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ABSTRACT
Due to its high case fatality rate, foodborne listeriosis is considered a major public health concern worldwide. We
describe one of the largest listeriosis outbreaks in Germany with 83 cases of invasive listeriosis between 2013 and
2018. As part of the outbreak investigation, we identified a highly diverse Listeria monocytogenes population at a
single producer of ready-to-eat meat products. Strikingly, the extensive sampling after identification of a first match
between a cluster of clinical isolates and a food isolate allowed for a linkage between this producer and a second,
previously unmatched cluster of clinical isolates. Bacterial persistence in the processing plant and indications of
cross-contamination events explained long-term contamination of food that led to the protracted outbreak. Based
on screening for virulence factors, a pathogenic phenotype could not be ruled out for other strains circulating in
the plant, suggesting that the outbreak could have been even larger. As most isolates were sensitive to common
biocides used in the plant, hard to clean niches in the production line may have played a major role in the
consolidation of the contamination. Our study demonstrates how important it is to search for the origin of
infection when cases of illness have occurred (backtracking), but also clearly highlights that it is equally important
to check whether a contamination at food or production level has caused disease (forward checking). Only through
this two-sided control strategy, foodborne disease outbreaks such as listeriosis can be minimized, which could be a
real improvement for public health.
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Introduction

The bacterium Listeria (L.) monocytogenes is ubiqui-
tous in nature and the causative agent of human
listeriosis, a comparatively rare but potentially life-
threatening foodborne disease [1]. The pathogen enters
the food chain either through raw products or through
contamination of food during processing [2].
Especially ready-to-eat (RTE) products pose a risk for
infection [3]. Listeriosis may lead to a self-limiting gas-
trointestinal disease, to cerebral and bloodstream infec-
tions in predominantly immunocompromised patients
or to fetal complications in pregnant women [4]. In
Germany, the number of notified cases has been con-
stantly increasing from 337 cases in 2011 to 770 cases
in 2017, corresponding to an incidence increase from
0.4 to 0.9 cases per 100,000 population [5,6]. In 2018,
the number of cases has fallen to 701 again (incidence:
0.8 cases per 100,000 population), with a case fatality

rate of 5% [7]. Within the European Union, case fatal-
ity was even higher with 15.6% in the same year [8].
Thus, listeriosis represents a considerable burden to
society which requires effective surveillance and pre-
vention strategies by close collaboration between public
health and food authorities. In Germany, the binational
consultant laboratory for L. monocytogenes at the Ger-
man Robert Koch-Institute and the Austrian Agency
for Health and Food Safety collects L. monocytogenes
strains isolated from clinical infections. During the
last years, approximately 450 clinical isolates were col-
lected annually, corresponding to approximately two
thirds of all listeriosis cases notified in Germany. The
National Reference Laboratory (NRL) for
L. monocytogenes, hosted at the German Federal Insti-
tute for Risk Assessment, on the other hand, receives
isolates sampled from food and food processing plants.

Molecular surveillance of L. monocytogenes using
whole genome sequencing (WGS), combined with
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epidemiological evidence, has greatly facilitated lister-
iosis outbreak clarification [9–13]. In addition, WGS
analysis enables detailed insights into industrial
hygiene and forms the basis for in-depth root cause
analysis [14].

In our study, we analyzed the diverse
L. monocytogenes population of a German food pro-
cessing plant (isolates from food and environment)
that was linked to a large long-lasting listeriosis out-
break consisting of two distinct clusters. In addition
to backtracking and forward checking, we estimated
the virulence potential of the strains circulating in
the production facility. Last but not least, we
addressed the question of how the contamination
has been persisting for years despite periodic hygiene
measures.

Materials and methods

Bacterial cultivation

L. monocytogenes strains were routinely cultured in
brain heart infusion (BHI) broth, on BHI agar plates
or on sheep blood agar plates at 37°C overnight.

Pulsed-field gel electrophoresis

Pulsed-field gel electrophoresis (PFGE) was performed
according to the PulseNet protocol (https://www.cdc.
gov/pulsenet/pdf/listeria-pfge-protocol-92 508c.pdf).
Restriction patterns were analyzed with BioNumerics,
version 7.1 (Applied Maths, Sint-Martens-Latem,
Belgium).

Whole genome sequencing

Genomic DNA was extracted using the GenElute™
Bacterial Genomic DNA Kit (Sigma-Aldrich,
St. Louis, MO, United States; clinical isolates) or the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany;
non-clinical isolates) following the PulseNet protocol
for gram-positive bacteria (https://www.cdc.gov/
pulsenet/pdf/pnl32-miseq-nextera-xt.pdf). Extracted
DNA was quantified on a fluorescence microplate
reader using the Quant-iT™ PicoGreen® dsDNA
Assay Kit (Thermo Fisher Scientific, Waltham, MA,
United States; clinical isolates) or using the Qubit
dsDNA BR Assay Kit with a Qubit 2.0 fluorometer
(Invitrogen, Carlsbad, CA, United States; non-clinical
isolates). Sequencing libraries from genomic DNA
were prepared with the Nextera XT DNA Library
Prep Kit (Illumina, San Diego, CA, United States).
Sequencing was performed on the MiSeq sequencer
in paired-end mode with 2 × 300 bp reads or single-
end mode with 1 × 300 bp or 1 × 150 bp reads or on
an Illumina HiSeq 1500 sequencer generating 250 bp
paired-end reads in a dual flow cell run.

Sequencing data analysis

Data preparation
Sequencing reads were trimmed with Trimmomatic
version 0.36 at default parameters [15]. Trimmed
reads were either directly used for single nucleotide
polymorphism (SNP)-mapping or de novo assembled
with SPAdes version 3.11.1 [16].

Multi locus sequence typing and molecular
serogrouping
Multi locus sequence types (MLST STs) as well as cor-
responding MLST clonal complexes (CCs) and PCR-
serogroups were determined from de novo assemblies
according to the seven house-keeping gene MLST
scheme and the PCR-serogrouping scheme, respect-
ively, available at http://bigsdb.pasteur.fr/listeria.

Core genome MLST
Core genome MLST (cgMLST) was performed based
on assembled genomes in the software Ridom Seq-
Sphere+ (Münster, Germany) with the integrated
1701 genes cgMLST scheme [17]. CgMLST allele cov-
erage of at least 98% was set as quality threshold.
CgMLST allelic profiles were imported into BioNu-
merics version 7.6 to perform single linkage clustering.
Isolates with a maximum of ten allele differences from
each other were assigned to the same cluster [17]. Trees
were visualized and annotated in iTOL version 4 [18].

Single nucleotide polymorphism analysis
Trimmed reads were mapped against the sequence of
the L. monocytogenes strain EGDe (NC_003210.1)
using Snippy version 4.0 at default settings [19].

In silico screening for antimicrobial resistance and
virulence genes
Antimicrobial resistance (AMR) and virulence genes
were identified from assembled genomes with ABRi-
cate version 0.8 [20] using the databases ncbi (AMR,
4528 sequences) and vfdb (virulence, 2597 sequences)
[21,22], last updated 9 July 2019. To reduce assembly
bias, gene coverages were summed up when a gene
was split across multiple contigs (visualization with
Geneious Prime 2020.0.3). A cutoff of at least 75%
gene coverage in total was applied for gene presence.

Data availability
The sequence data for this study have been deposited in
the European Nucleotide Archive (ENA) at EMBL-EBI
under accessions listed in Supplementary Table 1.

Biocide susceptibility testing

Except for benzalkonium chloride (BAC), only active
substances of the cleaning agents and disinfectants
used in the food processing plant under investigation
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were tested. BAC was included due to genetically
encoded BAC tolerance mechanisms found in the
study isolates. Minimum inhibitory concentrations
(MICs) of BAC (0.3 to 20 mg/L), sodium hypochlorite
(62.5 to 8000 mg/L), peracetic acid (22.3 to 2850 mg/
L), hydrogen peroxide (7.8 to 999 mg/L) and phospho-
ric acid (444.4 to 28440 mg/L) were determined in tri-
plicates as previously described [23]. Biocide
susceptibility of nine cgMLST cluster 1 outbreak iso-
lates and two cluster 3 non-outbreak isolates were ana-
lyzed exemplarily. Two more isolates were selected for
phenotypic testing of BAC tolerance because of their
AMR genotype (cluster 9 and 15). The MIC breakpoint
≥4 mg/L was used to classify isolates as BAC tolerant
[24,25]. Minimal in-use concentrations of the other
biocides were calculated based on manufacturer spe-
cifications about biocide concentrations in stock sol-
utions and application concentrations specified in the
cleaning and disinfection plan of the processing plant.

Statistical analysis

Statistical analysis was performed in IBM SPSS Stat-
istics version 21 (IBM, Armonk, NY, United States).
Case–control-study was analyzed with Stata 15.0 (Sta-
taCorp LLC, TX, United States). In general, analyses
with p-values lower than 0.05 were considered as stat-
istically significant. In chi-squared tests, p-values were
adjusted using Bonferroni correction. Strength and
direction of a relationship between variables were
measured by Spearman correlation.

Epidemiological analysis

Case definition
Outbreak cases were defined as listeriosis patients
reported to public health authorities with disease
onset in 2013 or later, and isolation of
L. monocytogenes from normally sterile body fluids
revealing either characteristic PFGE profiles (typing
method applied before 2015) or belonging to the
cgMLST clusters 1 and 2 (typing method applied
after 2015, Figure 2). To ensure compatibility of mol-
ecular typing results, selected strains with PFGE
profiles typical for the outbreak were sequenced retro-
spectively. In case of affiliation to cgMLST cluster 1 or
2, other isolates showing the same PFGE profile were
considered as associated as well.

Case–control study
In order to support molecular typing data with epide-
miological evidence, a case–control study was con-
ducted in 2017. Recent outbreak cases were asked
about their diet in the two weeks prior to disease
onset, while earlier cases, from 2016, were asked
about general consumption habits during the time of
infection (total n = 8). Healthy controls from Germany

with a similar age and sex distribution as outbreak
cases were interviewed by a social research institute
using random digit dialling (n = 32). Our hypothesis
was that the outbreak was caused by the consumption
of plastic packaged RTE meatballs. This assumption
was compared to consumption of two foodstuffs
classically considered at risk for L. monocytogenes con-
tamination: plastic-packaged sliced cheese and plastic-
packaged smoked fish from the supermarket [1].

Results

Epidemiological outbreak description

The German surveillance system for L. monocytogenes
identified an outbreak with 83 invasive listeriosis cases
between 2013 and 2018. It consisted of two distinct
cgMLST clusters (cluster 1 and cluster 2) which could
be traced to the same food processing plant. Because
of the common source, both clusters were treated as
one outbreak (Figure 1). Cluster 1 had been communi-
cated to European member states on 29/09/2016 via the
Epidemic Intelligence Information System (EPIS UI-
376), but none of the other participating countries
reported cases.

Cluster 1 comprised 72 cases between 2013 and
2018, spread over 12 out of 16 German federal states.
Median age of cases in this cluster was 69 years
(range 0–96 years) and more male (n = 44) than female
(n = 28) persons were affected. The cluster included six
pregnancy-associated cases (mother and child were
treated as two separate cases). Five (non-pregnancy-
associated) cases died. For three of them, listeriosis
was reported as the major cause. Cluster 2 was smaller,
included 11 cases between 2015 and 2017 and was
reported only from six German federal states. Median
age of cases in this cluster was 70 years (range 16–86
years) and again, more male (n = 8) than female (n =
3) persons were affected. In this cluster, there were
no pregnancy-associated cases and no deaths. Cluster
1 reached a peak in 2016 with 26 cases, whereas most
cases of cluster 2 appeared in 2017 (n = 7) (Figure 1).

From 2013 through 2015, most outbreak cases were
male (26 out of 29 cases, 90%). After that the ratio
between female and male was almost balanced (26
male versus 28 female cases).

Clinical L. monocytogenes isolates linked to the
outbreak

Since clinical L. monocytogenes isolates could not
always be assigned to a notified case [7], the number
of isolates was higher than the number of cases in the
outbreak. Some of the isolates were exclusively typed
with PFGE, but only sequenced clinical isolates (n =
77) were included in our study, with 65 isolates in
cgMLST cluster 1, and 12 isolates in cluster 2.

1602 S. Lüth et al.



Source identification and sampling at a food
producer

During retrospective investigations, an isolate sampled
in 2016 from RTE meatballs was found to match the
clinical isolates of cgMLST cluster 1 (one allele differ-
ence). After checking the NRL database, a second iso-
late from meatballs of the same producer, sampled in
2014, could be assigned to the same cluster. Both iso-
lates were collected in official controls while the
respective product had already been put on the market.
Based on these findings, extensive sampling at the food
producer was initiated, and isolates from the pro-
duction facility subsequently matched a second cluster
of clinical isolates, namely cluster 2 (Figure 2).

Altogether, 235 non-clinical isolates originating
from a single producer were included in our study.
Except for the two initial food isolates from 2014 and
2016, isolates were collected in 2017 and 2018. A
total of 210 originated from the food processing
environment and 25 from food products sampled

either at the retail level (n = 3) or at the producer
level (n = 22). Swabs were taken from conveyor belts,
pulleys, freezers, accompanying parts like condensate
lines or cable ducts, and from gullies. Food isolates ori-
ginated from RTE meat products such as meatballs or
burger patties made from pork, poultry or unknown
type of meat and chicken nuggets. The food samples
were contaminated below 100 CFU/g [3], except for
the one sample from 2014 which contained 3 × 104

CFU/g. Of the 235 non-clinical isolates, 216 (92%)
were sampled within self-controls by the producer
(21 from food, 195 from food processing environment)
and the rest in official controls.

Case–control study

In order to underpin WGS-based typing results with
epidemiological findings, 8 cases and 32 healthy con-
trols were interviewed in 2016 and 2017 concerning
their consumption of RTE meatballs, sliced cheese or

Figure 1. Epidemiological curve of the listeriosis outbreak under investigation. The outbreak comprised 83 cases between 2013 and
2018 and consisted of two distinct core genome MLST clusters (cluster 1, blue, and cluster 2, orange). During the outbreak, a shift
from mainly male cases (dark shading) to a balanced ratio between male and female cases (light shading) occurred.

14-LI00510-0

18-LI00487-0

16-02902

18-LI00748-0

16
-0

41
81

17-02157

18-LI00251-0

18
-L

I0
03

43
-0

17-LI00988-0

14-03077

18
-L

I0
02

80
-0

18-LI00715-0

18
-0

02
00

17-01478

17-LI00983-0

18-LI00281-0

17
-L

I0
09

70
-0

16-03934

18-LI00750-0

18-LI00739-0

18-LI00345-0

18
-L

I0
03

37
-0

18
-L

I0
03

48
-0

17-LI00727-0

18-LI00276-0

16-02525

16-03643

18
-L

I0
02

52
-0

18-LI00261-0

18-LI00250-0

18-LI00772-0

17-LI00987-0

18-LI00344-0

18-LI00731-0

17-02460

18-LI00749-0

15-03239

18
-L

I0
03

33
-0

18-LI00753-0

18-LI00417-0

14-05646

18-LI00783-0

18
-L

I0
02

65
-0

18-LI00418-0

16-03886

14-04253

17-LI00917-0

17
-L

I0
10

14
-0

18-LI00268-018
-L

I0
02

62
-0

18-LI00342-0

18-LI00296-0

17-02419

17-LI01008-0

17
-L

I0
07

30
-0

17
-L

I0
10

31
-0

16-00805

17-00472

17-LI01024-0

14-05359

18-LI00338-0

18-LI00294-0

17-LI00916-0

18
-L

I0
02

79
-0

18-00305

17-LI01023-018-LI00420-0

18-LI00742-0

18
-L

I0
03

04
-0

18-LI00722-0

18-LI00245-0

17
-L

I0
10

17
-0

18-03370

18-LI00755-0

18-LI00543-0

18-LI00768-0

17
-L

I0
10

32
-0

18-LI00284-0

18-LI00741-0

18
-L

I0
03

47
-0

17
-0

50
76

14-04961

18-LI00767-0

17
-L

I0
10

20
-0

18
-L

I00
35

0-
0

18-LI00734-0

16-03056

18-LI00260-0

18
-L

I0
07

46
-0

18-L
I00330-0

18
-L

I0
02

97
-0

16
-0

38
68

18-LI00744-0

16-01908

18-LI00259-0

17-03596

16-02862

18-LI00274-0

18
-L

I0
07

82
-0

18-LI00341-0

18-LI00757-0

17
-L

I0
07

66
-0

17
-L

I0
08

11
-0

18-LI00727-0

17
-L

I0
07

67
-0

17-LI01019-0

18-04187

16-03885

16
-0

37
80

18-LI00336-0

18
-L

I0
03

52
-0

15-02726

17
-L

I0
10

09
-0

18-LI00334-0

13-01044

17-LI00991-0

18-LI00726-0

17
-L

I0
09

84
-0

18
-L

I0
05

41
-0

18-LI00290-0

17
-L

I0
10

16
-0

18
-L

I0
03

46
-0

18-LI00282-0

18
-L

I0
02

47
-0

18-LI00287-0

14-03879

17-LI00993-0

16-03062

18-LI00248-0

17-LI01018-0

18-LI00784-0

18-LI00771-017
-0

58
03

15-02696

14-04789

18-LI00761-0

17
-0

36
31

17-LI00969-0

18-LI00729-0

14-05399

16
-0

36
65

18-LI00277-0

18-LI00747-0

18
-L

I0
07

79
-0

18-LI00542-0

17
-L

I0
09

75
-0

18-LI00302-0

18-LI00720-0

18-LI00283-0

17-LI00990-0

18-LI00759-0

18-LI00419-0

16-02555

18-LI00257-0

18-L
I00289-0

16
-0

37
03

16-01571

16-01618

16
-0

41
80

18-LI00340-0

17-05799

18-LI00249-0

18-LI00335-0

17
-L

I0
07

28
-0

18-LI00491-0

16-LI00360-0

18
-L

I0
07

51
-0

14-04042

18-LI00422-0

17-L
I01006-0

18-LI00733-0

18
-L

I0
02

78
-0

18-LI00488-0

18-LI00540-0

14
-0

50
83

18-LI00272-0

17-LI00974-0

13
-0

52
13

18
-L

I0
02

75
-0

17-02864

18-LI00254-0

16-00477

13
-0

35
70

13
-0

04
76

17-LI01003-0

18-LI00256-0

18-LI00635-0

18-LI00421-0

17-LI00985-0

17-LI00976-0

16-04235

18
-L

I0
07

66
-0

18
-L

I0
03

00
-0

18-LI00743-0

18-LI00293-0

17-LI01005-0

17-LI01002-0

18-LI00737-0

18
-L

I0
02

66
- 0

15-03310

18-LI00717-0

17-LI00986-0

18-LI00714-0

17
-L

I0
09

71
-0

17-LI00992-0

17-03027

18-LI00740-0

16-01265

18
-L

I0
02

46
-0

18-LI00264-0

16-02841

18
-L

I0
02

91
-0

18-LI00780-0

18
-L

I0
03

32
-0

18-LI00292-0

18-LI00770-0

17-LI00978-0

17
-L

I0
10

10
-0

17-LI01015-0

18
-L

I0
07

74
-0

18-LI00351-0

17-LI00998-0

18-04057

18-LI00258-0

17
-0

63
71

17-02392

14
-0

53
60

18-LI00719-0

17-LI01000-0

18
-L

I0
02

98
-0

18-LI00735-0

17
-L

I0
09

95
-0

17
-L

I0
10

13
-0

18-LI00723-0

14-02242

18-LI00781-0

17-05383

18-LI00253-0

18-LI00414-0

18-LI00285-0

18-LI00725-0

17-LI00972-0

17
-L

I0
09

99
-0

18-LI00736-0

17-LI01022-0

18-LI00339-0

18
-L

I0
02

69
-0

18-LI00636-0

18-LI00255-0

18-LI00775-0

18
-L

I0
03

53
-0

18-LI00716-0

17
-L

I0
10

07
-0

18-LI00295-0

18-LI00728-0

18-LI00724-0

17-LI01012-0

18
-L

I0
04

15
-0

18
-L

I0
02

44
-0

18
-L

I0
03

54
-0

17-01287

18-LI00752-0

18-LI00263-0

17
-L

I0
09

73
-0

17-02677

18-LI00288-0

18-LI00773-0

18
-L

I0
03

03
-0

18
-L

I0
05

39
-0

14-05266

18-LI00745-0

18
-L

I0
03

01
-0

18-LI00286-0

18-LI00754-0

17-05073

17-LI00996-0

16
-0

25
86

16-02585

17
-L

I0
10

33
-0

17-03524

16-02725

17-LI01021-0

18-LI00756-0

18-LI00762-0

18
-L

I0
03

05
-0

18
-L

I0
06

43
-0

18-LI00760-0

18-LI00786-0

18-LI00349-0

18
-L

I0
02

67
-0

17-LI00997-0

18
-L

I0
02

73
-0

18-LI00738-0

18-LI00732-0

18-LI00331-0

16-03341

17
-L

I0
07

29
-0

17-LI00994-0

18-LI00718-0

18
-L

I0
03

06
-0

17-LI00980-0

17-01357

17-01870

18-LI00730-0

17
-L

I0
09

77
-0

18-LI00270-0

17
-L

I0
10

11
-0

18-LI00769-0

18-05769

18-LI00785-0

14-03633

18-LI00271-0

cgMLST cluster

Cluster 1 (outbreak)

Cluster 2 (outbreak)

Cluster 3

Cluster 4

Cluster 5

Cluster 6

Cluster 7

Cluster 8

Cluster 9

Cluster 10

Cluster 11

Cluster 12

Cluster 13

Cluster 14

Cluster 15

Cluster 16

Cluster 17

Cluster 18

Cluster 19

Source

Food

Food processing environment

Clinical

Sampling Year

2013

2014

2015

2016

2017

2018
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smoked fish (Table 1). One case could not recall the
consumption of plastic packaged RTE meatballs, but
exposure to the unpacked product while eating out
was not entirely excluded. A second case answered
the question on consumption of smoked fish with “I
don’t know”. Both cases were classified as not exposed
to the respective food category in our analysis.
Altogether, six out of eight patients (75%) remembered
eating plastic packaged RTE meatballs from retail
whereas only two of the 32 controls (6%) did. This cor-
responds to an odds ratio of 102.4 at a p-value of 0.001,
indicating a strong association between listeriosis out-
break cases and consumption of plastic-packaged
RTE meatballs. In contrast to that, odds ratios between
cases and controls for consumption of sliced cheese
and smoked fish were 4.4 and 1.3, respectively, and
not statistically significant.

Molecular typing and cluster analysis of strains

The 312 isolates included in our study were assigned to
11 different MLST CCs spanning four serogroups (IIb,
IIa, IVb and IIc, with decreasing prevalence). The
majority (>95%) of isolates fell into CC5 (n = 176),
CC121 (n = 50), CC31 (n = 46) and CC7 (n = 24).
Clinical isolates were either CC5 (n = 65, serogroup
IIb) or CC7 (n = 12, serogroup IIa).

The isolates fell into 7 cgMLST clusters and 12 sin-
gletons (containing only one non-clinical isolate)
(Figure 2). The outbreak-associated cgMLST clusters
1 and 2 contained 176 and 24 isolates, respectively.
Cluster 1 was composed of 65 clinical isolates, 20 iso-
lates from food and 91 isolates from food processing
environment. All isolates in this cluster were closely
related with an overall allelic distance between 0 and
18 (median 7). The close genetic relatedness of isolates
in this cluster could be confirmed by SNP analysis
(overall SNP distance 0–60, median 10). Cluster 2 con-
tained only 24 isolates, 12 of clinical origin and 12 from
food processing environment. Allelic differences ran-
ged between 0 and 8 (median 2). Corresponding SNP
distances were between 0 and 8 with a median of
3. With an allelic distance of 1633, the genetic differ-
ence between cluster 1 and cluster 2 was large. The
two outbreak clusters did not show sub-clustering
according to the source of isolates or the time of

sampling (Figure 2). For the other cgMLST clusters
of the non-clinical isolates, no match to clinical isolates
from Germany could be found.

Four cgMLST clusters (cluster 1, 3, 4 and 19)
contained isolates from RTE food products and
three of those (cluster 1, 3 and 4) also isolates
from food processing environment. In the remaining
15 cgMLST clusters, non-clinical isolates originated
only from the food processing environment. Four
cgMLST clusters (cluster 2–5) contained isolates
which have been sampled over a period of 9–12
months, in 2017 and 2018. Cluster 1 has been
detected over four years.

Virulence genes

A total of 40 different virulence genes could be ident-
ified in the 312 isolates (Figure 3). A single isolate con-
tained 29–39 virulence genes (median 32). Virulence
gene counts were significantly different between out-
break and non-outbreak clusters (Mann–Whitney-U
test, p < 0.001). A set of 26 virulence genes was found
in all isolates.

Genes positively associated with the two outbreak
clusters were aut, inlF, lapB and vip (correlation 0.2,
0.58, 0.56, 0.34, respectively; 1-tailed p < 0.01). LIPI-3
(llsAGHXBYDP, [26]) was only detected in non-out-
break clusters (cluster 6, 7 and 17–19) with a corre-
lation of 0.2 (1-tailed p < 0.01).

Clusters 9, 10, and 12–16 had the same virulence
factor composition as outbreak cluster 1. The virulence
factors of cluster 8 and cluster 11 isolates were identical
to outbreak cluster 2 isolates lacking the vip gene.

Antimicrobial susceptibility

In all 312 isolates, the AMR genes lin, coding for the
lincomycin resistance ABC-F type ribosomal protec-
tion protein, and fosX, coding for the fosfomycin
resistance thiol transferase FosX, were identified
(Figure 4).

In 48 isolates of three different cgMLST clusters (3, 9
and 15), none of them associated with clinical cases, the
BAC tolerance genes bcrB and bcrC were found [27]
(Figure 4). At least one representative isolate per
bcrB-bcrC containing cgMLST cluster was phenotypi-
cally tested and confirmed as BAC tolerant (MIC
values ranging from 5 to 10 mg/L). Representative iso-
lates of the outbreak cluster 1, lacking bcrB and bcrC,
showed a BAC MIC value of 2.5 mg/L and were
classified as susceptible. MIC values of the other bio-
cides tested did not differ between isolates. MIC of
sodium hypochlorite was 500 mg/L, of peracetic acid
356.3 mg/L, of hydrogen peroxide 249.8 mg/L and of
phosphoric acid 3555 mg/L. All MIC values were
below in-use concentrations.

Table 1. Univariate analysis of factors associated with
listeriosis, cgMLST cluster 1, Germany 2017.

Food product
(plastic
packaged, RTE)

Cases
exposed

Controls
exposed

Logistic regression, adjusted
for age and sex

no./total
no. (%)

no./total
no. (%) Odds ratio (95% CIa) p-value

Meatballs 6/8 (75)b 2/32 (6) 102.4 (7.0–1509.6) 0.001
Sliced cheese 6/8 (75) 17/32 (53) 4.4 (0.5–42.0) 0.200
Smoked fish 1/8 (13)b 3/32 (9) 1.3 (0.1–14.7) 0.851
aCI = confidence interval; bA case in this category has been classified as not
exposed due to unclear information.
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Discussion

With 83 confirmed cases, the outbreak described in our
study represents one of the largest listeriosis outbreaks
identified in Germany since cgMLST has been
implemented for molecular surveillance [28]. From
2017 to 2018, for the first time after the introduction
of mandatory reporting of human listeriosis, the num-
ber of notified cases in Germany declined [5,7]. Using
the potential of WGS to resolve and to stop large out-
breaks [13,29] might have already made a decisive con-
tribution towards reducing the burden of listeriosis in
Germany. More males than females were affected
within the outbreak described here. This is in line
with the general trend of a significantly higher inci-
dence rate of listeriosis among men in Germany
[5,7,30–32]. Interestingly, there was a gender shift of
cases during the outbreak. General changes in con-
sumption habits as well as the introduction of novel
food products could have played a role. Both factors
are likely to influence the ingested dose and hence

the relevant dose–response relationship for a consumer
group of interest – in this case women [33]. The age
distribution was typical for a listeriosis outbreak, repre-
senting the population groups at risk: elderly people
(older than 69 years of age), pregnant women
(women of fertile age), and newborns.

In the first outbreak cluster, the entire hypothetical
transmission chain could be traced back from clinical
cases to food product to food processing environment
due to the high genetic relatedness of isolates. Indeed,
the cgMLST-based suspicion that RTE meatballs were
the causative food vehicle for listeriosis infections
could be epidemiologically confirmed by a case–con-
trol study. In the second outbreak cluster, the food pro-
duct was missing in the transmission chain. However,
as soon as the contamination in the food processing
environment was detected and eliminated, further con-
tamination of food products and hence transmission to
consumers was effectively prevented. Consequently,
forward checking, along with backtracking, and the

Figure 3. Heatmap of in silico detected virulence genes. Black: gene present; white: gene absent. Isolates are sorted by source and
by cgMLST cluster number. A set of 26 virulence genes was present in all 312 study isolates. Genes positively associated with the
outbreak clusters are marked by an asterisk. CgMLST clusters 9, 10, and 12–16 had the same virulence factor composition as out-
break cluster 1. Isolates in the clusters 8 and 11 were lacking the vip gene and were hence identical to outbreak cluster 2.

Figure 4. Heatmap of in silico detected antimicrobial resistance genes. Black: gene present; white: gene absent. Isolates are sorted
by source and by cgMLST cluster number (for legend see Figure 3). All 312 study isolates contained the lin gene (lincomycin resist-
ance) and the fosX gene (fosfomycin resistance). Only 48 isolates of three different cgMLST clusters (cluster 3, 9 and 15) additionally
contained the benzalkonium chloride tolerance genes bcrB and bcrC.
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resulting recall of products from the market as well as
stopping of the production, finally terminated the
outbreak.

Because of the great variety of L. monocytogenes
strains at the producer, the question arose as to why
only two of them have caused human infections
although probably more of them had reached consu-
mers. One possible explanation could be that strains
differ in pathogenicity. In line with a recent French
study showing associations of certain MLST CCs
with either infection or food [34], CC121 was the
second most common MLST CC in our non-clinical
isolates. The two outbreak clusters, however, belonged
to CC5 and CC7, which were classified as intermediate
and even rarely responsible for clinical cases, respect-
ively. Analysis of clinical L. monocytogenes isolates
from Germany [28] had confirmed that CC5 and
CC7 have not frequently been associated with listerio-
sis cases so far. To gain a deeper insight into strain
pathogenicity, we screened the genomes of all isolates
for known virulence factors [21]. The genes aut, vip,
inlF and lapB, which are all critical for host cell entry
[35–37], were found to be positively associated with
outbreak isolates and thus appeared to be involved in
a strain’s ability to infect humans. However, those viru-
lence genes were also found in non-outbreak clusters
including infection-associated MLST CCs, such as
CC1 and CC6 [34]. Additionally, LIPI-3 (llsAGHX-
BYDP, [26]) was detected in non-outbreak clusters, a
genetic island which is linked to increased invasiveness
of L. monocytogenes [38]. Last but not least, pathogen-
icity is a multifactorial process, and cannot merely be
derived from the presence or absence of virulence
genes [39]. In summary, the variety of potentially
pathogenic strains circulating at the producer, as
already described in other food processing plants
[40], clearly shows that selectively removing the source
of contamination for one specific outbreak cluster is
neither sufficient nor sustainable. Instead, the entire
L. monocytogenes population in a food processing
plant must be controlled and eliminated to not only
stop present outbreaks but to also prevent future ones.

The high diversity of the L. monocytogenes popu-
lation found in the food processing plant is not necess-
arily due to an extraordinary extent of contamination,
but very likely results from extensive sampling (“Who
seeks shall find”). Nevertheless, it highlights the pro-
blem of recurring L. monocytogenes contamination at
the producer and insufficiently established hygiene
measures. Strains of at least five of the
L. monocytogenes clusters were persistent in the food
processing plant and have been detected for nine
months to four years. This long period of time may
explain the comparatively large allele and SNP distance
[12,41–43] between the epidemiologically linked iso-
lates in our study. Furthermore, in three of those clus-
ters, strains were found in both, food and food

processing environment, verifying cross-contami-
nation events. Detection of twelve cgMLST singletons
showed a snapshot which does not necessarily exclude
persistence of these strains. This observation may also
provide evidence for periodic entry events of
L. monocytogenes into the production line, for example
via raw meat from various suppliers.

To gain a better understanding of the reason for
long-lasting persistence of L. monocytogenes strains in
the food processing plant, we screened for AMR
genes. Inadequate disinfection practices may expose
bacteria to sub-lethal biocide concentrations and thus
select for tolerant strains which may then persist in
niches [44]. As L. monocytogenes is known to be natu-
rally resistant to lincomycin and fosfomycin [45–47],
full length detection of these two AMR genes in all iso-
lates illustrated the effectiveness of our in silico screen-
ing method. Forty-eight out of 235 L. monocytogenes
isolates (20%) from food or food processing environ-
ment, found in cgMLST clusters 3, 9 and 15, carried
the BAC tolerance genes bcrB and bcrC. These figures
are in agreement with a recent study that found a
prevalence rate of BAC tolerance of 16% in 93 isolates
from German food processing environments collected
from 2008 through 2016 [23]. However, since Novem-
ber 2016, BAC has been listed as an unapproved disin-
fectant and preservative in the EU (implementation
decision 2016/1950), and most of our study population
and importantly, all isolates in outbreak clusters, were
susceptible. All tested isolates exhibited MIC values
lower than the in-use concentrations of biocides in
the cleaning agents and disinfectants applied in the
high care area of the food processing plant. We there-
fore assume that all substances were suitable for clean-
ing and disinfection if hygiene measures met the
guidelines. Hence, retention in hard-to-reach and con-
sequently hard-to-clean niches may have played a
major role in the establishment of persistence. Indeed,
L. monocytogenes contamination was found in such
niches along production lines and included surfaces
in high risk areas where previously heat-treated meat
products were chilled before packaging. The knowledge
gained about hotspots of contamination should help to
improve cleaning regimes including periodic disassem-
bly of production lines and/or to redesign the manufac-
turing equipment so that hard-to-clean areas are
minimized.

As observed in other studies [48,49], neither adjust-
ment of the hygiene management concepts, nor infra-
structural changes were successful to get the
L. monocytogenes contamination at the producer
under control. As a result, the entire processing plant
was shut down in autumn 2018. With the last clinical
case in October 2018, the outbreak was considered as
terminated.

In the beginning of 2019, however, an isolate from a
second producer located in another German federal
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state matched outbreak cluster 1 of our study according
to cgMLST. Throughout the year, 16 isolates from this
second producer, 3 from RTE meat products and 13
from the food processing environment, were found to
be highly genetically related to the isolates of the out-
break. Both producers did not have a direct supply
relationship and, in so far as this is known, neither
equipment nor staff has been transferred between
them. However, they shared some of their suppliers,
supporting the hypothesis that the outbreak strain
has been introduced via contaminated raw animal
products in both plants. On the one hand, this
shows that the search for an outbreak source does
not necessarily end at the level of final food proces-
sing but needs to be extended to the level of slaugh-
terhouses and cutting plants to really address the root
of the problem. Ultimately, this means that not only
sharing of sequencing data is needed, but that inte-
gration of information on commodity chains into a
common database would be important as well. On
the other hand, it also shows the need for epidemio-
logical investigations in addition to molecular surveil-
lance. Despite the high genetic relatedness of the new
isolates to the former outbreak, no further clinical
cases related to the outbreak have been reported up
to the date of publication.

Conclusion

In order to prevent listeriosis cases before they occur,
we should not only carry out outbreak detection, but
also set a focus on expansion of the data set available
for WGS-matching. One important approach for that
purpose would be to intensify regular monitoring in
the companies. Preferably, this is largely implemented
in the form of company’s own checks, so that contami-
nated food products are detected early enough and do
not enter the market. Overall, backtracking and for-
ward checking along the entire food chain must go
hand in hand to protect the public from zoonotic
pathogens. These terms are inspired by the area of
artificial intelligence, where forward checking is used
as a look ahead strategy during backtracking [50]. A
common database of molecular typing results may
solve this problem automatically, since it enables
real-time comparison in both directions. Only through
this two-sided control strategy, foodborne disease cases
can be prevented.
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