions
at 4 °C and 10 °C, and at 30 °C as growth control. Intrinsic growth rate
values ranged from 0.024 to 0.154 at 4 °C, 0.110 to 0.877 at 10 °C and
1.149 to 1.690 at 30 °C. The intrinsic growth rate was significantly
increased for ST37 compared to ST1, ST20 and ST224 and for ST8 versus
ST224 at 4 °C. At 10 °C, the growth rate was significantly higher for
ST37 compared to ST1 and ST8. Interestingly, intrinsic growth rates
were significantly higher for ST20 and ST26 in comparison to ST37 as
well as ST1, ST8, and ST224 at 30 °C.

When comparing in-house versus non-in-house clones, no significant
differences in their intrinsic growth rates was detected at all three
temperatures.

3.7. Survival of freeze-thaw cycles

ST1, ST8, ST20, ST26, ST37, ST224 and ST451 isolate cocktails were
subjected to three freeze-thaw cycles. The resulting survival rate of the
MLST-ST groups was assessed under freeze-thaw stress, as this condition
is frequently found in frozen vegetable processing environments.
Average survival rates ranged from 75.51 % to 90.9 %. No significant
differences between the MLST-ST groups regarding their survival rates
under freeze-thaw stress were observed (Fig. 4D).

4. Discussion

The current study investigated the occurrence and distribution of
L. monocytogenes and other Listeria spp. in a European FVPF and iden-
tified in-house clones, which were successfully able to colonize the
processing environment.

The prevalence of L. monocytogenes was dependent on the isolation
area, product type and isolation time point, which indicates a highly
dynamic environment. We detected a L. monocytogenes prevalence of
3.34 % to 37.69 % in environmental swab samples, which is in line with
other studies reporting 12.5 % (Truchado et al., 2022) to 41.3 % (Pap-
pelbaum et al., 2008) L. monocytogenes positive environmental samples.
The prevalence of L. monocytogenes was especially low in the production
area after the blancher (swab max. 3.60 %, product max. 0.71 %).
However, recontamination of products occurred in the mixing area and
packaging area resulting in up to 18 % L. monocytogenes positive product
samples. In parallel, the prevalence of L. monocytogenes in environ-
mental swab samples was up to 38 % in the mixing and up to 17 % in the
packaging area. In addition, products purchased from other processing
facilities were frequently contaminated with L. monocytogenes (up to 13
%). Thus, introduction of these products to the process chain is one
aspect further increasing the prevalence of L. monocytogenes in the post-
blanching areas of the processing environment. On average, other
studies found L. monocytogenes in 0.56 % in fresh and frozen vegetables
(Mackiw et al., 2021), or in 5.5 % (Skowron et al., 2019) to 46.8 %
(Pappelbaum et al., 2008) of frozen vegetables with variation in prev-
alence numbers across different years or vegetable types. Among
different types of vegetables in our study, L. monocytogenes was highly
abundant in broccoli (26.94 %), cauliflower (37.29 %), and vegetable
mix products (24.42 %), which is in line with a study of Pappelbaum
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et al. (2008), where Listeria were also prevalent in frozen cauliflower,
mixed vegetables and broccoli samples. We hypothesize that the rough
and complex structure of broccoli and cauliflower provides a favorable
niche for survival of Listeria compared to other vegetable types. Ac-
cording to a report from the European Food Safety Authority (EFSA), the
occurrence of L. monocytogenes in frozen vegetables (estimated average
prevalence 11.4 %) is high compared to the average occurrence in other
food types (RTE) such as fish and fishery products (4.7 %), meat and
meat products (2.3 %) and milk and milk products (0.51 %) (EFSA,
2022; Koutsoumanis et al., 2020). Yet, the risk of listeriosis is lower for
blanched frozen vegetables compared to most other food types (Kout-
soumanis et al., 2020). Using a risk assessment tool, the median esti-
mated listeriosis risk for frozen vegetables per serving was reported to be
<1.0 x 10_16, if a minimum of 50 % servings were cooked (Zoellner
et al., 2019). Contamination levels of frozen vegetables did not exceed
10 CFU/g in the current study, compliant with the recommended limit of
100 CFU/g at the moment of consumption, as frozen vegetables do not
support growth of Listeria if not thawed for an extended time period
(Koutsoumanis et al., 2020). Therefore, the risk of listeriosis would be
extremely low for consumers, if food preparation instructions are fol-
lowed. Previous listeriosis outbreaks caused by frozen vegetables
occurred in the EU in 2015-2018 (EFSA, 2018; McLauchlin et al., 2021)

and 2016 in the US (Madad et al.,, 2023). Outbreak sources and
responsible manufacturers could be identified by WGS. In both cases, the
outbreaks clones persisted in the processing environment (Madad et al.,
2023; McLauchlin et al., 2021).

In the current study, 34 different MLST-STs were identified. ST451,
ST8, ST20, ST1, ST224, ST37 and ST26 were the most abundant MLST-
STs. Surprisingly, ST121 and ST9 were nearly absent in the facility,
although they are frequently isolated from food and food processing
environment. Moreover, ST121 has also been reported to be the most
prevalent MLST-ST among fruits and vegetables (Maury et al., 2019).

Surprisingly, ST451 was the most prevalent type in the current study
and the subtype ST451-CT4117 was identified as a highly abundant in-
house clone, first located at processing line A in the mixing area. ST451
is rarely isolated from food and food processing environment. One study
detected ST451 in low numbers in mixed frozen vegetables (Willis et al.,
2020) and another the persistence of ST451 in a Czech rabbit meat
processing facility (Gelbicova et al., 2019). Moreover, ST451 isolates
were detected among clinical and food isolates, mainly associated with
dairy products, in an Austrian study, but they were assigned to different
cgMLST-CTs than found in this study (Cabal et al., 2019). With the
shutdown of processing line A in 2019, numbers of ST451-CT4117 were
strongly reduced, which further supports the identification of a
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contamination hotspot. Transmission of ST451-CT4117 via contami-
nated products from the mixing area to the packaging area was likely as
these clones were also detected in environmental swab samples of the
packaging area. ST451-CT4117 harbored different genes contributing to
survival under stress conditions found in food processing environments,
such as genes associated with the stressosome (Chaturongakul and Boor,
2004; Ferreira et al., 2004), the general stress response (Kazmierczak
et al., 2003; Seifart Gomes et al., 2011), further osmotic, acid stress and
heat stress. In addition, genes supporting resistance against biocides
such as mepA against QAC (Haubert et al., 2018), mdrL against benzal-
konium chloride (Jiang et al., 2019) and perR against hydrogen peroxide
(Rea et al., 2005) and genes associated with resistance against cold
stress, cspD (Schmid et al., 2009), oppA (Borezee et al., 2000) and sigL
(Raimann et al., 2009), were present in ST451-CT4117.

ST8 was the second highly prevalent subtype in this study, which is
known to be widely disseminated in different types of food and food
processing environments (Cabal et al., 2019). ST8 isolates were also
previously detected in vegetables (Mackiw et al., 2021), in frozen fruit
and frozen vegetables (Willis et al., 2020) and in a frozen vegetable
producing environment (Truchado et al., 2022). Moreover, ST8 was
identified as the second top MLST-ST of foodborne L. monocytogenes in
China (Ji et al., 2023). The set of stress resistance genes was similar to
ST451, but ST8 isolates additionally contained SSI-1 (Ryan et al., 2010)
and the plasmid pLMR479a (except for ST8-CT1247), carrying genes
involved in stress response such as cadmium resistance genes (Schmitz-
Esser et al., 2015), probably supporting survival and colonization of the
processing environment by the two in-house clones (ST8-CT1349, ST8-
CT6243). However, the prevalence and source of these two in-house
clones were different. ST8-CT1349 frequently contaminated food
products in the packing area, whereas ST8-CT6243 was mainly found in
environmental samples from the production area. ST8 showed elevated
growth rate under 4 °C, significantly different to ST224, potentially
further supporting the wide dissemination and survival under low
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temperatures found in a frozen vegetable processing environment.

In the ST20 group, the predominant type ST20-CT3737 was identi-
fied as in-house clone, which originated in the mixing area, where
products were already contaminated with this type. ST20-CT3737 was
further detected in environmental swab samples and in product samples
in the packaging area, which indicates further colonization of the
packaging area by ST20-CT3737. Survival of ST20 was supported by a
large set of stress resistance genes, which is very similar to the stress
resistance gene content of ST451. ST20 was also present in frozen veg-
etables in a previous study (Willis et al., 2020) as well as in animals
(Jennison et al., 2017) and other animal derived food products such as
fish (Ciolacu et al., 2015) and artisanal cheese (Pyz-f.ukasik et al.,
2022).

ST224 was almost exclusively present at a specific area in the
packaging area, which was also the location of the in-house clone
ST224-CT5623. ST224 isolates were previously isolated from clinical as
well as food sources (Maury et al., 2016) such as RTE foods, meat and
the meat processing environment (Cheng et al., 2022; De Cesare et al.,
2017; Palma et al., 2017) or edible mushrooms (Chen et al., 2018). The
stress resistance gene set of ST224 comprised a wide set of genes similar
to ST451, likely contributing to the successful colonization of the pro-
cessing environment, including biocide tolerance genes mdrL (Jiang
et al., 2019), perR (Rea et al., 2005), and mepA (Haubert et al., 2018).

In addition to in-house clones, we detected transient isolates mainly
belonging to ST1, ST37 and ST26. These isolates regularly entered the
facility via purchase products, but were not able to colonize the pro-
cessing environment. The repeated finding of specific cgMLST-CTs in
purchase article indicated the presence of in-house clones in the sup-
plier's facility.

The findings of this study emphasize the significance of using WGS
data for identification of in-house clones and transient clones, which
were (repeatedly) introduced in the processing environment but were
apparently not able to colonize the processing environment. Moreover,
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contamination sources and transmission routes within the local pro-
cessing environment could be characterized. Previous studies have
identified several food contact and non-food contact points as potential
niches for L. monocytogenes in a frozen vegetable processing environ-
ment such as conveyor belts, the entry/exit of the freezing tunnel,
drains, exit of the blancher, filling equipment, scales, floor areas and
drains (EFSA et al., 2018; Pappelbaum et al., 2008; Truchado et al.,
2022), which were similar to sites where in-house clones were present in
the local processing environment. Conveyor belts covering large areas of
the processing facility were one of the main harborage sites for
L. monocytogenes in this study, probably due to the hard-to-clean and
rough surface, and modular structure. An insufficient blanching process
or a (re)contamination right after the blancher was indicated by the
presence of in-house clones and other Listeria spp., and further may
contribute to the colonization of the FVPF (Pappelbaum et al., 2008).
Potential cross-transmission in the processing environment was inves-
tigated in detail on cgMLST-CT level using WGS data to identify concrete
transmission sources. Although one would expect distinct clusters of
sampling sites with few connections to sampling sites in other areas/
rooms, almost all sampling sites were connected to each other by at least
one common cgMLST-CT found on each sampling site. The centralized
building structure and undirected employee movement along the main
corridor connecting all areas and rooms, movement of vehicles and
insufficient disinfection of working shoes are some possible explanations
for the vast transmission of L. monocytogenes MLST-STs/cgMLST-CTs in
the processing environment, as these factors were also found to promote
transmission and colonization of other potential niches in other studies
(Alvarez-Molina et al., 2021; Stessl et al., 2022; Zhang et al., 2021).

We further applied whole genome SNP analysis to verify the iden-
tification of in-house clones by cgMLST-CTs, considering isolates with
<20 SNPs as closely related with respect to the (meta)data (Jagadeesan
etal., 2019; Wang et al., 2018). The maximum number of SNPs exceeded
20 SNPs only for ST8-CT1349 and some isolates of ST8-CT1349 clus-
tered with ST8-CT1348 in the phylogenetic tree, indicating the existence
of two different in-house clones in the ST8-CT1349 group. Since the
identification of in-house clones based on cgMLST-CTs was sufficient for
most of the isolates and whole genome SNP analysis requires extensive
bioinformatics training, we concluded that in-house clone identification
at the cgMLST-CT level is adequate for food companies.

Explaining the colonization potential of some isolates based solely on
their genomic content is challenging. Many different genomic features
were associated with the ability of L. monocytogenes to survive long-term
and grow in a food processing environment despite cleaning and disin-
fection measures. Survival and/or growth have been linked to the
presence of stress resistance genes in the genome or on mobile genetic
elements such as plasmids or biofilm formation (Gray et al., 2021; Liu
et al., 2022; Maggio et al., 2021; NicAogain and O'Byrne, 2016): e.g.
QAC resistance genes bcrABC (Elhanafi et al., 2010), gacH (Miiller et al.,
2013), and emrC (Kremer et al., 2017), and emrE (Kovacevic et al., 2016)
were identified in previous studies (Palaiodimou et al., 2021; Palma
et al., 2022). However, the isolates of the FVPF, either in-house clones or
not, harbored only mdrL and mepA, and lacked biocide tolerance genes
such as bcrABC, qacH, emrC and emrE. Yet, presence of argB, which is
involved in the arginine biosynthesis pathway, was significantly (p <
0.05) associated with in-house clones. Availability of arginine is essen-
tial for stress response via the arginine deiminase pathway under acidic
conditions (Ryan et al., 2009) supporting the survival and colonization
of the food processing environment. Presence of argB was MLST-ST and
lineage dependent in the current study, as only lineage II isolates
(ST451, ST8, ST20, ST37, ST26) but not lineage I isolates (ST1, ST224)
harbored argB. Although there were differences between MLST-STs
regarding their growth ability under cold stress, genes correlated with
tolerance to low temperatures such as cspD, oppA or sigL were present in
all tested isolates. Moreover, all MLST-STs were able to survive multiple
freeze-thaw cycles promoting the survival in a frozen vegetable pro-
cessing facility. We hypothesize that additional factors may play a role,
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such as a high number of incoming bacterial cells of one subtype of
L. monocytogenes, or the interplay with the microbiota present in a
certain niche are essential factors for the establishment and colonization
ability of in-house clones in the frozen vegetable processing
environment.

The virulence gene content and length polymorphisms of virulence
genes varied between MLST-STs and lineage I and lineage II isolates, as
for example LIPI-3, was partially present in lineage I isolates (ST1 and
ST224), which is in line with previous findings (Chen et al., 2022;
Quereda et al., 2016; Tavares et al., 2020). Full length InlA and LIPI-1,
which are required for virulence and pathogenicity, were present in all
isolates of this study. Further, ActA, responsible for actin polymerization
and supporting movement in the host cell, harbored an internal deletion
in isolates of ST1 in the current study. Different ActA variants including
internal truncations in ST1 were also noted in a previous study (Rychli
et al., 2018), but the impact on virulence of actA variants is not fully
understood yet (Pistor et al., 1995; Roberts and Wiedmann, 2006;
Travier et al., 2013). Interestingly, accessory virulence factors
inlIEFGHJK were not present in lineage I isolates (ST1 and ST224) but
were detected in lineage II isolates (ST451, ST8, ST20, ST37, ST26),
which is in line with a previous study (Wagner et al., 2022). While
lineage 1II isolates have been previously associated with hypovirulence
and persistence in food and food processing environments (Maury et al.,
20165 Nightingale et al., 2006; Orsi et al., 2011), the content of acces-
sory virulence genes indicates a virulent phenotype (Bierne et al., 2007;
Gou et al., 2022; Ling et al., 2022; Sabet et al., 2008; Schiavano et al.,
2021).

In conclusion, we identified five different L. monocytogenes in-house
clones in a European frozen vegetable processing facility. By using
whole genome SNP data, the in-house clone ST8-CT1349 was discrimi-
nated into two different in-house clones, which is supported by their
location in the processing facility. The results demonstrate that WGS
data is a powerful tool for improving food safety, since WGS allows the
identification and tracing of sources and transmission of clones on
cgMLST-CT or SNP level. Conveyor belts covering large distances in the
processing environment were a main niche for in-house clones. Strong
indicators for transmission in the whole processing environment un-
derline the importance of an appropriate structure of the building
minimizing movements across processing areas. Insufficient sanitation
procedures were identified by the FVPF and actions were set to improve
the situation. We concluded, that reducing the introduction of contam-
inated products and ingredients into post-blanching areas and replacing
the type of conveyor belt used in the processing environment would
reduce the prevalence of Listeria. The FVPF is regularly monitoring the
safety of products, which drastically minimizes the risk for consumers, if
cooking instructions are followed. Analysis of the genomic content of
L. monocytogenes suggested that the colonization of the processing
environment was supported by a wide repertoire of stress resistance
genes and the ability of different MLST-STs to grow under low temper-
atures and survive multiple freeze-thaw cycles. All analyzed isolates
were considered as potentially virulent and are important to be elimi-
nated from the processing environment by the frozen vegetable pro-
ducer. Further investigations of mechanisms and factors supporting the
establishment of in-house clones is necessary such as analyzing the co-
occurring microbiota at niches that were colonized by Listeria, since
the diversity in the genomic content was not sufficiently able to explain
differences between in-house and transient clones.
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0rg/10.1016/j.ijfoodmicro.2023.110479.
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