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Rapid communications

Ongoing nationwide outbreak of Salmonella Agona 
associated with internationally distributed infant milk 
products, France, December 2017
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On 1 December 2017, an outbreak of Salmonella Agona 
infections among infants was identified in France. To 
date, 37 cases (median age: 4 months) and two further 
international cases have been confirmed. Five differ-
ent infant milk products manufactured at one facility 
were implicated. On 2 and 10 December, the company 
recalled the implicated products; on 22 December, all 
products processed at the facility since February 2017. 
Trace-forward investigations indicated product distri-
bution to 66 countries.

Identification of the outbreak 
At the end of November 2017 the French National 
Reference Centre (NRC) for Salmonella noted an unusual 
increase in  Salmonella  Agona among infants, with 22 
cases identified between August and November 2017 
in children younger than six months. On 1 December, 
interviews with the caregivers of eight of these infants 
by the French National Institute for Public Health (Santé 
Publique France (SPF)) identified infant milk products 
from a single company as a potential source. All but 
one of the first eight investigated cases had consumed 
products manufactured at a single facility operated by 
this company. This facility had previously been asso-
ciated with an outbreak of  Salmonella  Agona in 2005 
[1]. An outbreak investigation is currently ongoing in 
conjunction with the NRC, SPF, the Ministry of Health 
and the Ministry of Economy in charge of consumers’ 
affairs.

Epidemiological investigations 
The operational definition for probable cases as at 
11 January 2018 includes children younger than two 
years with a laboratory-confirmed  Salmonella  Agona 
infection and with a date of onset of symptoms since 1 

January 2017. A confirmed case is a probable case with 
a  Salmonella  Agona isolate belonging to the outbreak 
cluster by whole genome sequencing (WGS) or, if WGS 
has not been performed, an isolate which does not 
produce H2S and gas after 18 h incubation on Kligler 
iron agar (see Microbiological investigations for further 
details). Cases were excluded if they had a history of 
travel abroad in the 7 days before symptom onset and 
probable cases were excluded if after WGS, they were 
not within the outbreak cluster.

As at 11 January 2018, 37 cases have been identified in 
France, all of whom were confirmed (Figure 1). All cases 
had gastrointestinal symptoms, and there was no case 
of bloodstream infection or meningitis. Almost all cases 
had diarrhoea (34 cases), 23 had bloody diarrhoea, 26 
fever and 13 vomiting. One case had symptom onset 
in April while the remaining cases had onset of symp-
toms between mid-August and 2 December. The cases 
included 21 girls and 16 boys. The median age was 4 
months (range: 2 weeks–9 months). The cases were 
scattered across 10 different regions of France. 

Among 36 cases whose caregivers have been inter-
viewed to date, 18 were hospitalised for their illness, 
all of whom have recovered at the time of writing this 
report. Eleven cases had underlying medical condi-
tions. These conditions were not associated with an 
increased risk of salmonellosis. However, they may 
have increased the likelihood of presentation to a 
healthcare provider and of diagnostic investigations. 
In the 3 days before symptom onset, 35 of the 36 cases 
had consumed infant milk products intended for babies 
aged 0–6 months manufactured by the same company. 
Five different products have been implicated to date: 
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one product was associated with 26 cases (MILK-A), 
one product was associated with five cases (MILK-B), 
one product was associated with two cases (MILK-E) 
and two products were associated with one case each 
(MILK-C and MILK-D). All products were manufactured 
at the same facility. In one confirmed case, exclusive 
breast-feeding was reported.

No other common foods or drinks were identified among 
cases. Given the young age of the cases, the majority 
were still exclusively fed with infant milk products. A 
variety of types of water (tap and different brands of 
bottled water) were used to prepare these products. 
Caregivers were questioned on their practices in rela-
tion to the preparation of bottles of milk (e.g. advance 
preparation, storage, cleaning of equipment) and no 
issues were identified which would increase the risk of 
bacterial contamination or bacterial propagation.

Microbiological investigations 
WGS of  Salmonella  isolates has been performed 
routinely at the French NRC since April 2017. DNA 
extraction, libraries and high-throughput genome 
sequencing for our cases were carried out at PIBnet, 
Institut Pasteur, Paris on the Illumina NextSeq500 
platform. Molecular serotyping was done by in-house 
scripts based on MLST-7, fliC and fliB gene databases. 
For all 88 S. Agona isolates received in the NRC between 
1 January and 31 December 2017, the filtered paired-
end reads were aligned with the Agona SL483 refer-
ence genome (GenBank accession number NC_011149) 
[2]. Phylogenetic analysis was performed on the sin-
gle nucleotide polymorphism (SNP) filtered alignment 
using the maximum-likelihood method, and the final 
tree was visualised as previously described [3]. Raw 
reads of a representative strain are available under the 
European Nucleotide Archive number ERR2219379 and 
under Enterobase name SAL_NA11229AA.

The phylogenetic analysis of all 88 genomes of S. Agona 
human isolates indicated a unique ST13 type with a 
high number of 9,519 SNPs in total and revealed that 
outbreak isolates clustered within a maximum distance 
of 26 SNPs (Figure 2). 

Interestingly, distinctive microbiological traits were 
also found in the outbreak strain: it did not pro-
duce H2S and gas in 18 h incubation on Kligler iron 
agar. Salmonella isolates do typically produce H2S and 
gas in 18 h incubation on Kligler iron agar.

To date, 36 of the 37 confirmed cases belonged to 
this SNP cluster on WGS. For the remaining case, WGS 
results are pending but the isolate does not produce 
H2S and gas after 18 h incubation on Kligler iron agar.

Environmental and product investigations 
Environmental and product investigations by the com-
pany and the Ministry responsible for consumers’ 
affairs are still ongoing. However, epidemiological 
information strongly suggests products manufactured 
at one facility as the source of infections. The facility 
manufactures a wide range of infant and toddler foods. 
Routine microbiological tests of products undertaken 
by the facility as part of normal production practices 
were negative. On 2 December 2017, the company vol-
untarily recalled batches of the three initially implicated 
products (MILKS-A, B, C) [4]. On 10 December, after 
parents of one case reported exclusive use of a fourth 
product (MILK-D), and in light of preliminary results of 
environmental investigations at the facility, the com-
pany recalled all products manufactured at the facility 
since mid-February 2017 and for which production was 
associated with one drying tower at the facility [5,6]. 
On 13 December, five further batches omitted from the 
recall list issued on 10 December were recalled [7]. On 
22 December, as a precautionary measure, the com-
pany voluntarily recalled all products manufactured or 
processed in the facility since February 2017 [6].

Potential for international spread and 
international alerts 
As at 8 January 2018, trace-forward investigations indi-
cated that recalled products were distributed to 66 
countries, including 12 countries in the European Union 
(EU). An alert was issued on the European Rapid Alert 
System for Food and Feed (RASFF) on 4 December, and 
updated as further information on the international dis-
tribution network of the products became available [8]. 

Figure 1
Epicurve of Salmonella Agona confirmed cases in infants by week of diagnosis at the National Reference Centre, France, 
2017 (n = 37)

29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52

Nu
m

be
r o

f c
as

es
 10

9
8
7
6
5
4
3
2
1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Week of validation of serotype result in the National Reference Centre



4 www.eurosurveillance.org

The alert was also issued through the Infosan network 
operated by the World Health Organization. European 
public health authorities and microbiologists were 
alerted about the outbreak on 6 December 2017 by SPF 
via an  urgent inquiry  for information issued through 
the Epidemic Intelligence Information System for Food 
and Waterborne Diseases and Zoonoses hosted by the 
European Centre for Disease Prevention and Control.

To date, two cases in infants who consumed impli-
cated exported products have been identified in EU 
countries other than France. The isolate from a case 
in Spain belonged to the outbreak SNP cluster in WGS 
performed at the NRC (data not shown in Figure 2). The 
isolate from a case in Greece did not produce H2S or 
gas after 18 h incubation on Kligler iron agar, and the 
results of WGS are pending [9].

Control measures in France 
In France, multiple media platforms have been used 
since 2 December 2017, to inform parents and caregiv-
ers about the outbreak, to advise them not to use the 

implicated products and to recommend appropriate 
hygiene practices when preparing infant milk prod-
ucts [5]. All recalled products have been published 
on the website of the French ministry responsible for 
consumers’ affairs [4-7]. As the initial public alert was 
issued on a weekend, advice was also given on how 
to mitigate the risk if alternative products were una-
vailable over the weekend. In cooperation with the 
French Society of Paediatrics, advice was issued on 
alternative infant milk product options [10]. The French 
Ministry of Health put in place a telephone help service 
for concerned parents and caregivers. Paediatric and 
maternity facilities as well as healthcare professionals 
were also informed.

Discussion 
In France, surveillance of  Salmonella  infections 
is undertaken by the NRC and SPF. Between 2011 
and 2016,  Salmonella  Agona accounted for 2.1% 
of Salmonella isolates identified in infants and received 
in the NRC, with between eight and 13 isolates received 
by the NRC a year. The detection of eight isolates 

Figure 2
Phylogenetic tree of Salmonella Agona strains received at the National Reference Centre, France, 2017 (n = 88)
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of  Salmonella  Agona in infants within a period of 8 
days alerted the NRC to the outbreak. No increase in 
the number of Salmonella Agona isolates was observed 
in other age groups. Prompt investigation provided 
strong epidemiological evidence pointing to infant milk 
products manufactured by the same company as the 
source of the outbreak.

This is the third outbreak of  Salmonella  associated 
with infant milk products reported in France [1,11]. 
Similar outbreaks have also been reported elsewhere 
[12-16]. A  Salmonella  Agona outbreak affecting 141 
confirmed cases occurred in France in 2005 and was 
associated with two different products manufactured 
within the same facility implicated in the current out-
break [1]. During the 2005 outbreak, samples of the 
implicated products and environmental samples from 
the facility yielded isolates with the same PFGE pat-
tern as the clinical isolates. However, only one of 176 
and four of 27 samples from the two implicated food 
products and six of 420 environmental samples tested 
positive for  Salmonella  Agona, suggesting a low level 
contamination. The production dates of the positive 
food samples suggested a persistent environmental 
contamination. The source of the contamination in the 
facility was not identified. In the current outbreak, the 
environmental investigations are still ongoing, and 
at this stage no obvious source of contamination has 
been identified within the facility.

The number of cases associated with this outbreak is 
probably underestimated as cases with mild symptoms 
may not have consulted a healthcare professional or 
had comprehensive diagnostic investigations (stool 
sample, culture, identification of serotype, confirma-
tion at the NRC). Despite this possibility, given the 
wide distribution of products and the small number 
of reported cases, the level of contamination of prod-
ucts is probably low. The fact that the current outbreak 
involves the same serotype as the previous outbreak 
raises the question whether the organism has per-
sisted in the facility for 12 years. The persistence 
of Salmonella Agona in a dry food production environ-
ment in the United States, resulting in two outbreaks 10 
years apart, 1998 and 2008, has been reported before 
[17]. Comparison of human and environmental isolates 
from 2005 with isolates from the current outbreak is 
ongoing to investigate this possibility.
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In August 2017, an outbreak of six listeriosis cases in 
Denmark was traced to cold-smoked salmon, using 
epidemiological investigations and whole-genome 
sequencing (WGS) analyses. Exchange of genome 
sequences allowed identification in France of a food 
isolate from a salmon-derived product and a human 
isolate from 2016 within the same cgMLST cluster as 
the Danish isolates (L2-SL8-ST8-CT771). The salmon 
product came from a third European Union country. 
WGS can rapidly link human cases and food isolates 
across Europe.

Identification of the outbreak 
In Denmark, on 23 August 2017, Statens Serum Institut 
(SSI) identified a genetic cluster of four human Listeria 
monocytogenes  sequence type (ST) 8 isolates by core 
genome multilocus sequence typing (cgMLST) [1]. The 
allele calling was performed in BioNumerics (v7.6.2, 
Applied Maths, Belgium). We initiated an epidemio-
logical investigation and notified the Danish Central 
Outbreak Management Group (collaboration between 
the Danish Veterinary and Food Administration (DVFA), 
the National Food Institute at the Technical University 
of Denmark (DTU) and SSI). On 25 August, two addi-
tional human isolates were found to belong to the 
same genetic cluster.

Raw sequence data of four outbreak isolates, 
SSI-AC382–5, are deposited at the European Nt Archive 
(ERS2039635-8).

Case definition
A confirmed case was defined as a person clinically 
diagnosed with listeriosis after 1 January 2017 with 
laboratory-confirmed L. monocytogenes ST8 clustering 
using cgMLST (≤ 5 allelic distance, single linkage). 
Cases diagnosed before 1 January 2017 with an iso-
late belonging to this cluster were defined as probable 
cases.

Case description and food exposure of 
Danish patients 
As of 25 August 2017, the genetic cluster comprised six 
cases; five confirmed and one probable. Laboratory 
sample dates ranged from 25 October 2015 to 21 
August 2017 (Figure 1). The age of the cases ranged 
from 59 to 96 years (median 80 years) and four were 
women. All patients had underlying illness and no 
travel history. One patient died within 30 days of 
diagnosis. Epidemiological investigations including a 
standard questionnaire on exposures showed that all 
five confirmed cases had consumed cold-smoked and/
or cured salmon in the 30 days before disease onset. 
Four cases had bought the salmon in retail chain X. No 
other food-item was reported as consumed in high fre-
quencies among cases. Epidemiological follow-up for 
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the probable case did not include information on fish 
consumption.

Food investigation and control measures 
On 29 August 2017, a comparison between the human 
outbreak isolates and 16  L. monocytogenes  ST8 food- 
and environmental isolates identified in Denmark from 
2014 to August 2017 showed that the human isolates 
clustered with a food isolate from cold-smoked 
salmon, cut and packaged at company Y in Poland 
(zero to two allelic differences using cgMLST).  L. 
monocytogenes  had been detected on 31 July 2017 at 
levels of 110 CFU/g (threshold: 100 CFU/g) at the end 
of shelf life. The product was widely sold in Denmark 
and had been sampled by the DVFA in retail chain X, 
as part of a consumer exposure survey (i.e. analyses 
project on retail packages). Because the  L. mono-
cytogenes  concentration had been just above the 
accepted limit and found at the end of the product shelf 
life a recall of this batch was not conducted. However, 
due to the positive finding, follow-up sampling had 
been performed on the 9 and 10 August 2017 from 
the central storage unit of retail chain X.  L. monocy-
togenes had been isolated from two batches analysed 
before end of shelf life. In one sample from the same 
batches, which was also analysed at the end of the 
shelf life, on 28 August 2017 a L. monocytogenes level 
of 240 CFU/g was found. Isolates from the follow-up 
samples had zero to four allelic differences to the 
human outbreak isolates using cgMLST.

The human outbreak sequences were also compared 
to all  L. monocytogenes  ST8 genomes derived from 
clinical samples in Denmark from 2012 onwards. 
Although ST8 genomes from Danish patients in the 
period 2012–2017 showed high diversity, the outbreak 
isolates clearly formed a distinct cgMLST cluster with 
16 allelic differences to the nearest isolates outside the 
genetic outbreak cluster and a maximum of nine allelic 
differences within the cluster (Figure 2a). We investi-
gated the relatedness of outbreak isolates further by 

single-nucleotide polymorphisms (SNP) analysis per-
formed by both SSI and DTU using two analysis pipe-
lines: Northern Arizona SNP Pipeline (NASP) [2] and 
CSI Phylogeny version 1.4 from Center for Genomics 
Epidemiology (CGE), DTU [3] leading to the same con-
clusion. The SNP analysis showed a maximum of nine 
SNPs between any two isolates in the cluster (Figure 
2b). The food isolate sampled in Denmark in July was 
identical by SNP analysis to one of the Danish patient 
outbreak isolates from August 2017. 

On 30 August 2017, DVFA advised retail chain X to recall 
all cold-smoked salmon produced at company Y. This 
advice was based on the elevated number of L. mono-
cytogenes (240 CFU/g) found in the product at the end 
of shelf-life and the link to the outbreak. Retail chain 
X voluntarily recalled both cold-smoked and cured 
salmon produced at company Y. As part of the recall 
procedure, retail chain X informed company Y on the 
situation. Information from company Y, provided by the 
Polish food authorities via the European Union Rapid 
Alert System for Food and Feed (RASFF), showed that 
the implicated batches were exclusively sold via retail 
chain X and only in Denmark.

International enquiry and investigation in 
France 
On 31 August 2017, the outbreak was notified interna-
tionally on different communication platforms: (i) the 
European Epidemic Intelligence Information System 
for food- and waterborne diseases (EPIS-FWD) refer-
ence UI-426, (ii) Early Warning and Response System 
(EWRS) notification reference EWRS20170831DK0001 
and (iii) RASFF notification reference RASFF-2017.1319. 
The EPIS-FWD platform allowed sharing of files with 
assembled genomic sequence data. SSI distributed 
raw sequence data of four outbreak isolates (SSI-
AC382-AC385) on a local ftp server at SSI.

The French National Reference Centre (NRC) 
for  Listeria  (Institut Pasteur, Paris), compared the 

Figure 1
Number of probable and confirmed cases of listeriosis, by month and year of laboratory sample date, sex and country, 
Denmark and France, 2015–2017 (n = 7 cases)
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Figure 2
Whole genome sequencing based typing of Listeria monocytogenes ST8 isolates as part of of a cross-border listeriosis 
outbreak investigation, Denmark and France, 2015–2017

Human Denmark

A. Minimum spanning tree of cgMLST allelic profilesa B. Maximum parsimony tree based on whole-genome sequencing (WGS) datab

Food Denmark
Human France
Food France
Poultry processing facilities Norway
Salmon processing facilities Norway
Human Denmark, unrelated to the outbreak

SSI-
AC385

SSI-
AC384

SSI-
AC382

SSI-
AC383

cgMLST: core genome multilocus sequence typing; SSI: Statens Serum Institut.

The size of nodes corresponds to the number of isolates. Branch lengths represent the SNP difference.

a Minimum spanning tree of cgMLST allelic profiles of 21 L. monocytogenes ST8 isolates from Danish patients in the period 2012–2017, 
1 isolate from a probable French case 2016 and food isolates sampled in Denmark (4 isolates; July-August 2017) and France (1 isolate; 
September 2017) from products produced by company Y. The outbreak cluster is shaded in grey. Published sequences of ST8 isolates 
(2001–2013) from a study [17] on persistence in a poultry processing facility (SRR3099221, SRR3099222) and a salmon processing facility 
(SRR3099223, SRR3099224, SRR3099225) were included.

b Maximum parsimony tree based on whole-genome sequencing (WGS) data showing single-nucleotide polymorphisms (SNPs) within the L. 
monocytogenes ST8 isolates from patients and food sources in the genetic outbreak cluster. One isolate (SSI -AC382, ERS2039635) from the 
cluster was used as the reference when using NASP.
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sequences of the Danish human isolates against its 
database, using cgMLST as previously described [1,4]. 
A human isolate from a French resident belonged to 
the same cluster (L2-SL8-ST8-CT771) as the Danish iso-
lates. This French probable case, a female patient in her 
mid-80s, was diagnosed in June 2016. Epidemiological 
investigations carried out by Santé Publique France 
were inconclusive, since food consumption history was 
not available at the time of diagnosis nor could infor-
mation on travel to Denmark be retrieved, as the per-
son had since died.

On 6 September 2017, an official control by the 
Ministry of Economy was carried out at a French retailer 
where a kosher chilled cured salmon was sampled for 
analysis. The sample was contaminated with L. mono-
cytogenes  at the level of 460 CFU/g and the salmon 
producer was company Y. An isolate was sent to the 
French NRC for typing and showed to belong to the 
same cgMLST type as the Danish outbreak (Figure 2). 
Further investigations on the food product confirmed 
that it had not been further processed after produc-
tion in Poland. The product was recalled and no human 
cases were linked to its consumption as of beginning 
of December 2017.

The other nine countries that replied to the EPIS-
FWD UI-426 notification (Austria, Finland, Germany, 
Luxembourg, the Netherlands, Norway, Slovenia, 
Sweden, United Kingdom) did not report any human or 
food isolates linked to the Danish outbreak. However, 
after submission of this report, at the end of November, 
we were informed through EPIS about three genetically 
linked human isolates in Germany.

Discussion 
Here we report on a listeriosis outbreak and highlight 
the value of rapidly comparing the genomes of human 
and food/environmental isolates at the national and 
international levels.

The fact that the contaminated salmon products identi-
fied in Denmark and France were from different batches 
suggests environmental contamination possibly at 
the production facility at company Y. It is too early to 
assess whether any measures taken at company Y have 
been effective in controlling the outbreak. However, 
experiences from previous investigations suggest that 
once L. monocytogenes is detected in one product, the 
whole production site should be subject to a thorough 
inspection, and sampling with special attention to 
all the possible contamination/cross contamination 
issues before implementing corrective measures [5,6]. 
Moreover, the risk for  L. monocytogenes  persistent 
strains in the production environment requires the 
close monitoring for several years to ensure the 
elimination of these [7,8].

Since WGS was introduced for routine surveillance in 
Denmark, a number of listeriosis outbreaks have been 
detected and solved, including outbreaks involving 

cold-smoked ready-to-eat sliced fish products [5]. The 
present investigation further reinforces the suspicion 
that ready-to-eat fish products are important sources 
of L. monocytogenes infections in Denmark, as well as 
in other countries.

Though only involving a low number of isolates, WGS L. 
monocytogenes  surveillance and communication 
between countries allowed us to detect and rapidly 
solve this salmon-associated outbreak, leading to food 
product recall in two European countries. Compared 
with previous typing methods, WGS has a higher 
discriminatory power and the ability to determine 
genetic distance between isolates. The introduction 
of WGS for surveillance of food-borne infections 
has shown that it improves outbreak detection and 
facilitates outbreak investigations and likely helps 
reduce the number of infections [4,9-16]. The EPIS-FWD 
communication platforms allowed for the communica-
tion to link cases across borders. However, currently 
cross-border outbreaks are only detected when case 
numbers in at least one country exceed normal levels 
and are notified internationally. Therefore, a possible 
future system for easy exchange of and comparison of 
WGS data, e.g. by the use of an agreed cgMLST nomen-
clature, across borders will enable the identification of 
more dispersed outbreaks as well as cross-border links 
between food samples and human infections. This 
report highlights that by the application of cross-disci-
plinary and real-time cross-border comparison of WGS 
data,  L. monocytogenes  infections can be prevented 
and thereby providing safer food for at-risk groups 
such as the elderly, immunodeficient individuals and 
pregnant women.
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In January 2017, an increase in reported Salmonellaente
rica serotype Bovismorbificans cases in the Netherlands 
was observed since October 2016. We implemented a 
case–control study to identify the source, including 
all cases after December 2016. Adjusted odds ratios 
were calculated using logistic regression analysis. 
We traced back the distribution chain of suspected 
food items and sampled them for microbiological 
analysis. Human and food isolates were sequenced 
using whole genome sequencing (WGS). From October 
2016 to March 2017, 54  S.  Bovismorbificans cases 
were identified. Sequencing indicated that all were 
infected with identical strains. Twenty-four cases and 
37 controls participated in the study. Cases were more 
likely to have consumed ham products than controls 
(aOR = 13; 95% CI: 2.0–77) and to have shopped at a 
supermarket chain (aOR = 7; 95% CI: 1.3–38). Trace-
back investigations led to a Belgian meat processor: 
one retail ham sample originating from this processor 
tested positive for  S.Bovismorbificans and matched 
the outbreak strain by WGS. All ham products related 
to the same batch were removed from the market 
to prevent further cases. This investigation illus-
trates the importance of laboratory surveillance for 
all Salmonella serotypes and the usefulness of WGS in 
an outbreak investigation.

Introduction 
With ca 27,000 infections per year, salmonellosis is 
among the most frequent zoonotic infections in the 
Netherlands [1]. Individual cases of salmonellosis are 
not notifiable in the Netherlands, except for (para)

typhoid fever. The detection of trends in Salmonella 
serotype distribution therefore depends on the nation-
wide laboratory surveillance network for gastroenteric 
pathogens, established in 1987 and covering ca 64% of 
the population of the Netherlands [2].

The event
In January 2017, an increase in the number of cases 
of  Salmonella  Bovismorbificans infections in the 
Netherlands was reported. From week 41 of 2016 (9 
October) until January 2017, 32  S.  Bovismorbificans 
cases (one to five per week) were reported to the 
Center for Disease Control (CIb) of the Dutch National 
Institute for Public Health and the Environment (RIVM). 
This number exceeded the expected three to 14 cases 
of this serotype per year as observed from 2005 to 
2015 and was the first possible outbreak of this sero-
type reported in the Netherlands since the implementa-
tion of the laboratory surveillance network [1]. Through 
an urgent inquiry (UI-393) in the European Centre for 
Disease Prevention and Control’s Epidemic Intelligence 
Information System (EPIS), a concurrent increase was 
reported in Belgium to 32 cases in 2016. An increase 
in the number of  S. Bovismorbificans cases was also 
observed in France where 47 cases were noted in 2016. 
An outbreak investigation was initiated to find the 
source of the outbreak and thereby prevent further 
cases.
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Methods 

Epidemiological investigation

Case definition
A case was defined as a person with laboratory-
confirmed  S.  Bovismorbificans infection, reported 
since October 2016, in the Netherlands. This date 
was selected because the increase in cases was seen 
since week 41 (starting on 9 October 2016). To gener-
ate hypotheses about the source of infection, cases 
were interviewed using a standardised trawling ques-
tionnaire. This questionnaire covered the consumption 
of different meat products, fish, dairy products, veg-
etables and fruits, snacks; establishments where food 
was purchased; if there was contact with a person with 
diarrhoea and if there was contact with animals during 
the 7 days before onset of gastro-intestinal symptoms. 
To address possible recall bias, we only interviewed 
cases reported since December 2016.

Case–control study
As these interviews did not lead to a clear hypothesis, 
a case–control study was initiated to further explore 
likely sources. Controls, matched to cases by age, sex 
and residence municipality, were randomly selected 
from population registers. Univariable and multivari-
able odds ratios (OR) and 95% confidence intervals 
(95% CI) for putative risk factors for S. Bovismorbificans 
infection were calculated using logistic regression anal-
ysis. All factors associated in the univariable analysis 
at p < 0.05 were included in the multivariable analysis 
based on backward variable selection to yield a model 
with the most relevant independent risk factors.

Cases who returned the questionnaire were requested 
to provide additional information on suspected 

products consumed. This included information on 
the supermarket chain, producer, product type and 
European product identification marks of products 
they bought in the week before symptom onset or that 
they were buying regularly. This detailed information 
was shared with the Netherlands Food and Consumer 
Product Safety Authority (NVWA) to enable them to do 
a trace-back investigation for suspected food items.

Whole genome sequencing
In collaboration with the European Centre for Disease 
Prevention and Control (ECDC), all available Dutch 
isolates of  S.Bovismorbificans from human cases in 
2016 and those from the other affected countries were 
sequenced in January 2017, concurrently with the start 
of the outbreak investigation, using whole genome 
sequencing (WGS). The Dutch isolates from cases from 
January to April 2017 were sequenced at a later stage. 
Sequencing libraries were prepared using Nextera XT 
chemistry (Illumina Inc., San Diego, United States (US)) 
for a 250-bp paired-end sequencing run on an Illumina 
MiSeq sequencer. Samples were sequenced to aim for 
minimum coverage of 100-fold using Illumina’s recom-
mended standard protocols. The resulting FASTQ files 
de novo were assembled using the SPAdes assembler 
[3]. Core genome multilocus sequence typing (cgMLST) 
analysis was conducted using Ridom SeqSphere+ soft-
ware (version 3.5.0, Ridom GmbH, Münster, Germany) 
[4]. A Spades assembly of  S.  Bovismorbificans 
SRR4099590 (http://www.ebi.ac.uk/ena/data/view/
SRR4099590) was used as reference to construct 
a cgMLST gene set by the MLST+ target definer (ver-
sion 1.1) function of SeqSphere+ with default param-
eters. Subsequently, the set of outbreak isolates were 
analysed using this cgMLST scheme and a minimum 
spanning tree was constructed from the allelic profile 
using the parameter ‘pairwise ignore missing values’ 
during distance calculation. One representative human 

Figure 1
Weekly number of reported cases of Salmonella Bovismorbificans by date of symptom onset, the Netherlands, 2016–2017 
(n = 54 outbreak cases, n = 3 non-outbreak cases)
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outbreak isolate was uploaded to Enterobase (SAL_
KA8933AA) (https://enterobase.warwick.ac.uk/). 
Persons who were included as a case in the study were 
excluded from the analysis if sequencing demonstrated 
the  S.Bovismorbificans isolated was different (more 
than five alleles difference) than the outbreak strain.

To have more insight into the presence of the outbreak 
strain in historical isolates, we searched Enterobase 
for closely related  S.  Bovismorbificans strains, in 
both human and non-human isolates. To investigate 
the presence of the outbreak strain in non-human 
samples in the Netherlands, we also searched the 
RIVM surveillance database for all known isolates 
of  S.  Bovismorbificans in the Netherlands. Relevant 
strains underwent WGS and were included in the mini-
mum spanning tree.

Results

Epidemiological investigation
From October 2016 to March 2017, 54 cases 
of S. Bovismorbificans were reported in the Netherlands 
(Figure 1). The cases were 5 to 90 years of age 

(median 65 years; interquartile range (IQR): 49–73), 
and 29 were female. The cases were not equally dis-
tributed across the country as the majority of them 
were living in the less densely populated regions in the 
east and south of the country.

Case–control study
Twenty-nine cases were reported since December 2016 
and consented to participate in the outbreak investiga-
tion. Of those, 24 cases responded and participated in 
the case–control study, together with 37 controls. The 
day of onset of symptoms for cases varied between 28 
November 2016 and 4 February 2017. The cases were 
5 to 89 years of age (median 66 years; IQR 45–76) and 
14 were female, consistent with the profile of all iden-
tified cases. Most frequently reported symptoms were 
diarrhoea (17 cases) and stomach pain (15 cases), while 
fever was reported by 11 cases. Fifteen cases were 
admitted to the hospital due to the severity of their 
illness, hospitalised cases were 27 to 89 years of age 
(median 68 years; IQR 43–77).

Food items with the highest frequency of consumption 
among cases were ham and cheese products. In the 
univariable analysis, cases were more likely to have 
consumed raw ham (OR = 12.6; 95% CI: 2.2–125.5) and 
smoked ham (OR = 5.6; 95% CI: 1.1–36.5) than controls, 
but were not more likely to have consumed any of the 
individual cheese products. Furthermore, cases were 
also more likely to have shopped at a certain super-
market chain (chain 13, see Table). As the participants 
in both groups did not always remember what specific 
type of products they had consumed in the incubation 
period, we merged ham and cheese products into one 
pooled ham variable (raw, smoked and Coburg ham) 
and one pooled cheese variable (unsliced, sliced and 
grated), respectively. In the univariable analysis, cases 
were more likely to have consumed both ham prod-
ucts (OR = 7.1; 95% CI: 1.9–27.2) and cheese products 
(OR = 5.6; 95% CI: 1.4–24.7) than controls.

In the multivariable model, we also used the pooled 
ham and pooled cheese variables. Multivariable anal-
ysis confirmed that cases were more likely to have 
consumed ham products than controls and to have 
shopped at supermarket chain 13 (Table); consumption 
of cheese products was not significant and was omit-
ted in the final model.

Based on the results of the case–control study, all 
cases that were willing to be contacted for further 
investigation were interviewed again for detailed infor-
mation on the consumption of ham and cheese prod-
ucts. None of the cases had product leftovers from 
the exposure period, but three cases provided a pho-
tograph of a product as they reported always consum-
ing that same ham product. The identification marks of 
these products together with supplier information from 
the suspected supermarket provided some direction in 
the trace-back investigation.

Figure 2
Minimum spanning tree of Salmonella Bovismorbificans 
strains based on core genome multilocus sequence typing 
analysis, the Netherlands, October 2016–March 2017

Dutch human outbreak isolates
Belgium human outbreak isolates

Dutch human non-outbreak isolates (2016)
Ham isolate
Dutch historical poultry product isolate (2015) 
Dutch historical pig faeces isolate (2016)

The tree was constructed from core-genome MLST allelic profile 
using the parameter ‘pairwise ignore missing values’ during 
distance calculation. Numbers correspond to the number of alleles 
difference between isolates/clusters. Isolates within five alleles 
difference (i.e. outbreak cluster) are within the blue circle.
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Trace-back investigation
The trace-back investigation by the NVWA led to 
a Belgian meat processor. In cooperation with the 
Belgian authorities, an inspection was performed by 
local authorities at the meat processor. No evidence 
was found for possible contamination during the pro-
duction process. There were no positive samples of 
incoming meat and the production of raw ham was 
completely separated from other meat products to pre-
vent cross contamination. The trace-back investigation 
in Belgium was not further extended to the farm level. 
The meat processor intensified its controls after the 
inspection. The NVWA then decided to focus further 
investigations on wholesalers and supermarkets in the 
Netherlands that were supplied by the Belgian meat 
producer. Samples of both half-finished products and 
finished (for retail) ham products were taken at several 
levels in the production chain to be analysed for the 
presence of Salmonella.

In April 2017, 4 weeks after the last case was reported 
in the Netherlands, one of the collected retail ham 
products (smoked Coburg ham, sliced at supermarket) 
tested positive for Salmonella. All ham products related 
to this batch were withdrawn from the Dutch market and 
the NVWA used the European Rapid Alert System for 
Food and Feed (RASFF) system to alert the authorities 
in other European countries. Further serotyping identi-
fied the Salmonella as serotype Bovismorbificans.

Whole genome sequencing
Sequencing of human  S.  Bovismorbificans isolates 
indicated that all isolates taken since October 2016 had 
less than five alleles difference and were therefore part 
of the same outbreak. All outbreak strains were ST142 
(http://www.genomicepidemiology.org, accessed 
18 August 2017). No acquired resistance genes were 
detected (ResFinder 2.1  http://www.genomicepidemi-
ology.org, accessed 18 August 2017). Outbreak strains 
possessed the small Escherichia coli plasmid pIGJC156 
(col156, NC_009781, 5,146 bp, 98% homology) with 
no predicted accessory genes that code for any resist-
ance (PlasmidFinder 1.3,  http://www.genomicepide-
miology.org, accessed 18 August2017). Next to the 

Dutch isolates, seven isolates from Belgian patients 
and two isolates from French patients also matched 
the outbreak strain. The isolates from other countries 
and the Dutch patient isolates reported before October 
2016 did not match the outbreak strain. WGS indicated 
that the strain of S. Bovismorbificans found in the ham 
product was identical to the outbreak strain (Figure 2). 

In the Enterobase database, 178 hits 
for S. Bovismorbificans ST142 were found with isolation 
dates from 1970 to 2017. Of those, 26 were non-human 
isolates. The most closely related strains based on 
the Enterobase cgMLST V2 were strain SAL_KA7180AA 
(United Kingdom (UK), unknown source and year of iso-
lation) and SAL_KA4075AA isolated from the Thames 
River (UK, 2009). In the RIVM surveillance database 
for the Netherlands, 11 isolates of  S.Bovismorbificans 
from non-human sources were recorded. A pig faeces 
isolate from 2016 and a poultry food product isolate 
from 2015 (both ST142) underwent WGS. Neither of the 
strains matched the outbreak strain (Figure 2).

Discussion
The case–control study identified the consump-
tion of ham products as the vehicle of the outbreak. 
This finding was confirmed by the identification 
of S. Bovismorbificans in a ham product from a Dutch 
supermarket, originating from a suspected meat pro-
cessor, leading to a recall of related ham products to 
prevent further cases from occurring.

With 57 known cases (54 from the outbreak inves-
tigation and three cases that were reported later) 
over a period of 7 months, this outbreak was one 
of the smaller outbreaks of  Salmonella  detected in 
the Netherlands in the past 10 years. With 15 known 
hospitalisations among 24 interviewed cases, 
the hospitalisation rate in this outbreak was high 
compared with the estimated 3% hospitalisations 
(1,021 hospitalisations of 32,210 salmonella cases) in 
2016 for all salmonellosis cases across the country 
[1]. This suggests the outbreak strain might be more 
pathogenic than other Salmonella strains, thus leading 
to a higher burden of disease for this specific strain. 

Table
Associations between Salmonella Bovismorbificans infection and food consumption or purchases at supermarkets, the 
Netherlands, September 2016 – March 2017.

Food consumption and supermarkets Cases (n = 24) Controls (n = 37) OR Adjusted OR 95% CI
Ham pooleda 15 7 7.1b 12.5 2.0–76.6
Cheese pooledc,d 20 18 5.6a NA NA
Supermarket chain 13 17 16 4.5a 7.1 1.3–37.9

CI: confidence interval; NA: not applicable; OR: odds ratio.
a Raw, smoked and Coburg ham.
b p value < 0.05.
c Unsliced, sliced and grated cheese.
d Omitted in final model (not significant).



16 www.eurosurveillance.org

However, as the number of cases was small, we expect 
the burden of disease from this outbreak to be limited 
as the total burden of disease from salmonellosis in the 
Netherlands is already low compared with some other 
food-borne pathogens [5,6]. Moreover, the burden of 
disease estimates of salmonellosis in the Netherlands 
is based on an overall under-reporting factor of 26 [7]. 
A more pathogenic strain, which we anticipated was 
the case in this outbreak, would probably lead to lower 
rate of under-reporting, suggesting that we may have 
seen a relatively high number of true cases compared 
with other Salmonella outbreaks.

Smaller and larger outbreaks of Salmonella are detected 
frequently through the Dutch surveillance network, but 
this was the first outbreak of S. Bovismorbificans ever 
reported in the Netherlands. With three to 14 cases per 
year (which is less than 1% of all reported cases per 
year), S. Bovismorbificans is one of the less-frequently 
observed serotypes of  Salmonella  in the Netherlands. 
This low incidence is comparable with the number of 
cases reported by other European countries [8]. Such 
a low background incidence facilitated detection of the 
increase and the subsequent start of an outbreak inves-
tigation. However, since the beginning of the investiga-
tion almost no new cases were reported for a period 
of 4 weeks. With the knowledge that several previous 
small outbreaks of rare serovars of  Salmonella  had 
stopped spontaneously, the recruitment of controls 
was postponed until enough new cases had been 
reported. Because of this, the start of the analytical 
study was delayed until the beginning of February.

The investigation led to (uncooked) ham products as 
the most likely vehicle of transmission in this outbreak. 
The consumption of raw pork is a known risk factor for 
salmonellosis; in the Netherlands an estimated 40% of 
salmonellosis cases are attributed to the consumption 
of pork [1]. Based on historical data and model-based 
source attribution analyses, pigs are the primary res-
ervoir of  S.  Bovismorbificans [9]. However, vehicles 
of transmission detected in outbreaks from Finland, 
Australia the United States and Germany, include 
sprouts, hummus and lettuce [10-15]. Only one out-
break of  S.  Bovismorbificans in Germany from 2004 
to 2005 was associated with the consumption of pork 
[16].

Only 15 of 24 cases enrolled in the study reported 
exposure to ham products in their incubation period. 
This could be the result of recall bias, as many cases 
were interviewed 4 to 6 weeks after the day of onset 
of gastro-intestinal symptoms, i.e. in some cases more 
than 7 weeks after the exposure. Another explanation 
could be cross-contamination of other products within 
individuals’ homes. We assume it unlikely that other 
food products were involved in the outbreak, as no new 
cases were reported with the outbreak strain after the 
withdrawal of the contaminated batch. The low number 
of positively tested food samples from the incriminated 
batch of ham suggests that the infectious dose of the 

contaminated batch was probably not very high. This 
could also be an explanation for the small number of 
cases in this outbreak.

WGS indicated that this outbreak was a multi-country 
outbreak, with a small number of isolates from Belgium 
and France being identical to the outbreak strain. The 
number of confirmed cases in these countries was 
too low to perform epidemiological studies. However, 
as the trace-back investigation led to a Belgian meat 
processor, it is likely that contaminated products were 
also available in Belgian stores and possibly in France.

This outbreak of a rare serotype of  Salmonella, which 
led to a recall of suspected ham products, confirms 
once more the relevance of the Dutch laboratory sur-
veillance system for non-(para)typhi  Salmonella  spp. 
infections outbreak detection, including that for rare 
serotypes. In the past 10 years, several outbreaks 
of Salmonella were detected by the system, including a 
large outbreak of S. Thompson in 2012, several smaller 
outbreaks of  S.  Typhimurium in 2014 and 2015, and a 
multi-country outbreak of  S.  Enteritidis in 2016 [1,17]. 
For smaller outbreaks it was not possible to find the 
source because in some instances the outbreak ended 
before an outbreak investigation could be initiated or 
the number of cases was too small to start a case–con-
trol study to find an association. In the presented out-
break, the number of cases was also relatively small, 
but the association with the contaminated food prod-
uct in the case–control study was strong enough to 
start a trace-back investigation. The association could 
have been stronger with a matched analysis design, 
but the number of discordant pairs was too small.

Lessons learned
Two key factors in this outbreak investigation were the 
close collaboration between epidemiologists, microbi-
ologists and food experts of the NVWA from the onset 
of the outbreak investigation and the use of WGS. 
Furthermore, the use of a broad trawling question-
naire in the beginning of the outbreak was found to 
be important. Pork products were not an unexpected 
source for salmonellosis, but the level of detail in the 
questionnaire pointed to certain types of ham used as 
sandwich filling as possible sources of interest already 
in an early phase.
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A European multi-country outbreak 
of Salmonella Enteritidis phage type (PT) 14b occurred 
from March to November 2014 associated with the con-
sumption of eggs. The outbreak involved more than 
400 human cases from France, Luxembourg, Austria 
and the United Kingdom. In 2016–2017, it has been 
re-evaluated combining recent epidemiological results 
with latest molecular data. The outbreak was traced 
back to one large Bavarian egg producer with four 
distinct premises, three located in Bavaria, one in the 
Czech Republic. The outbreak isolates of S. Enteritidis 
PT 14b were grouped into three closely related clades 
by whole genome sequencing. Two of these clades 
could be referred to two Bavarian premises of the egg 
producer on the basis of epidemiological and molec-
ular data, while epidemiological data presumably 
linked the third clade to another premises of the egg 
producer. Interestingly and in contrast to the situation 
in other European countries where several outbreaks 
were documented, all notified 91 laboratory-confirmed 
cases of  S.  Enteritidis PT 14b from Bavaria were spo-
radic, singular cases not belonging to any epidemio-
logical outbreaks. In conclusion, as demonstrated 
here, the resolution of food-related outbreaks with 
such a high discriminatory power is rare in outbreak 
investigation.

Introduction 
Salmonella enterica  ssp.  enterica  serovar Enteritidis 
(S.  Enteritidis) is one of over 2,600 serovars of the 
genus  Salmonella  with zoonotic potential and often 
associated with food-borne human disease. Its 
reservoir is the intestinal tract of both humans and 
animals.  S.  Enteritidis forms a strongly clonal group 
with low genetic heterogeneity, whose members can 
be sufficiently discriminated from each other only by 
modern molecular techniques [1-6].

The incidence of human salmonellosis has decreased 
steadily in recent years. Nevertheless, in 2014, 88,175 
confirmed cases of human salmonellosis causing 
9,830 hospitalisations and 65 fatalities were reported 
across the European Union (EU). Among these, 16,000 
cases of human salmonellosis were reported from 
Germany. As in previous years,  S.  Enteritidis was the 
predominant serovar (44.4% of all isolates) followed 
by S. Typhimurium (17.4%) and S. Typhimurium, mono-
phasic variant (7.8%) [7].

Poultry meat and eggs have been shown as being 
potentially contaminated by  Salmonellae  [8,9] and 
consumers should be fully aware of that [10]. The EU 
has prescribed community targets for the reduction 
of  S.  Enteritidis and  S.Typhimurium with Regulation 
(EC) 1168/2006, in adult laying hens of  Gallus gallus, 
which are monitored by mandatory control programmes 
since 2009 [11]. These programmes have contributed 
to the decline of  Salmonella-contaminated flocks of 
laying hens [2,12]. Only 2.54% of 34,757 flocks of lay-
ing hens were  Salmonella-positive within the EU in 
2014. S. Enteritidis was detected in 0.7% of all flocks. 
In Germany, only 1.39% of 5,256 flocks of laying hens 
were  Salmonella-positive with  S.  Enteritidis detected 
in 0.44% of them [7]. Although  Salmonella  spp. in 
table egg units are only rarely detected (0.3% of 
single samples and 1% of batches in 2014), eggs 
and egg products were important sources of food-
related  Salmonella  outbreaks in 2014 [5]. Phage type 
(PT) 14b of S. Enteritidis was reported in several food-
related outbreaks in recent years, often with eggs or 
egg products as suspected or proven source [13-15].

The outbreak 
From March to November 2014, a European multi-
country outbreak occurred in France, Luxembourg, 
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Austria and the United Kingdom (UK) with more than 
400 human cases. The outbreak strain was at that time 
identified as S.Enteritidis, PT 14b, multilocus variable-
number tandem repeat analysis (MLVA) type 2–12–7-
3–2 or 2–11–7-3–2 [1,5,16,17]. The outbreak was 
epidemiologically traced back to eggs from one large 
egg producer (company X) with three premises A, B 
and C in Bavaria and premises D in the Czech Republic. 
Besides that, company X owns two breeding units, one 
in Bavaria and one in the Czech Republic.

Following a Rapid Alert System for Food and Feed 
within the EU (RASFF) notification about a S. Enteritidis 
outbreak in France after consuming homemade ice 
cream prepared with raw eggs traced back to com-
pany X in early July 2014 [18], Bavarian authorities 
initiated extensive and integrated investigations at 
the three Bavarian premises A, B and C of company 
X. S. Enteritidis was cultured from eggs (surfaces and 
contents) and from faeces and stable dust at premises 
A and from egg surfaces at premises B.  S.  Enteritidis 
was not detected in the respective samples or materi-
als obtained at the third Bavarian premises C. Here we 
report the re-evaluation of this multi-country European 
outbreak of  S.  Enteritidis PT 14b by combining recent 
epidemiological results with latest molecular data.

Methods 
For the re-evaluation we used all relevant RASFF notifi-
cations and posts on the European Centre for Disease 
Prevention and Control (ECDC)’s Epidemic Intelligence 
Information System (EPIS), epidemiological outbreak 

reports from ECDC / European Food Safety Authority 
(EFSA) [16] and from the concerned Austrian authori-
ties [17] and we assessed and analysed published 
results of the UK outbreak investigation [5]. Moreover, 
data obtained from investigations performed by local 
Bavarian Health authorities together with the analy-
sis of questionnaires from Bavarian cases as well as 
bilateral epidemiological information obtained directly 
from Austrian authorities [19] were included.

In a next step, we compared the obtained epidemio-
logical data with the latest molecular results from 
whole genome sequencing (WGS) of European isolates, 
performed by Public Health England (PHE) [1]. All UK 
outbreak strains and further 45 isolates from France, 
Luxembourg, Austria and Germany were analysed by 
WGS. Bavarian environmental isolates and isolates 
from eggs of premises A and B of company X, which 
were obtained during official investigations, were also 
included.

Results 

France
Six food-related outbreaks caused by homemade 
food prepared with raw eggs involving 45 human 
cases were reported in France between June and July 
2014. S. Enteritidis was isolated from 16 human cases 
and from one egg sample taken in a private kitchen. 
The outbreaks were traced back epidemiologically to 
premises A and B of company X [16].

Table 1
Cases of Salmonella Enteritidis phage type 14b, Germany, 2014

Federal state of Germany Number of cases Inhabitants Incidence per 100,000 inhabitants
Baden-Württemberg 6 10,879,618 0.06
Bavaria 107 12,843,514 0.83
Berlin 0 3,520,031 NA
Brandenburg 1 2,484,826 0.04
Bremen 1 671,489 0.15
Hamburg 3 1,787,408 0.17
Hesse 7 6,176,172 0.11
Lower Saxony 10 7,926,599 0.13
Mecklenburg-West Pomerania 1 1,612,362 0.06
North Rhine-Westphalia 12 17,865,516 0.07
Rhineland Palatinate 2 4,052,803 0.05
Saarland 0 995,597 NA
Saxony 17 4,084,851 0.42
Saxony-Anhalt 4 2,245,470 0.18
Schleswig Holstein 3 2,858,714 0.10
Thuringia 3 2,170,714 0.14
Total 177 82,175,684 0.22

NA: not applicable.
Source: Database of the National Reference Centre for Salmonella and other Bacterial Enteric Pathogens, Wernigerode, personal 

communication, Wolfgang Rabsch, October 2016 and [20].
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Table 2
Assignment of the European outbreak strains of Salmonella Enteritidis phage type 14b to three different clades and to single 
premises of company X

Clade 1, isolates from faeces, dust samples and eggs, directly sampled at premises A of company X (n=10)

Country Outbreak

Origin of 
isolates 

 
(number)

Comment

France

Outbreak after consumption of chocolate cream produced 
with raw eggs (RASFF-notification 2014.0938-inf01) 

 
Outbreak after consumption of ice cream produced with 

raw eggs (RASFF-notification 2014.0938-inf01)

Eggs (n=2) 
 
 
 
 
 

Human (n=2)

Epidemiological link to company X 
 
 
 

Epidemiological link to company X

United Kingdom Sporadic cases Human (n=3) NA
Germany Sporadic cases Human (n=3) No epidemiological link to company X
Clade 2 Isolates from eggs, directly sampled at premises B of company X (n=2)

Country Outbreak

Origin of 
isolates 

 
(number)

Comment

  
 
  
 
France

Outbreak after consumption of mayonnaise produced with 
raw eggs (RASFF-notification 2014.1072) Human (n=3) Epidemiological link to company X

Sporadic cases Human (n=2) No epidemiological link to company X

Luxembourg Sporadic case Human (n=1) Epidemiological link to company X
  
 
  
 
Austria

Outbreak in Tyrol in June/July 2014, caused by a caterer 
delivering food at homes for the elderly and “meals on 

wheels” to risk groups
Human (n=3) Epidemiological link to company X 

through egg supply network

Human isolates not belonging to the Tyrolian outbreak Human (n=2) Isolates from Upper Austria and Viennaa

  
 
United Kingdom

Outbreak in a kebab house Human (n=9) Epidemiological link to company X

Sporadic cases Human (n=23) NA

  
 
  
 
Germany

Sporadic cases Human (n=7) No epidemiological link to company X

Sporadic cases Human (n=1)
Epidemiological link to company X 

(employee of company X, asymptomatic 
carrier)

Clade 3, no isolate from any premises of company X

Country Outbreak

Origin of 
isolates 

 
(number)

Comment

  
 
  
 
Austria

Human isolate not belonging to the Tyrolian outbreak Human (n=1) Isolate from Viennaa

Sporadic cases Human (n=1)
Isolate was cultured in 2013 and has no 
epidemiological link to the outbreak in 

2014a

Germany Sporadic cases Human (n=4) No epidemiological link to company X

  
 
United Kingdom (UK)

Outbreaks in three Chinese restaurants and a UK hospital Human 
(n=250) Epidemiological link to company X

Sporadic cases Human (n=75) NA

RASFF: Rapid Alert System for Food and Feed.
a Source: personal communication: Tim Dallman, February 2016.
Source: [1] and personal communication: Wolfgang Rabsch, January 2017; Tim Dallman, February 2017.
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Luxembourg
Luxembourg reported one human case infected with 
the outbreak strain in early June 2014. The patient 
residing in France close to the border to Luxembourg, 
consulted a hospital in Luxembourg and had consumed 
eggs possibly bought in a shop of the supermarket 
chain linked to the French cases [16].

Austria
Between June and October 2014, 151  S.  Enteritidis PT 
14b cases (90 confirmed, 38 probable and 23 possible 
cases) in Austria fulfilling the Austrian case definition, 
occurred with an accumulation of 69 cases in Tyrol 
as at 22 October 2014 [17,19]. A confirmed case was 
defined as an infection with S. Enteritidis PT14b (MLVA-
type 2–12–7-3–2) occurring after week 23 (starting on 
2 June) 2014 in a person living in Austria. A probable 
case was defined as an infection with  S.  Enteritidis 
PT14b without MLVA-typing occurring after week 23 in 
a person living in Austria. A possible case was defined 
as diarrhoea or vomiting occurring after week 23 in a 
person living in Austria and having an epidemiological 
link to a confirmed case [17].

In 51 of 69 Tyrolian cases (74% in total; 16 confirmed, 
1 probable and 34 possible cases) the consumption of 
partly raw eggs-containing food was identified as com-
mon exposure. The food was prepared in a large-scale 
catering facility at Innsbruck. The food was delivered 
to ‘meals on wheels’ customers and residents of three 
nursing homes for the elderly, which were supplied by 
the above mentioned caterer. The large-scale catering 
facility bought eggs via a distributor in Innsbruck from 
an egg selling company in Bavaria which was supplied 
by company X. The Austrian authorities sampled 10 
eggs delivered from premises B of company X on 4 July 
2014 as well as 10 further eggs, beef soup powder, salt, 
corn starch, four different spices and one counter sam-
ple (vegetable casserole) from the large scale catering 
facility on 9 July 2014.  Salmonella  spp. could neither 
be isolated from the food nor from the egg samples. 
During the outbreak period, a member of the kitchen 
staff, a food distributor, was identified as carrying the 
outbreak strain [17,19]. They were probably infected by 
contaminated eggs or egg containing food.

United Kingdom
The UK reported an outbreak with a duration of 17 
weeks from May to November 2014 [1]. Besides 101 spo-
radic cases there were five outbreaks with 259 cases, 
linked to a hospital, three Chinese restaurants and one 
kebab restaurant [1] and (personal communication, Tim 
Dallman, February 2017). Sixty-nine per cent (198/287) 
of confirmed cases could be epidemiologically linked 
to eggs supplied by company X [5]. S. Enteritidis PT 14b 
with the outbreak MLVA profile was isolated from envi-
ronmental and food samples from the hospital and two 
restaurants, but not from eggs [5].

Germany
In Germany, 177 S. Enteritidis PT 14b cases were identi-
fied by phage typing in 2014 at the National Reference 
Centre (NRC) for Salmonella and other Bacterial Enteric 
Pathogens, Wernigerode, of which 107 were from 
Bavaria (personal communication, Wolfgang Rabsch, 
October 2016). Importantly, it should be noted that 
phage typing is not routinely performed in Germany. 
Only those isolates sent to the National Reference 
Centre for Salmonella and other Bacterial Enteric 
Pathogens are phage typed. Thus, the occurrence of dif-
ferent phage types among German Salmonella isolates 
is generally underestimated. The Bavarian Health and 
Food Safety Authority initiated phage typing since 
July 2014 for the Bavarian regions Upper Palatine and 
Lower Bavaria and since August 2014 for all Bavarian 
regions. Since August 2014, the national public health 
institute (Robert Koch Institute, Berlin) initiated phage 
typing for the other federal states on a voluntary basis. 
In  Table 1  the number of cases and their incidence 
per 100,000 inhabitants in different Federal States 
of Germany in 2014 are described. Most of the cases 
and the highest incidence were observed in Bavaria, 
reflecting the intensified surveillance in Bavaria since 
July 2014. Ten or more S. Enteritidis PT 14b cases were 
observed in each of the federal states of Saxony, North 
Rhine-Westphalia and Lower Saxony.

In 2014, 91 Bavarian cases of Salmonella Enteritidis PT 
14b were notified according to the German Infection 
Protection Act (SurvNet-Database of RKI, as at 31 March 
2015). Ten of them were asymptomatic carriers, among 
whom one was an employee of company X. All Bavarian 
cases were sporadic, singular cases that did not belong 
to any epidemiological cluster or outbreak. All of them 
were asked to take part in an in depth questionnaire-
based interview with a healthcare official on volun-
tary basis. Just over half of the cases (55%; n = 50) 
agreed to be interviewed. According to the question-
naire responses, 19 cases consumed eggs, but five of 
them had acquired their  Salmonella  infection abroad. 
The consumption of raw egg-containing food could be 
excluded for four persons. For the remaining 10 cases 
the origins of the consumed eggs were: unknown 
(n = 4), supermarket without further details (n= 2), 
eggs from free-range hens (n = 1), organic eggs without 
further details (n = 1), eggs directly bought at the farm 
(n = 1) and eggs from one’s own hens (n = 1). Taken 
together, no link to consumption of eggs of company X 
practicing cage production could be identified by these 
interviews.

Molecular investigation by whole genome 
sequencing
The outbreak strains formed a single five single nucle-
otide polymorphism (SNP) single-linkage cluster with 
a maximum distance between any two genomes of 
23 SNPs. Three clades could be separated within the 
monophyletic cluster with a maximum difference of 
two SNPs [1]. The corresponding phylogenetic tree is 
published elsewhere [1]. The time to the most recent 
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common ancestor for the three clades was estimated 
to be 2.9 years (95% highest posterior density (HPD): 
2.5–3.2 years) [1]. The analyses referred all three clades 
to company X or its egg supply network and postulated 
a common ancestor of all three clades [1].

All sequenced European strains can be assigned to the 
three clades as shown in Table 2 with the exception of 
two human strains from France and one human strain 
from Germany which could not be assigned to any of 
the three clades [1].

Combination of epidemiological and 
molecular results
The synoptic view of all epidemiological data with 
molecular typing data from PHE yielded the following 
scenario of the 2014 multi-country outbreak with epi-
demiological data confirming molecular results (Table 
2).

Isolates of clade 1 were linked to premises A of com-
pany X based on molecular analysis of isolates from 
premises A. Two outbreaks in France were linked to 
premises A of company X due to molecular analysis 
of isolates from humans and eggs and the identifi-
cation of premises A of company X as supplier of the 
eggs. Interventions at premises A, i.e. removal of the 
old flock between 20 June and 22 July 2014, immedi-
ate housing of a new flock, which never supplied table 
eggs, coincided with the cessation of the appearance 
of clade 1 isolates after the end of July 2014.

Isolates of clade 2 were linked to premises B of com-
pany X based on molecular analysis of isolates from 
premises B. One outbreak in France and one outbreak 
in a kebab house in the UK could be related to prem-
ises B of company X. Human isolates from France were 
linked to clade 2 by molecular analysis, while premises 
B of company X was identified as egg supplier. Isolates 
from the UK were traced back epidemiologically to 
company X through the egg supply network. After a 
delivery stop for eggs from premises B of company X to 
the United Kingdom on 17 July 2014 and the passing of 
the eggs’ shelf life only a few singular isolates of clade 
2 were detected in the UK.

Isolates of clade 2 and clade 3 were cultured from 
Austrian outbreak cases. Seven Austrian isolates were 
sequenced by WGS. Five of them belonged to clade 
2, two of them to clade 3. One of the clade 3 isolates 
was cultured in 2013 (personal communication, Tim 
Dallman, February 2016) and could not be attributed to 
the 2014 outbreak.
 
Most of the UK cases could be linked to company X 
due to the egg supply network (Table 2) as reported 
elsewhere [5]. The major part of the UK isolates includ-
ing the isolates from four of five outbreaks in the UK 
(one hospital and three Chinese restaurant outbreaks) 
belongs to clade 3. Isolates of clade 3 were continu-
ously detected in the UK from March to November 

2014. Interventions at premises A and B of company X 
did not influence the appearance of clade 3 isolates. 
However, after a delivery stop for eggs of premises D 
of company X from the Czech Republic to the UK on 1 
September 2014 and the passing of the eggs’ shelf life, 
only singular, sporadic cases of clade 3 isolates with-
out further outbreaks were detected in the UK. Sixteen 
samples from premises D of company X (faeces (n=4), 
whole body (n=6), container (n=6)) were analysed by 
the Czech authorities between 3 March 2014 and 10 July 
2014. Salmonellaspp. were not detected as reported by 
the Czech government via the RASFF system.

Discussion and conclusions 
Re-evaluating this large multi-country outbreak by 
combining the results of recent molecular and epide-
miological data allowed us to clearly attribute some 
outbreaks to single premises of one great egg supplier, 
company X. The French outbreaks could be referred 
to premises A and B and the UK outbreak in a kebab 
house to premises B of company X.

In Austria, clade 2 and clade 3 strains were iso-
lated during the outbreak. Although the isolation 
of S. Enteritidis from eggs or incriminated food failed, 
it can be supposed that premises B of company X was 
involved in the Tyrolian outbreak due to an epidemio-
logical link between the large-scale catering facility at 
Innsbruck and company X via the egg supply network 
and the isolation of clade 2 strains from clinical cases. 
It is notable that 18 cases infected with a strain of S. 
Enteritidis PT 14b, indistinguishable from the outbreak 
strain 2014 by MLVA typing were detected both in Tyrol 
and other federal states of Austria already in October 
and November 2013 [17].

The appearance of clade 3 strains in Austria before 
and during the outbreak gives a hint that a further, yet 
unknown source might have been involved. For a more 
exact characterisation of the Austrian outbreak the 
sequencing of a greater number of Austrian outbreak 
strains would have been helpful. The fact that a human 
carrier of the outbreak strain worked as food distribu-
tor at the caterer as well as the distribution of raw egg 
containing food may have influenced the extent and 
the duration of the Austrian outbreak.

The source of clade 3 strains which were isolated from 
most of the UK cases remains obscure. There is the 
possibility that  S.  Enteritidis was merely not detected 
from eggs or environmental samples from premises C 
of company X in Bavaria, despite intensive sampling. In 
addition, the molecular relationship of all UK outbreak 
strains provides some epidemiological evidence that 
the source for clade 3 strains could be premises D of 
company X in the Czech Republic. This hypothesis is 
supported by the fact that UK clade 3 cases strongly 
decreased and only few sporadic cases were detected 
after the delivery stop on 1 September 2014 for eggs 
from the Czech premises D of company X and after the 
expiration of their shelf life.
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As molecular data postulate a common ancestor strain 
of all three clades ca 2.9 years ago, we suppose that the 
ancestor strain was introduced from an external parent 
or grandparent herd to the premises of company X in 
the past and started to develop independently at each 
premises finally forming the three clades. This hypoth-
esis is supported by the fact that S. Enteritidis PT 14b 
clade 2 strains were isolated during a S. Enteritidis hos-
pital outbreak in Bavaria in summer 2015 and from the 
laying hens of the hospital’s egg supplier. In this out-
break  S.  Enteritidis PT 14b clade 2 was isolated from 
11 persons who were directly or indirectly linked to a 
Bavarian hospital in Swabia (patients (n=6), relatives 
(n=2), trainee (n=1), cook (n=1) and cook mate (n=1)). 
The route of transmission inside the hospital could not 
be clarified, but it was supposed that  S.  Enteritidis 
was transmitted via cross-contaminated food from the 
kitchen. The most likely primary source was identified 
as eggs from a local egg supplier about two hundred 
kilometres away from the premises of company X (data 
not shown).

An official sampling of the five laying hen herds (sepa-
rate faecal/dust samples from every herd and 120 eggs 
from the egg packing centre) of the egg supplier was 
done and  S.  Enteritidis PT 14b clade 2 was isolated 
from one of the five laying hen herds (faecal/dust sam-
ples). The egg samples taken in the egg packing centre 
of the company were negative for Salmonella spp. In a 
routine self-check of the egg supplier done incidentally 
one week before the official sampling,  S.  Enteritidis 
was also isolated from a second laying hen herd. 
Summarising the results, two of the five laying 
hen herds of the local egg supplier tested positive 
for S. Enteritidis PT 14b clade 2 (data not shown).

In contrast to company X, the egg supplier 
received  Salmonella-immunised young hens from a 
local breeding farm in the north of Bavaria and kept 
them in deep litter. A connection between the local egg 
supplier and company X (e. g. feed, water supply, lit-
ter) could not be identified. Besides, the whole flock of 
premises B of company X shedding clade 2 strains had 
been slaughtered in September 2014, 11 months before 
the hospital outbreak.

Conclusions
Comprehensive outbreak investigations require the 
combination of epidemiological data and molecular 
typing techniques, especially if bacteria with a very 
low natural mutation rate such as Salmonella spp. are 
concerned. Low discriminatory typing techniques like 
phage typing or MLVA typing may be well suited for 
investigating small, circumscribed, local outbreaks. 
However, the investigation of large-scale, long-lasting, 
cross-border outbreaks calls for highly discriminatory 
techniques such as WGS to allow distinct and 
unambiguous assignment and classification of isolates.
The collection of epidemiological data from differ-
ent sources together with molecular typing data 
enabled us to retrospectively evaluate the 2014 

multi-country  S.  Enteritidis PT 14b outbreak tracing 
back the incriminated food across country borders to 
its source at the farm. We were even able to link dif-
ferent parts of the outbreak to distinct premises of one 
large egg supplier. A resolution of food-related out-
breaks with such a high discrimination is a very rare 
result in outbreak investigations. The close collabora-
tion of the participating authorities of all countries was 
crucial in achieving this.
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Following notification of a Salmonella enterica serovar 
Typhimurium gastroenteritis outbreak, we identified 
82 cases linked to a restaurant with symptom onset 
from 12 February 2015 to 8 March 2016. Seventy-two 
cases had an isolate matching the nationally unique 
whole genome sequencing profile (single nucleo-
tide polymorphism (SNP) address: 1.1.1.124.395.395). 
Interviews established exposure to the restaurant 
and subsequent case–control analysis identified an 
association with eating carvery buffet food (adjusted 
odds ratios  (AOR):  20.9;  95%  confidence inter-
val  (CI):  2.2  –  ∞). Environmental inspections, food/
water testing, and a food trace-back investigation 
were inconclusive. Repeated cycles of cleaning were 
undertaken, including hydrogen peroxide fogging, 
however, transmission continued. After 7  months of 
investigation, environmental swabbing identified 106 
isolates from kitchen surfaces and restaurant drains 
matching the outbreak profile. We found structural 
faults with the drainage system and hypothesised 
that a reservoir of bacteria in drain biofilm and under-
floor flooded areas may have sustained this outbreak. 
Ineffective drain water-traps (U-bends) may have also 
contributed by allowing transmission of contaminated 
aerosols into the kitchen environment. These findings 
suggest that routine swabbing of sink drain points and 
inspection of drainage systems should be considered 
in future outbreak scenarios.

Introduction 
It is estimated that over 38,000 community cases 
of salmonellosis occur annually within the United 
Kingdom (UK) [1,2]. Salmonellosis often results from 
consumption of contaminated food or water [3], how-
ever, transmission via asymptomatic shedding by food 
handlers and exposure to contaminated environments 
where conditions are favourable for pathogen survival 
have also been implicated [3,4]. Here we report the 
findings of an investigation of an outbreak of salmonel-
losis where the environment was pivotal in continued 
transmission.

The event
On 7 March 2015, Public Health England (PHE) East 
Midlands was alerted by the clinical microbiology lab-
oratory of a local hospital to 21 cases of  Salmonella 
enterica  serovar Typhimurium gastroenteritis, with 
onset in February 2015. Seven cases in this initial phase 
of the outbreak required hospitalisation. Following this 
notification we suspected there was a community out-
break of  S.  Typhimurium; investigations and attempts 
to control the outbreak followed.

Hypothesis-generating interviews at the outset of the 
investigation identified that several cases had eaten 
at the same restaurant during the incubation period 
for their illness. Descriptive epidemiological analyses 
including subsequent cases pointed to the restaurant 
being the likely source. This popular, purpose (newly) 
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built restaurant had opened only 18 months before 
the outbreak. The restaurant offered a full table-ser-
vice menu, self-service salad bar and hot self-service 
carvery buffet serving roasted meats (turkey, beef, 
gammon and pork at weekends) and vegetables and 
condiments. Despite interventions to control the initial 
outbreak, cases continued to emerge followed by a pro-
longed period of transmission until 2016. The evolution 
of the investigation into this community outbreak and 
subsequent control measures is described, with spe-
cific reference to the use of whole genome sequencing 
(WGS) to link isolates and the role of the drains in con-
tinued pathogen transmission.

Methods 

Epidemiological investigations
Case finding used information from existing cases, 
local primary care practitioners and pre-existing sur-
veillance systems (statutory disease and routine labo-
ratory notifications, including routine WGS) [5]. Active 
case finding using restaurant booking information was 
not possible as most customers did not pre-book.

Hypothesis-generating interviews and descriptive 
analyses informed a case–control study in March 

2015 where we defined confirmed cases as UK resi-
dents with  S.  Typhimurium infection (with or without 
gastroenteritis) with an isolate matching the nation-
ally unique WGS outbreak profile (five single nucle-
otide polymorphisms (SNP) single linkage cluster 
1.1.1.124.395.395) [6] with symptom onset or a positive 
sample taken within 12 days of visiting the restaurant. 
Possible cases were defined as having gastroenteritis 
(diarrhoea – three loose stools within 24 hours – or 
any two of abdominal pain, fever or nausea) within 12 
days of visiting the restaurant [7,8].

As part of the outbreak investigations a case–control 
study was undertaken, to understand the associa-
tion between consuming restaurant food or drink and 
illness, with the assumption that a food associated 
source was the most likely vector. Cases were recruited 
and were requested to nominate people who had eaten 
with them as controls (1:1 ratio). No other criteria were 
set for control selection. After data collection any con-
trols who met case definitions were reassigned as 
cases. We asked about exposure to food and drink and 
potential confounding exposures: immunosuppression, 
recent use of antibiotics or antacids, age and sex. We 
calculated univariate odds ratios (OR), and adjusted 
ORs (aOR) using multivariable exact logistic regression. 

Figure 1
Reported date of symptom onset of cases of a Salmonella outbreak and people not meeting case definitions with matching 
whole genome sequencing of clinical isolates, United Kingdom, Week 7 (February) 2015–Week 14 (March) 2016 (n = 102a)
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Due to continued case occurrences after the implemen-
tation of outbreak control measures (as informed by 
the findings of the case–control study), further inves-
tigations ensued, including increased scrutiny of the 
environment.

Clinical microbiological investigations
Stool samples were collected for culture and charac-
terisation following clinical investigations and volun-
tary sampling of restaurant staff in March 2015 and 
again following further case occurrences in November 
2015. Positive isolates were submitted to the PHE 

Figure 2
Maximum likelihood phylogenetic tree of clinical (red), sewer (blue) and other environmental samples matching the SNP 
address 1.1.1.124.395.395 of a Salmonella outbreak strain, United Kingdom, February 2015–March 2016 (n = 220 outbreak 
sequencesa)

SNP: single nt polymorphism.

a 114 sequences from clinical isolates (cases and non-cases), this includes sequences where there were multiple samples from cases. 106 
sequences from environmental isolates are shown.

An asterisk (*) denotes the position of a clinical isolate in the tree. The first two asterisks at the base of the tree denote the root of the tree 
and nearest neighbouring sequence.
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Gastrointestinal Bacteria Reference Unit (GBRU) for 
serological confirmation, phage typing and multilo-
cus variable-number tandem repeat analysis (MLVA), 
until April 2015. Extracted DNA from isolates was also 
sequenced using Nextera library preparation (Illumina, 
Inc. San Diego, California, United States) on an Illumina 
HiSeq 2500 machine. High quality Illumina reads were 
mapped to the  S. Typhimurium reference genome 
(GenBank: AE006468) as previously described [9]. Core 
genome positions that had a high quality SNP (> 90% 
consensus, minimum depth 10×, genotype quality ≥ 30) 
in at least one strain were extracted and RaxMLv8.17 
(Stamatakis, 2014) used to derive the maximum like-
lihood phylogeny of the isolates under the general 
time-reversible (GTR)-CAT model of evolution. Single 
linkage SNP clustering was performed [9]. FASTQ reads 
from all sequences in this study can be found at the 
PHE Pathogens BioProject at the National Center for 
Biotechnology Information (Accession PRJNA248792). 
Isolates within the five SNP single linkage cluster 
1.1.1.124.395.395 were defined as part of the outbreak.

Environmental investigations and site visits
Environmental Health Officers (EHOs) carried out a 
routine inspection at the restaurant and reviewed staff 
sickness records when the outbreak was first identi-
fied. Surface swabs using Dacron tipped swabs and 
sponge swabs, along with food and water samples 
were collected using standard techniques [10]. Repeat 
site visits and inspections continued throughout the 
outbreak. A food trace-back investigation was con-
ducted to identify the suppliers of meat, eggs, stuff-
ing and gravy to establish if local suppliers were being 
used or whether larger national/international suppliers 
had links to other reported cases or outbreaks of  S. 
Typhimurium.

In November 2015, following failure to control the out-
break, we considered potential environmental sources 

that could provide an ongoing intermittent exposure 
which had not previously been investigated. Repeated 
cycles of cleaning were undertaken at the restaurant, 
including deep cleans using hydrogen peroxide fog-
ging, however these still failed to control the inci-
dent. Further investigations including a Water Fittings 
Inspection [11], sewer sampling using a non-validated 
method similar to a Moore swab [12] and an inspection 
of the restaurant drainage systems were undertaken. 
The drains were visually inspected and microbio-
logical sampling of the kitchen floor drains and sink 
drains was undertaken. Expert advice was sought on 
the movement of bio-aerosols along drainage systems 
[13]. Drainage systems were inspected internally using 
remote cameras, swabbing was conducted and smoke 
testing was used to establish air flows and the integrity 
of the drainage. Repeat inspections and environmental 
swabbing were undertaken after remedial works.

Environmental samples were submitted to PHE Food, 
Water and Environmental Microbiology Laboratories. 
These were tested for  Salmonella  sp. using routine 
detection methods for surface swabs and food [14]. 
Testing methods were adapted for non-routine samples 
including kitchen cloths and spray bottles. Isolates 
from positive samples were referred to GBRU for WGS 
and SNP analysis allowing comparison with clinical 
samples.

Results 
Eighty-two cases (72 confirmed and 10 possible) 
reported visiting the restaurant. The onset of symp-
toms (mainly diarrhoea) ranged from 12 February 2015 
to 8 March 2016 with apparent point source outbreaks 
in February and June 2015, followed by a prolonged 
period of transmission (Figure 1). Four cases (all con-
firmed) worked in the restaurant kitchen or served 
food at the restaurant, two of whom were asympto-
matic (identified through staff sampling).

Table 1
Results of univariate analysis of food items eaten at a restaurant, implicated in a Salmonella outbreak, United Kingdom, 
March 2015 (n = 30 persons investigated)

Food eaten
Cases Controls

Crude OR (95% CI) Exact p value
Total Exposed % Total Exposed %

Carvery 20 20 100 10 5 50 Inda (4.21–Ind) 0.002
Any sharing platter 19 0 0 10 3 30 0 (0.00–0.56) 0.05
Side dish 20 0 0 10 2 20 0 (0.00–0.89) 0.1
Any burger 20 0 0 10 1 10 0 (0.00–Ind) 0.3
Any pie 20 0 0 10 1 10 0 (0.00–Ind) 0.3
Any fish 19 0 0 10 1 10 0 (0.00–Ind) 0.3
Any starter 19 0 0 10 1 10 0 (0.00–Ind) 0.3
Any pudding 20 3 15 10 3 30 0.41 (0.04–3.97) 0.3
Any drink 20 18 90 10 9 90 1 (0.02–21.72) 1

CI: confidence interval; ind: indeterminate; OR: odds ratio.
No cases or controls ate items from the following menu sections: jacket potatoes, light bites, salads, steaks, hero dishes, classic dishes.
a Exact logistic regression, median unbiased estimate univariate OR: 21.37 (95% CI: 2.52– ∞).
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Cases had a median age of 28  years (range: 
5  months–85  years), 65% (53/82) were female and 
99% (81/82) lived in the same county as the restau-
rant. Symptoms were mainly self-limiting although 19 
cases were hospitalised (1 to intensive care with inva-
sive disease). We also identified 31 people during case 
finding whose isolates matched the nationally unique 
WGS outbreak clade but reported not visiting the res-
taurant, and had no apparent link to cases or takeaway 
food (n = 13) or declined interview (n = 18). These peo-
ple did not meet the case definitions, but otherwise did 
not appear different from cases; median age: 28 years 
(range: 10 months – 85 years), 52% (16/31) female, with 
similar symptoms and onset dates, however 19% (6/31) 
lived in other areas of England or Northern Ireland.

Case–control study
At the time of the case–control study, 44 cases reported 
having eaten at the restaurant. Twenty (17 confirmed, 3 
possible) responded to the case–control questionnaire 
(response rate: 20/44). Cases only nominated 10 con-
trols; failing to achieve a 1:1 ratio.

A range of foods, including uncooked salad items were 
investigated in the case–control study (Table 1). Eating 
food from the carvery was the only significant (p < 0.01) 
harmful exposure identified by univariate analysis 
(OR:  21.37;  95%  confidence  interval  (CI):  2.52  –  ∞). 
All cases had consumed carvery food. Multivariable 
analysis identified sex and recent antibiotic use, as 
confounders. The adjusted odds of becoming a case 
remained over 20 times greater after eating any carvery 
food (aOR: 20.9; 95% CI: 2.2 – ∞, Table 2). Effect modi-
fication was not identified between covariates in the 
final model. These results were confirmed by sensitiv-
ity analyses (data not shown). Throughout the inves-
tigation, 94% (60/64) of cases with a known food 
history reported eating food from the carvery; no cases 
reported eating salads.

Clinical microbiological investigations
S. Typhimurium was isolated in 75 case samples (72 
confirmed, 3 possible); stool samples were not avail-
able for seven cases. Phage-type DT193 was identified 

for 16 isolates, 58 isolates were untypable, and one 
isolate was not phage-typed. A single MLVA profile 
was identified (3–14–9-0–0211) in 34 cases (one addi-
tional case had a single locus variant). This profile had 
been associated with human cases and pigs in several 
regions of England (data not shown). In addition WGS 
was available for 96% (72/75) of isolates with the first 
results available 7  days after the start of the investi-
gation, providing increased discrimination over MLVA 
results.

All the isolates clustered within a nationally unique 
five SNP cluster (which is further referred to as the 
outbreak clade), 71% (53/72) of isolates were iden-
tical across their core genome with no SNP differ-
ences observed (outbreak profile). The remaining 19 
case isolates varied from the most frequent genotype 
by between one and five SNPs. An overview of the 
sequences associated with this nationally unique out-
break profile is shown in the dendrogram (Figure 2) 
with sequences from environmental sampling, and the 
additional 31 sequences identified from people during 
case finding who did not meet case definitions (i.e. 
non cases). Eight of 13 sequences from non-cases that 
reported not visiting the restaurant had no SNP differ-
ence from the outbreak sequence. Three sub-lineages 
(Figure 2, marked A–C) which emerged from November 
2015 were apparent. Prior to this, genetic variation had 
been observed, but distinct sub-lineages had not been 
identified, with the exception of three cases in March 
2015 which appeared distinct from the main outbreak 
lineage (Figure 2, marked D). 

Environmental investigations
All routine environmental inspections at the restaurant 
had been satisfactory before the outbreak. Eighteen 
inspections were carried out during the investigation; 
until November 2015 these were inconclusive and 
therefore the restaurant remained open. There were 
no reports of staff illness before the outbreak. Carvery 
food was not available for sampling due to the high 
food turnover, however, raw meat and fresh water sam-
ples were taken at the beginning of each cluster and in 
early 2016 (n  =  21, all negative). The food trace-back 
investigations were inconclusive and did not identify 
any suppliers linked with other cases or outbreaks.

Environmental sampling in the kitchen, restaurant, staff 
rooms, toilets and flats above the restaurant was con-
ducted throughout the investigation, with 354 samples 
collected (Table 3). These were negative throughout the 
early stages of the investigation, but from November 
2015 onwards  S.  Typhimurium matching the outbreak 
clade was isolated from 106 environmental samples 
(Table 3). Isolates from three sewer swabs matched 
the outbreak profile. From November 2015 samples 
taken from cleaning materials, the pot wash area and 
wash hand basins were also found to have isolates 
that matched the outbreak profile. From January 2016 
further areas of the kitchen were implicated along with 
drains (Table 3). The majority of environmental isolates 

Table 2
Final exact logistic regression multivariable model of 
carvery food items eaten at a restaurant implicated in 
a Salmonella outbreak, United Kingdom, March 2015 
(n = 29a)

Exposure
AOR 

 
(95% confidence interval)

P value

Carvery 20.9 (2.2–∞)   < 0.007
Sex (male) 2.7 (0.2–148.6) > 0.7
Recent antibiotic use 1.0 (0.7–63.6) > 0.99

AOR: adjusted odds ratio.
a One case had no record of antibiotic use and was excluded from 

the model (n = 29), model p < 0.005.
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fell into sub-lineages A–C, however several deep drain 
swabs were identical to the outbreak sequence (Figure 
2).

Mapping and visual inspection of the drainage sys-
tems identified significant issues. Water filled traps 
(u-bends) designed to prevent foul air flow from the 
drainage system into the building had failed and 
smoke testing revealed some ineffective drain seals, 
potentially allowing contaminated bio-aerosol to be 
disseminated into the kitchen. One sink drain was not 
connected to any drainage system with waste water 
pooling under the floor. Other larger drains had failed 
after leaking waste-water washed away the support-
ing substrate forming a cavity under the kitchen area. 
It transpired at that point that drainage water had, on 
occasion, risen into the kitchen area, although this had 
not been previously reported. Substantial remedial 
works were undertaken, however, these were found to 
have failed on re-inspection and so these drains were 
later decommissioned.

Interventions
The restaurant responded to the outbreak by rotat-
ing staff away from carvery duties in case they were 
unsuspecting carriers, retraining staff on hygiene pro-
cedures, facilitating voluntary staff sampling, installing 
and monitoring additional hand washbasins, moving 
raw meat storage outside of the kitchen, and conduct-
ing deep cleans of the indoor environment, which over 
the outbreak increased in frequency and progressed to 
include weekly steam cleaning and hydrogen peroxide 
fogging. Cameras were also installed to monitor the 
carvery buffet, following concerns that deliberate con-
tamination may have occurred.

The restaurant voluntarily closed for 2  days for clean-
ing following positive environmental swab results in 
November 2015 and again for several weeks after fur-
ther positive sampling to allow deep cleaning, kitchen 
refitting, and restaurant refurbishment. Remedial 
work was undertaken on the drains in February 2016. 
Capping of all kitchen floor drains and hydrogen per-
oxide fogging followed in March 2016. This appeared 
to resolve issues of contamination. Throughout the 

Table 3
Summary of environmental samples (n = 375) with isolates implicated in a Salmonella outbreak (n = 106) by whole genome 
sequencing, United Kingdom, March 2015–May 2016

Sample date Water samples 
(n)

Food samples 
(n)

Environmental samples 
(n)

WGS positive isolates within 
five SNP clade(n) Positive sample source

Mar 2015 1 0 26 0 NA
Jun 2015 0 1 16 0 NA
Sep 2015 1 2 27 0 NA

Nov 2015 0 0 19
3 Sinks/wash hand basins
7 Cleaning materials
3a Sewer swabs

Dec 2015 0 0 67
5 Kitchen cloths
2b Sinks/wash hand basins
2b Cleaning materials

Jan 2016 6 9 47

15 Surface and deep drain 
swabs

4 Kitchen cloths
12a Sinks/wash hand basins
4 Meat sink waste trap
7 Floor swabs

10 Kitchen surface swabs

Feb 2016 1 0 42
19 Surface and deep drain 

swabs
1 Sinks/wash hand basins

Mar 2016 0 0 41 12 Surface and deep drain 
swabs

Apr 2016 0 0 59 0 NA
May 2016 0 0 10 0 NA
Total 9 12 354 106 NA

NA: not applicable; SNP: single nucleotide polymorphism; WGS: whole genome sequencing.
a Three isolates matched outbreak sequence (0 SNP difference).
b One isolate matched outbreak sequence (0 SNP difference).
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investigation EHOs and PHE staff remained in close 
contact with the restaurant and provided advice.

Discussion 
Our investigation identified a prolonged outbreak of S. 
Typhimurium linked to a restaurant where 82 cases 
(72 confirmed, 10 possible) had eaten food. There was 
strong epidemiological evidence of a link to the res-
taurant early in the investigation, supported by timely 
WGS results which provided a highly discriminatory 
microbiological link between cases and confirmed an 
initial point source outbreak. In total, 72 case isolates 
and 106 environmental isolates from the restaurant 
clustered into a unique 5  SNP cluster with 61 isolates 
(53 from cases and eight from environmental samples) 
identical at the core genome level. However, the envi-
ronmental link with the restaurant was not established 
until 7  months after the start of the outbreak when 
WGS positive isolates were obtained from the kitchen 
and drainage system.

We found the drains had failed in several places and 
hypothesised that a reservoir of bacteria in biofilm 
[15] and flooded areas in underfloor cavities may have 
sustained this outbreak, after repeated environmen-
tal cleaning failed. Drainage problems in one area of 
the kitchen led to liquid from the drains seeping into 
the kitchen suggesting a contamination pathway. We 
found isolates matching the outbreak strain on kitchen 
cloths, swabs from kitchen sinks, and pot wash areas 
suggesting contact with sinks may have provided a 
second contamination pathway. We also identified 
ineffective drain water-traps potentially allowing the 
movement of contaminated bio-aerosols [13]. Smoke 
tests demonstrated the potential for dissemination of 
foul air into the kitchen.

While aerosolised drain contamination has not been 
previously described in  S. Typhimurium outbreaks, 
there is supporting evidence for this transmission 
pathway for Gram-negative bacteria in hospital drain-
age systems (modelled using  Pseudomonas putida) 
[13]. Bio-aerosol transmission in building drains was 
implicated in a large outbreak of severe acute respira-
tory syndrome suggesting this as a feasible hypothesis 
[16]. Previous outbreak investigations have also iden-
tified the prolonged survival of food-borne pathogens 
such as Listeria monocytogenes in drainage systems of 
food production plants [15,17]. Sinks and drains have 
also been linked with prolonged bacterial outbreaks in 
hospital settings [18,19]. Occult environmental contam-
ination can therefore be difficult to identify and control 
in diverse settings.

There was strong epidemiological evidence that eating 
carvery food was associated with illness, suggesting 
it may have been an important transmission vehicle. 
However, there was no other evidence to confirm con-
tamination of food or utensils, and temperature logs 
suggested food was cooked appropriately therefore 
the cooked food must have been contaminated in the 

kitchen environment if this hypothesis is correct. Direct 
transmission from asymptomatic staff could also not be 
ruled out as not all staff complied with the first round of 
screening. We could not rule out the effect of potential 
lapses in cleaning and kitchen hygiene practices that 
may also have sustained this outbreak. Eating at busy 
weekend periods appeared to be linked to cases in the 
descriptive analysis, suggesting working practices may 
have been less rigorously applied during busy periods, 
even after staff received additional hygiene training 
during the outbreak.

Many of the isolates sampled from drains belonged 
to one of several genetic sub-lineages which 
had evolved from the main outbreak lineage. 
Several  Salmonella  isolates sampled from the drains 
also matched the main outbreak sequence supporting 
the hypothesis that the drains were potentially an 
important reservoir. The kitchen drains and sewer 
system were unlikely to be the original source and may 
have become contaminated by asymptomatic staff, or a 
diner [20]. It is also possible that a one-off contamina-
tion event from raw or undercooked food was respon-
sible for seeding this outbreak as raw meats such as 
pork cannot be guaranteed to be  Salmonella  free, 
although our food trace-back did not find a supply 
chain problem.

We were unable to identify sources of infection or trans-
mission routes for the 31 people infected with the out-
break strain (13 reported no restaurant exposure). We 
considered that some of these people may have been 
unknowing secondary cases, given the national unique 
WGS results, which had not been observed before or 
since this outbreak, and also that asymptomatic car-
riage was observed during the outbreak, however no 
epidemiological links to outbreak cases with restau-
rant exposure were identified.

Strengths and limitations
A key strength of this investigation was the use of 
routine WGS which strengthened the epidemiological 
evidence of a point-source outbreak enabling rapid 
implementation of control measures before a holiday 
weekend in March 2015. However, there were also a 
number of limitations. Early cases noted their suspi-
cions of the restaurant on social media which may have 
introduced recall bias in our case–control study, inflat-
ing measures of association. The analytical study had a 
poor response rate and a small sample size. This possi-
bly introduced type II error for other food exposures or 
potential confounders which may partially explain why 
other foods were not identified as potential sources of 
infection even though contamination in the kitchen was 
possible. Our analysis plan excluded protective food 
exposures potentially increasing residual confounding 
in our final model.

Other information biases may have been present in this 
investigation as many cases were identified after the 
hypothesis had been established, potentially leading 
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to over ascertainment of exposure at the restaurant. 
However, the investigation did not identify a common 
source other than the restaurant, no other outbreaks 
with the unique profile have been identified and since 
the drainage issues have been resolved, no further 
cases have been identified.

Evidence of environmental contamination was lacking 
before November 2015. This was possibly due to the 
lower density and frequency of sampling or the tech-
niques used, although it is unclear if these or other fac-
tors resulted in inconclusive findings.

Implications for public health
Salmonella  outbreaks are commonly linked to food, 
restaurants and water supplies [21-26]. Biofilm may 
harbour  Salmonella  sp. in drains and long-term 
environmental contamination is possible [3], but rarely 
reported nor is the potential for bio-aerosol related 
contamination. Our findings suggest greater considera-
tion should be given to undertaking drain swabbing at 
an early stage of restaurant and food related outbreak 
investigations. This will enable identification of simi-
larities between environmental and clinical isolates 
that may have previously not been possible before the 
routine use of highly discriminatory WGS.

This outbreak was unexpected in a newly built restau-
rant managed by a national chain. Defective drains 
may have been a one-off incident. However, repeated 
failures of drains and continued contamination of 
the kitchen identified here suggests the design and/
or installation of drainage systems was suboptimal. 
Increased inspections in the building process may be 
required. Consideration should be given to drainage 
systems which facilitate inspection of water-traps or 
use of multiple traps should be considered to reduce 
the impact of failure.

Conclusions
This outbreak of a nationally unique strain 
of  S.  Typhimurium was linked to a single restaurant. 
The defective drainage system in the restaurant may 
have acted as an environmental reservoir and dissemi-
nation of bio-aerosol from the drains into the kitchen 
was plausible. This linked with possible lapses in 
kitchen hygiene may have enabled intermittent con-
tamination of food during the period of the outbreak. 
While the original source remains unclear, this pro-
tracted outbreak was controlled after remedial work on 
the drains, a kitchen and restaurant refurbishment and 
a deep clean involving hydrogen peroxide fogging.

Public health professionals should consider drainage 
systems and bio-aerosols as potential sources in any 
outbreak of salmonellosis and environmental investi-
gations should include swabbing drains early in out-
break scenarios. Investigators should work towards 
accessing timely WGS analysis, which in this inves-
tigation was essential for case finding, establishing 
a single most probable source and underpinning the 

epidemiological evidence used to demonstrate a need 
for actions to prevent further cases.
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In May 2016, two separate clusters of febrile gas-
troenteritis caused by  Listeria monocytogenes  were 
detected by the local health authority in Piedmont, in 
northern Italy. We carried out epidemiological, micro-
biological and traceback investigations to identify 
the source. The people affected were students and 
staff members from two different schools in two dif-
ferent villages located in the Province of Turin; five of 
them were hospitalised. The epidemiological inves-
tigation identified a cooked beef ham served at the 
school canteens as the source of the food-borne out-
break. L. monocytogenes was isolated from the food, 
the stools of the hospitalised pupils and the environ-
ment of the factory producing the cooked beef ham. 
All isolates except one were serotype 1/2a, shared an 
indistinguishable PFGE pattern and were 100% identi-
cal by whole genome sequencing (WGS). By combin-
ing a classical epidemiological approach with both 
molecular subtyping and WGS techniques, we were 
able to identify and confirm a  Listeria  gastroenteritis 
outbreak associated with consumption of sliced cold 
beef ham.

Introduction 
Listeria monocytogenes  is a ubiquitous Gram-positive 
food-borne pathogen that causes listeriosis both 
in humans and in several animal species. In some 
groups (people with weakened immune systems, older 
adults, newborns, pregnant women and their unborn 
babies), the disease can be an important cause of 
life-threatening septicaemia and meningoencephalitis 
[1]. Food-borne transmission of  L. monocytogenes  can 
also cause a self-limited acute febrile gastroenteritis, 
primarily reported among healthy people.

L. monocytogenes  is widely distributed in natural 
environments and has been isolated from soil, 
decaying vegetation, stream water, sewage, urban 
environments and human and animal faeces [2]. Its 
ubiquity and ability to adapt and to survive under envi-
ronmentally stressed conditions make it challenging 
to control and eradicate  L. monocytogenes  in food-
processing environments and constitute a concern for 
the food industry [2]. The role of L. monocytogenes  in 
food-borne outbreaks has been clearly recognised in 
the last decades [3-6]. Since 1993, listeriosis has been 
a reportable disease in Italy.

Outbreak description 
On 5 May 2016, five children from School A, an insti-
tution that includes two scholastic levels, a nursery 
with pupils aged 3–6 years and a primary school with 
pupils aged 6–10, and located in village A, a municipal-
ity of the province of Turin, were taken to the paediatric 
emergency room for symptoms of acute febrile gastro-
enteritis. On the same day, 26 of 162 (16%) pupils from 
the nursery and 25 of 400 (6%) pupils from the pri-
mary school returned home early (some of them before 
lunch time) because of fever, vomiting and abdominal 
pain. A report of a suspected food-borne outbreak was 
sent by the paediatric emergency room to the local 
health authority. In the following 3 days, additional 
pupils and staff from School A became ill including one 
hospitalised. On 6 May, the inspectors from the local 
health authority went to the mass catering food service 
(Caterer A) that provides meals to School A and col-
lected retention samples (i.e. representative samples 
of the full meal stored by the mass catering food ser-
vice) from the meals served on 3, 4 and 5 May 2016.
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From 25 to 29 May 2016, 20 days after this first clus-
ter was identified, children from School B, located in 
village B in the same Province, reported gastrointesti-
nal symptoms similar to those in the first cluster. Once 
again, the local health authority inspectors collected 
retention samples from the mass catering food service 
(Caterer B, different from the previous one) that pro-
vided meals to School B.

We present the results of epidemiological, microbiolog-
ical and traceback investigations for source attribution.

Methods 

Case finding and hypothesis generation
An investigation team was created involving per-
sonnel from the local health authority, the hospital 
microbiology laboratory of Turin (Città della Salute) 
and the regional branch of the Istituto Zooprofilattico 
Sperimentale (IZS) in Turin as coordinating unit, deal-
ing with both epidemiology and food analysis.

A standardised trawling questionnaire for gastrointes-
tinal illness including questions on clinical symptoms, 
canteen attendance and foods eaten, was distributed 
by the local health authority to all the pupils’ parents 
and to staff of Schools A and school B. Administration 
of the questionnaire was postponed 20 days for the 
cluster associated with School B because of school 
holidays. At the IZS, questionnaire data were entered 

in an ad hoc database and analysed using Stata 14.1 
[7] software.

Foods and environmental samples were submitted to 
the IZS laboratories for pathogen detection and quan-
tification, and faecal samples were sent to the microbi-
ology laboratory of the local hospital.

Case definition
We initially defined a probable case as an attendee 
(pupils or staff) of School A or School B presenting 
with at least two of the following symptoms: headache, 
nausea, vomiting, diarrhoea, abdominal pain, tempera-
ture above 38 °C and an onset date starting from the 
day before the peak of the associated cluster. This defi-
nition served as the basis to build the epidemic curve 
for both clusters of the outbreak.

Individuals who reported symptom onset 2 days before 
the peak of the associated cluster were excluded from 
the case definition to favour specificity over sensitiv-
ity, and because information on foods eaten at this 
time was not available.

After a preliminary cohort analysis in School A, and 
to further increase specificity, we amended the case 
definition for the first cluster and defined a probable 
case as an attendee of School A presenting with at 
least three of the above-mentioned symptoms. This 
narrower operational case definition was not applied 
to the second cluster as there could have been a recall 
bias on the number of symptoms because of the time 
lag between the illness and the interviews.

We also used a final case definition for a confirmed 
case: an attendee of School A or School B presenting 
clinical symptoms and whose diagnostic test on stool 
samples confirmed the presence of L. monocytogenes.

Cohort study and statistical analysis
We conducted a retrospective cohort study and calcu-
lated the attack rate (AR) and the relative risk (RR) for 
each food item. Confidence interval was set at 95% 
(95% CI).

For the first cluster, statistical analysis was performed 
both on the overall School A dataset and at the nursery 
and primary school level, used as a proxy for age. Only 
exposure data regarding 3 and 4 May were taken into 
account as the epidemic peak occurred on 5 May 2016 
and it seemed unlikely that the meal served on that 
date, or later, could be the source of infection.
For the second cluster, the same exclusion criteria were 
applied and the data analysis referred to the meals 
consumed on 25 and 26 May.

Figure 1
Epidemic curve of gastrointestinal illness in two schools, 
Listeria monocytogenes outbreak, Italy, May 2016 (n = 217)
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Microbiological investigation and traceback

Retention samples, other food samples and 
environmental samples
Retention samples were sent to the food control labora-
tory of the IZS for quantification of Bacillus cereus, beta-
glucuronidase-positive  Escherichia coli,  Clostridium 
perfringens,  Enterobacteriaceae, coagulase-positive 
staphylococci,  Listeria monocytogenes and  sulfite-
reducing anaerobic bacteria by routine methods. 
Samples were also tested for B. cereus diarrhoeal and 
emetic toxins, norovirus, Salmonella spp., Shiga toxin-
producing E. coli, and staphylococcal enterotoxins.

Regarding the first cluster and following preliminary 
analysis of the data, a specific food item was suspected 
as the source of the outbreak. Hence the local health 
authority was requested to trace-back the retailer and 
the producer to collect additional samples of the sus-
pected food. Therefore, two weeks after the peak, one 
more food sample, an unopened package from a dif-
ferent batch, was collected from the producer (a cured 
meat factory) who had supplied the suspected food to 
the mass catering food service.

Regarding the second cluster, only retention samples 
from the meal served on 26 May 2016 were available at 
the mass catering food service, and an unopened pack-
age of the suspected food item from the same batch as 
the one served was retrieved from the producer. The 
same producer supplied the two mass catering food 
services involved in the two clusters. Environmental 
samples were collected pre-moistened sampling cel-
lulose sponge bags (Solar-Cult, Solar Biologicals Inc, 
Vancouver, Canada) from surfaces that were not in con-
tact with food at the mass catering food service that 

served School B and at the producer who had supplied 
food to both mass catering services.

Stool samples
Stool specimens were collected from the five hos-
pitalised children (four from the first cluster and 
one from second cluster) and cultured using spe-
cific culture media for pathogenic bacteria (B. 
cereus, Campylobacter  spp.,  L. monocytogenes, 
Salmonella  spp., Shiga toxin-producing  E. coli, 
Shigella  spp.,  Staphylococcus aureus,  and  Yersinia 
enterocolitica). Characteristic colonies were only 
on  Listeria  medium (PalcamAgar, Liofilchem, 
Italy).  Listeria  strains were identified by MALDI-TOF 
technology.

Identification of the Listeria monocytogenes 
strains
All L. monocytogenes strains isolated from stool, food 
and environmental samples were identified according 
to the ISO 11290 method using the Vitek MS system 
(bioMérieux, Marcy l’Etoile, France) and serotyped 
based on agglutination reactions with antisera for  L. 
monocytogenes (Denka Seiken Co., Tokyo , Japan).

Pulsed-field gel electrophoresis (PFGE) was performed 
by the National Reference Laboratory for  L. mono-
cytogenes  in Teramo, according to the United States 
Centres for Disease Control and Prevention PulseNet 
protocol [8], and analysed with Applied Maths 
BioNumerics software package (Version 7.5, Applied 
Maths, Saint-Martins-Latem, Belgium).

Whole genome sequencing
Whole Genome Sequencing (WGS) of the DNA extracted 
from L. monocytogenes isolates was performed on the 
MiSeq platform (Illumina, San Diego, United States), 

Figure 2
Dendrogram showing genetic similarity and genomic clusters of Listeria monocytogenes strains isolated from sliced beef 
ham, stools and environmental samples, Italy, May 2016 (n = 9)

Clusters are indicated on the side of the figure. The identification numbers of isolates, origin of the samples, AscI and ApaI profiles and 
serotypes are listed in the columns.
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using paired-end libraries which were preparated by 
following the Nextera XT DNA Library Preparation Kit 
(Illumina, San Diego, United States), with 200-bp read 
length. The reads were first subjected to FastQC Read 
Quality reports (Galaxy Version 0.65, accessed via the 
Galaxy public server at  https://usegalaxy.org) [9] to 
provide the quality control checks on raw sequence 
data. We used Assembler 1.2 (accessed via Technical 
University of Denmark, DTU Center; https://cge.cbs.dtu.
dk/services/Assembler/) to assemble genomes [10]. All 
samples were processed for multilocus sequence typ-
ing (MLST) with MLST 1.8 (accessed via  https://cge.
cbs.dtu.dk/services/MLST) [10]. A phylogenic com-
parison was made with CSI Phylogeny 1.2 (accessed 
via  https://cge.cbs.dtu.dk/services/CSIPhylogeny) 
[11]. The single-nucleotide polymorphism (SNP)-typing 
phylogenetic method was used because of its high 
discriminatory power that allows distinguishing very 
closely related isolates to a degree not achievable by 
other typing methods [12]. SNP was performed with 
the following parameters: 10 × minimum depth at SNP 
position, 10% minimum relative depth at SNP posi-
tion, 100 bp minimum distance between SNPs, 20 for 
minimum SNP quality, 20 for minimum read mapping 
quality, 1.98 minimum Z-score for each SNP, and includ-
ing  L. monocytogenes  (GenBank accession number: 
AL591824.1) as reference.

Results 

Epidemiological investigations
The epidemic curve of the whole outbreak is shown 
in  Figure 1. For each cluster, the pattern was compat-
ible with a point-source epidemic.

In the investigation of the first cluster, 484 completed 
questionnaires (response rate: 91.7%) were collected 
and used to build the cohort study. Symptoms were 
reported by 174 persons; 162 of 484 (33.7%) matched 
the probable case definition, while 11 people were 
excluded from the analysis. Reported symptoms 
among the 162 were: abdominal pain (n = 122; 75%), 

fever (n = 110; 68%), headache (n = 102; 63%), nausea 
(n = 85; 52%), diarrhoea (n = 79; 49%) and vomiting 
(n = 47; 29%). Two probable cases were staff mem-
bers. All five probable cases who went to the hospital 
were afterwards confirmed.

Eight retention samples were analysed. As the microbi-
ological analysis did not give any positive results, the 
output of the first cluster cohort analysis were used to 
hypothesise the most likely source of infection. ARs and 
RRs (Table 1) showed a positive association between 
consumption of a ‘beef ham’ (sliced cold beef meat, 
cured-cooked and dressed with oil and lemon) and the 
disease (RR = 2.23; 95% CI: 1.30–3.84). The associa-
tion between the beef ham and the disease was still 
significant when stratifying the analysis by school level 
(nursery vs primary school) (Table 1). Moreover, the 
strength of the association further increased by using 
the narrower operational case definition (RR = 3.5; 95% 
CI: 1.5–8.3).

A significant RR > 1 was found between the disease 
and the consumption of halibut (RR = 1.48; 95% CI: 
1.02–2.14) for the initial case definition. However, this 
association disappeared after stratification by school 
(Table 1). When using the narrower case definition, 
halibut consumption again did not have a statistically 
significant association with the cases (RR = 1.18; 95% 
CI: 0.76–1.84), hence we considered it a chance finding 
and did not proceed to investigate it further.

In the investigation of the second cluster, 382 question-
naires were collected (response rate: 86.8%), although 
the questionnaires were administered with a delay of 
20 days because of school holidays. Of these, 30 were 
excluded because data were not complete, and 352 
were used for the cohort study analysis. Of those 352, 
43 (12%) matched the probable case definition, with a 
peak of the outbreak on 27 May 2016 (Figure 1). The fre-
quency of symptoms among those 43 was similar to the 
first cluster: abdominal pain (n = 34) headache (n = 25) 
fever (n = 23), nausea (n = 22), diarrhoea (n = 17) and 
vomiting (n = 13). We did not find any statistically 
significant associations, although the beef ham was 
the food item with the highest RR (RR = 1.4; 95% CI: 
0.62–3.15; total responses: 268; 34 cases among 215 
exposed and six cases among 53 unexposed).

Microbiological investigations
Based on the results of the epidemiological analysis of 
the first cluster, a microbiological analysis was carried 
on both the retention sample and on the additional 
unopened package of the beef ham from the same 
batch as the one served in school A (batch no. 127529). 
Moreover, a retention sample and an unopened pack-
age belonging to the same batch as the one served 
in School B (batch no. 130578) from the second clus-
ter were analysed, along with stools specimens from 
both the clusters and environmental samples from the 
shared producer (Table 2).

Figure 3
Single-nucleotide polymorphism analysis of Listeria 
monocytogenes isolates, Italy, May 2016 (n = 9)

The maximum likelihood tree done with the CSI Phylogeny 1.2 
tool highlights two distinct clusters, one that includes eight ST11 
isolates and one that includes the ST5 environmental isolate and 
the reference strain “L. monoreference” (GenBank accession 
number: AL591824.1).
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Table 1
Attack rates among exposed and unexposed groups, and relative risks by food item consumed, by school level and day, 
Listeria monocytogenes outbreak, Italy, May 2016 (n =484)

  
 
Food

Exposed Unexposed   
 

RR
95% CI

Total Cases % AR Total Cases % AR

Two days before peaking
School A 
Pasta with tomato sauce 357 128 35.85 76 22 28.95 1.24 0.85-1.81
Halibut 338 126 37.28 95 24 25.26 1.48 1.02-2.14
Courgettes 202 74 36.63 231 76 32.90 1.11 0.86-1.44
Bread 328 112 34.15 105 38 36.19 0.94 0.70-1.27
Fresh fruit 277 105 37.91 156 45 28.85 1.31 0.98-1.75
Water 409 143 34.96 24 7 29.17 1.20 0.63-2.27
Nursery (pupils aged 3-6) 
Pasta with tomato sauce 293 93 31.74 62 15 24.19 1.31 0.82-2.10
Halibut 270 87 32.22 85 21 24.71 1.30 0.87-1.96
Courgettes 165 55 33.33 190 53 27.89 1.19 0.92-1.67
Bread 259 77 29.73 96 31 32.29 0.92 0.65-1.30
Fresh fruit 216 74 34.26 139 34 24.46 1.40 0.99-1.98
Water 336 104 30.95 19 4 21.05 1.47 0.61-3.56
Primary school (pupils aged 6-10)
Pasta with tomato sauce 64 35 54.69 14 7 50.0 1.09 0.62-1.93
Halibut 68 39 57.35 10 3 30.0 1.91 0.73-5.04
Courgettes 37 19 51.35 41 23 56.10 0.92 0.60-1.39
Bread 69 35 50.72 9 7 77.78 0.65 0.43-0.99
Fresh fruit 61 31 50.82 17 11 64.71 0.79 0.51-1.2
Water 73 39 53.42 5 3 60.00 0.89 0.42-1.88
 One day before peaking
School A
Vegetables soup 272 119 43.75 72 24 33.33 1.31 0.92-1.87
Beef ham 290 132 45.52 54 11 20.37 2.23 1.30-3.84
Roasted potatoes 286 114 39.86 58 29 50.00 0.8 0.59-1.07
Bread 267 107 40.07 77 36 46.75 0.86 0.65-1.13
Fresh fruit 242 103 42.56 102 40 39.22 1.09 0.82-1.44
Water 333 139 41.74 11 4 36.36 1.15 0.52-2.53
Nursery (pupils aged 3-6)
Vegetables soup 205 85 41.46 59 17 28.81 1.44 0.93-2.22
Beef ham 224 93 41.52 40 9 22.50 1.85 1.02-3.35
Roasted potatoes 224 84 37.50 40 18 45.00 0.83 0.57-1.22
Bread 194 70 36.08 70 32 45.71 0.79 0.58-1.08
Fresh fruit 176 69 39.20 88 33 37.50 1.05 0.75-1.45
Water 257 99 38.52 7 3 42.86 0.9 0.38-2.14
Primary school (pupils aged 6-10) 
Vegetables soup 67 34 50.75 13 7 53.85 0.94 0.54-1.64
Beef ham 66 39 59.09 14 2 14.29 4.14 1.13-15.16
Roasted potatoes 62 30 48.39 18 11 61.11 0.79 0.51-1.24
Bread 73 37 50.68 7 4 57.14 0.89 0.45-1.75
Fresh fruit 66 34 51.52 14 7 50.00 1.03 0.58-1.83
Water 76 40 52.63 4 1 25.00 2.11 0.38-11.65

AR: attack rate; CI: confidence interval; RR: relative risk.
Significant associations are shown in bold.
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As a result, nine of 23 samples tested positive for  L. 
monocytogenes. These were five stool samples (four 
from the first cluster and one from the second cluster), 
two food samples (one unopened package from a dif-
ferent batch obtained during the investigation of the 
first cluster and one retention sample from the second 
cluster, both with a count exceeding 15,000 colony-
forming units (cfu)/g) and two environmental samples 
from the incriminated producer’s premise (one from 
the cutter machine and one from the fridge handle).

Identification of the Listeria strain
Both the unopened batch (no. 127529) of beef ham col-
lected during the investigation of the first cluster and 
the beef ham from the retention samples collected 
during the investigation of the second cluster tested 
positive for  L. monocytogenes, with > 15,000 cfu/g 
and 15,000 cfu/g, respectively. In addition, seven  L. 
monocytogenes  isolates were obtained from the stool 
specimens from five children and from two environ-
mental samples from the producer. Agglutination reac-
tions assigned eight isolates to serotype 1/2a, while 
the remaining one (from the producer) was serotype 
1/2b. In addition, all serotype 1/2a isolates showed 
indistinguishable PFGE pattern whereas the serotype 

1/2b strain showed a different PFGE profile (Figure 
2 and Table 2).

Whole genome sequencing data analysis
In silico MLST showed that all serotype 1/2a isolates 
belonged to ST11 and the 1/2b isolate was ST5 (Table 
2). The maximum likelihood tree obtained through the 
SNPs analysis showed two distinct clusters. The first 
cluster included eight ST11 isolates and the second 
cluster included the reference genome and the environ-
mental ST5 isolate (Figure 3).

The maximum likelihood tree done with the CSI 
Phylogeny 1.2 tool highlights two distinct clusters, one 
that includes eight ST11 isolates and one that includes 
the ST5 environmental isolate and the reference strain 
“L. monoreference” (GenBank accession number: 
AL591824.1).

Discussion 
By combining an epidemiological approach and molec-
ular typing including WGS techniques, we were able 
to identify and confirm a  Listeria  outbreak associated 
with the consumption of one food item, sliced cold 
beef ham.

Table 2
Microbiological results of stool, food and environmental samples, Listeria monocytogenes outbreak, Italy, May 2016 (n = 23)

Cluster
Number 
of tested 
samples

Material sampled Sampling place

Qualitative 
analysis  

 
(in 25 g)

Quantitative 
analysis Serotype PFGE profile 

(AscI/ApaI) MLST

1 1

Beef ham/retention 
sample 

 
(batch no. 127529)

Mass catering food 
service school A Absence < 10 cfu/g ND ND ND

1 1

Beef ham/unopened 
batch 

 
(no. 127529)

Producer Presence > 15,000 cfu/g 1/2a GX6A16.0119 / 
GX6A12.0305 ST11

1 4 Stool specimens Hospital Presence ND 1/2a GX6A16.0119 / 
GX6A12.0305 ST11

2 1

Beef ham/retention 
sample 

 
(batch no. 130578)

Mass catering food 
service school B Presence 15,000 cfu/g 1/2a GX6A16.0119 / 

GX6A12.0305 ST11

2 1

Beef ham/unopened 
batch 

 
(no. 130578)

Producer Absence < 10 cfu/g ND ND ND

2 5 Environmental samples Mass catering food 
service school B Absence ND ND ND ND

2 1 Stool specimen Hospital Presence ND 1/2a GX6A16.0119 / 
GX6A12.0305 ST11

1 and 2 7 Environmental samples Producer Absence ND ND ND ND

1 and 2 1 Environmental sample 
(cutter machine) Producer Presence ND 1/2a GX6A16.0119 / 

GX6A12.0305 ST11

1 and 2 1 Environmental sample 
(fridge handle) Producer Presence ND 1/2b GX6A16.0024 / 

GX6A12.0306 ST5

cfu: colony-forming units; MLST: multilocus sequence type; ND: not done; PFGE: pulsed-field gel electrophoresis.
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The outbreak consisted of two school-associated 
clusters of non-invasive listeriosis cases linked to 
one  L. monocytogenes  strain. Cases experienced 
mostly abdominal pain, fever, headache and nausea. 
Gastrointestinal symptoms occurred rapidly after 
consumption of the incriminated meals, probably 
because a large dose of  L. monocytogenes  was 
ingested. A short incubation period for  L. monocy-
togenes-associated gastroenteritis varying from 6 to 
240 hours has already been reported elsewhere [13].

This outbreak was characterised by a high level of 
contamination of the suspected food. Unfortunately, it 
was not possible to determinate the exact number of L. 
monocytogenes  in the beef ham sampled during the 
investigation of the first cluster because the laboratory 
in charge of official control had not expected a very high 
level of contamination and therefore only performed the 
dilutions needed in compliance with the Commission 
Regulation (EC) no. 2073/2005 to determine the 
threshold of  L. monocytogenes < 100 cfu/g. It was not 
possible to repeat the analysis because it is mandatory 
to discard the samples after microbiological investi-
gation. Isolation of a matching strain from the cutter 
machine suggests that the food contamination prob-
ably occurred in the production plant.

Another remarkable feature of the outbreak was the 
quite long persistence of the contamination. Norton et 
al. showed that specific  L. monocytogenes  ribotypes 
persisted over time in the environments of two of three 
processing plants for smoked fish [14]. Similar findings 
have been reported by a variety of groups that showed 
persistence of specific  L. monocytogenes  subtypes in 
different processing plants for smoked fish, poultry, 
meat or dairy [15-17]. In our investigation, the time 
span was 20 days from the first isolation of Listeria  in 
the beef ham (unfortunately the date of production 
of the contaminated batch was not available) and the 
isolation from the environment of the cured meat fac-
tory where the beef ham was produced. This further 
confirms that  L. monocytogenes  can persist in the 
environment.

Among the 13 known serotypes of  L. monocytogenes, 
the ones most frequently associated with human lis-
teriosis are 1/2a, 1/2b and 4b, representing more than 
95% of the infections. Our results are consistent with 
previous reports suggesting that serotype 1/2a is pre-
dominant in L. monocytogenes-associated gastroenteri-
tis outbreaks [18], whereas serotype 4b was the most 
frequent up to 2010 and 4b is still the most reported 
serotype in invasive listeriosis outbreaks [19,20].

Although L. monocytogenes was not found in the reten-
tion sample of the first cluster, the epidemiological 
investigation was helpful in identifying a strong asso-
ciation between the consumption of beef ham and the 
disease. This association triggered the targeting and 
retrieval of a specific food for further microbiological 
analysis. A possible but weak association with another 

food, halibut, was seen in a first analysis based on 
the initial case definition, but not in stratified analy-
sis. When using the narrowed case definition, it was 
considered a chance finding and no traceback was 
performed for halibut. Findings from the cohort study 
of the second cluster, although not statistically signifi-
cant, were consistent and supported the same hypoth-
esis. As shown by the inconclusive results from the 
epidemiological investigation of the second cluster, a 
stand-alone epidemiological approach may suffer from 
problems associated with the data collection or from a 
small sample size when the affected individuals come 
from a small community. In the second cluster, distri-
bution and collection of questionnaires had to be car-
ried out with some delay (20 days after the peak of the 
outbreak) leading to incomplete answers and probably 
recall problems. Consequently, there was the poten-
tial for non-differential misclassification of the expo-
sure. That, combined with the small sample size, may 
explain our failure to obtain a statistically significant 
association.

However, microbiological, molecular typing and WGS 
data helped confirm the link between the clusters 
that appeared to be independent based on the spa-
tial distance (two different municipalities), the 20-day 
interval between them and the different catering sup-
pliers. Historically, food-borne disease outbreaks of 
local scale, often linked to a single restaurant or social 
event, are caused by pathogens other than Listeria  (e.
g. Salmonella), even if Listeria have also been reported 
in connection with local outbreaks [21]. This is one 
example of a short  Listeria  outbreak that can also be 
responsible for scattered epidemics. Today, outbreaks 
often involve food products that are centrally produced 
and widely distributed geographically. In our case, two 
different mass catering food suppliers that served a 
number of schools scattered over many municipalities 
were supplied by a unique cured meat factory.

The problems in identifying the epidemiological links 
were successfully addressed through an integrated 
approach including questionnaire-based studies, 
trace-back investigations and biomolecular techniques. 
In the current study, the use of WGS made it possible 
to link human cases that occurred over a period of 20 
days, brought about the understanding that there was 
in fact a single continuous outbreak source, and estab-
lished links between two different mass catering food 
suppliers and one producer.

The correlation between food, stool and environmental 
specimens found in WGS, MLST and the phylogenetic 
analysis based on SNPs provided sufficient evidence 
for the local authorities to act accordingly and recall the 
contaminated food to prevent more outbreak-related 
cases. The authorities were also advised to monitor the 
follow-up of people exposed to the incriminated beef 
ham as it has been reported that severe listeriosis can 
have a long incubation period.
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The output of the analysis from the first cluster high-
lighted a heavier impact in 6–10 year-old pupils than in 
younger ones, associated with a modification of effect 
between the exposure to  L. monocytogenes  and the 
age of the children. This may be explained by larger 
servings offered to the older pupils who probably 
experienced the highest exposure.

Conclusion 
The current study stresses the importance of an inte-
grated approach when dealing with public health 
issues and suggests the usefulness of diagnostic tech-
niques that enable clustering of isolates from different 
episodes.
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Background and aim: Epidemiology of human non-
typhoid salmonellosis is characterised by recur-
rent emergence of new clones of the pathogen over 
time. Some clonal lines of  Salmonella  have shaped 
epidemiology of the disease at global level, as hap-
pened for serotype Enteritidis or, more recently, 
for  Salmonella  4,[5],12:i:-, a monophasic variant of 
serotype Typhimurium. The same clonal behaviour is 
recognisable at sub-serotype level where single out-
breaks or more generalised epidemics are attributable 
to defined clones. The aim of this study was to under-
stand the dynamics of a clone of Salmonella 4,[5],12:i:- 
over a 3-year period (2012–15) in a province of Northern 
Italy where the clone caused a large outbreak in 2013. 
Furthermore, the role of candidate outbreak sources 
was investigated and the accuracy of multilocus varia-
ble-number tandem repeat analysis (MLVA) was evalu-
ated.  Methods:  we retrospectively investigated the 
outbreak through whole genome sequencing (WGS) 
and further monitored the outbreak clone for 2 years 
after its conclusion.  Results:  The study showed the 
transient nature of the clone in the population, pos-
sibly as a consequence of its occasional expansion 
in a food-processing facility. We demonstrated that 
important weaknesses characterise conventional 
typing methods applied to clonal pathogens such 
as Salmonella 4,[5],12:i:-, namely lack of accuracy for 
MLVA and inadequate resolution power for PFGE to 
be reliably used for clone tracking.  Conclusions: The 
study provided evidence for the remarkable preven-
tion potential of whole genome sequencing used as a 
routine tool in systems that integrate human, food and 
animal surveillance.

Introduction
Salmonellosis is among the most frequently reported 
food-borne diseases worldwide [1] and the second 
most-reported in the European Union (EU) [2]. In the 
past few decades, the epidemiology of salmonellosis 
has seen the emergence and/or expansion of specific 
types of Salmonella both at serotype and sub-serotype 
level [3]. In some instances, these newly-emerged 
types have gained wide and long-lasting geographic 
diffusion, as in the case of serotype Enteritidis, which 
gained worldwide epidemic diffusion in the 1980s and 
1990s [4]. More recently, Salmonella4,[5],12:i:- has been 
among the most frequently isolated serotypes from 
human cases in the EU [5-8]. The clonality of these 
emerging Salmonella has challenged the routinely-used 
typing methods and the effectiveness of laboratory-
based surveillance [9,10].

In this study, we retrospectively investigated a large 
outbreak by  Salmonella  4,[5],12:i:- through whole 
genome sequencing (WGS) after it had become evident 
that conventional epidemiology and routine molecular 
methods, namely PFGE and multilocus variable-num-
ber tandem repeat analysis (MLVA), could not eluci-
date some critical aspects of the infectious episode. 
Furthermore, to accurately understand the temporal 
dynamics of the outbreak clone we extended WGS 
monitoring of the clone from 1 year before the out-
break onset to 2 years after its conclusion, i.e. from 
June 2012 to December 2015. The outbreak, which 
occurred in the Emilia-Romagna region of Italy in 2013, 
was detected by the routine regional surveillance sys-
tem, based on PFGE. The epidemiological investigation 
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rapidly identified the food involved (fermented dry-
cured salami made from pork) and the facility impli-
cated, but was not able to attribute several individuals 
infected with the implicated strain to the outbreak 
and could not confirm or exclude the role of suspect 
sources at abattoir and farm level. This was mainly the 
consequence of the outbreak pulsotype (STYMXB.0131) 
being the most common in the surveillance database 
and endemic in the area since at least 2008 [8,11]. 
More specifically, in the monitored pre-outbreak period 
(June 2012 to June 2013) the pulsotype represented 
8.9% of all  Salmonella  isolates from humans and 
19.2% of  Salmonella  4,[5],12:i:-, in line with previous 
reports of this pulsotype in several European countries 
since the mid-2000s [12,13]. In particular, an extended 
Swiss study reported 37% prevalence of the pulso-
type among human isolates of  Samonella  4,[5],12:i:- 
over the period 2007–11 [14]. Additional uncertainty 
during the outbreak investigation originated from the 
finding of variant types, although similar, among out-
break-related isolates, by PFGE (one variant) and, even 
more, by MLVA (five variants). The study was designed 
to address the unresolved issues and to answer spe-
cifically the following questions: (i) was there an 
outbreak-specific clone inside the endemic pulsotype 
STYMXB.0131 of  Salmonella  4,[5],12:i:- and was it 
limited to the outbreak or circulating before and after 
it?; (ii) what was the exact responsibility of different 
candidate sources of the outbreak?; (iii) to what extent 
did the many observed MLVA variants belong to the 
outbreak clone? In other words, how accurate is MLVA 
in tracking  Salmonella  Typhimurium and variants in 

field conditions?; and (iv) what lessons can be learnt 
about the benefit of WGS as a surveillance tool in field 
conditions?

Methods

Laboratory surveillance system for 
salmonellosis
The laboratory surveillance system for human salmo-
nellosis for Emilia-Romagna, an administrative region 
in Northern Italy with a population of ca 4.5 million resi-
dents [15], is a routine system based on serotyping and 
PFGE typing of all isolates recovered weekly from the 
regional network of medical microbiology laboratories. 
MLVA is performed on all isolates of  S.  Typhimurium 
and  Salmonella  4,[5],12:i:- at a later stage (1–3 weeks 
later), as supplementary information to PFGE. To 
promptly identify potential outbreaks, a weekly analy-
sis of the surveillance database is performed to assess 
whether any of the pulsotypes shows clustering in time 
beyond the expected threshold as previously described 
[16,17]. The outbreak alarm statistic is calculated with 
the OutbreakP algorithm from the ‘surveillance’ pack-
age in the R statistical environment [18]. The algorithm 
uses a weekly rolling window to evaluate whether the 
number of cases belonging to a given pulsotype is sig-
nificantly greater than the expected number of cases 
during that period, based on the database of isolates 
starting from June 2012.
The system is integrated with the regional animal 
and foodstuff surveillance, which includes testing of 

Figure 1
Number of isolates per week of Salmonella 4,[5],12:i:- pulsotype STYMX.0131 in Piacenza province, Italy, 2012–2015 (n = 
158)
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official samples, private diagnostic activity on animals 
and some self-control testing by the food industry.

Epidemiological investigation
Case definition: following the alert for a possi-
ble outbreak of salmonellosis, a case was initially 
defined as any culture-confirmed human infection 
by Salmonella 4,[5],12:i:- with pulsotype STYMXB.0131, 

detected in the province of Piacenza after 22 July 
2013. For the purpose of this study, the case definition 
included cases up to the epidemiologically defined 
end of the outbreak set at 29 October 2013. No cases 
other than laboratory-confirmed ones were considered 
within the scope of the study.

Figure 2
Phylogenetic Bayesian tree of Salmonella 4,[5],12:i:- isolates sequenced in this study, Emilia-Romagna, Italy, 2012–2015
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Case interviews: the cases were interviewed by staff 
from the Local Health Unit of Piacenza using a stand-
ard format from the food-borne outbreaks reporting 
manual in accordance with directive 2003/99/EC from 
2011 [19].

Microbiological investigation
Various types of samples were collected from the 
suspected sources during the outbreak investigation 
and tested for  Salmonella. Sampling included salami, 
pork, the surface of pig carcasses, swine faeces, envi-
ronmental swabs and faeces from the workers at the 
implicated salami-production facility. Foodstuffs were 
tested according to Regulation 2073/2005 [20]; for 
carcasses, four different sites of 100 cm2  each (hind 
limb medial, back, belly and cheek) were sampled 
using the abrasive sponge method. Swine faeces and 
boot swabs were tested with ISO 6579:2002/Amd.1: 
2007 [21]. After the end of the outbreak, intensified 
monitoring of the salami-production facility was imple-
mented within its hazard analysis and critical control 
points (HACCP) plan. The post-outbreak monitoring, 
from November 2013 to December 2015, included 123 
batches of salami, 87 batches of raw meat, and 83 
environmental swabs.

Typing of isolates and phylogenetic analysis
After serotyping, the monophasic character of the iso-
lates was confirmed by PCR as previously described 
[22]. PFGE was performed according to the PulseNet 
protocol with XbaI digestion of DNA [23] and restriction 
profiles were analysed by BioNumerics 7.5 (Applied 
Maths, Saint-Martens – Latem, Belgium). MLVA was 
performed as previously described [24] with a CEQ 
8000 Genetic Analysis System (Beckman Coulter, US) 
and profiles were assigned according to the MLVA 
nomenclature suggested by Larsson et al. (2009) [25].

Ninety-eight isolates of the outbreak-related pulso-
types underwent WGS (Table 1), comprising a set of 19 
diverse STYMXB.0131 isolates presumed to be unre-
lated to the outbreak and included in the analysis as 
outgroup isolates. To maximise the probability of these 
isolates not being outbreak-related, and therefore 
constituting adequate outgroup isolates, they were 
selected from human, animal and food isolates recov-
ered from other parts of the region excluding Piacenza. 
They included a cluster of six isolates representing a 
small known outbreak that occurred in a nursery school 
200 km from Piacenza in November 2012.

Figure 3
Probability of occurrence of variant multilocus variable-number tandem repeat analysis profiles (panel A) and single 
nucleotide polymorphisms to the consensus (panel B) in outbreak isolates as a function of the isolation date
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For WGS, sequencing libraries were prepared from 
genomic bacterial DNA with the Nextera XT sample 
preparation kit and run on an Illumina MiSeq (Illumina, 
San Diego, US) with a 2x250 paired-end run. The reads 
of the 98 genomes of Salmonella 4,[5],12:i:- were depos-
ited at the European Bioinformatics Institute under 
Project Number PRJEB7560. The average sequencing 
coverage was 194X with > 75% of bases having Q value 
equal to or greater than 30. The genome of outbreak 
isolate STM45, used as reference for phylogenetic 
analysis, was assembled with MIRA 4.0 [26] using 
‘accurate settings for de novo assembly mode’ and 
discarding small contigs (size < 1,000 bp). The average 
assembled-genome characteristics were: 5,010,485 nt 
length, 158X coverage, 144 contigs > 5,000 nt and N50 
of 77,805.

For phylogenetic analysis, the single nucleotide poly-
morphisms (SNPs) of each genome were extracted 
using a reference-based United States Food and Drug 
Administration SNP-pipeline (version 0.6.1), based on 
Bowtie2 and VarScan [27]. The default settings of the 
pipeline were used for SNP calling, i.e. a minimum cov-
erage of 8x and a minimum variant allele frequency of 
0.90. A Bayesian tree was generated with MRBAYES 
[28] from the SNP matrix of the analysed genomes. The 
Bayesian analysis was run using the GTR substitution 
model for 2,000,000 generations with chain sampled 
every 1,000th generation. The final parameter values 
and trees were summarised after discarding 25% of the 
posterior sample.

We assessed whether the occurrence of outbreak iso-
lates with variant MLVA increased as a function of the 
isolation date by fitting a generalised linear model 
(GLM) with binomial error distribution. Similarly, we 
assessed whether the number of SNPs to the con-
sensus, in the polymorphic positions shared by all 

outbreak-related human isolates, increased as a func-
tion of the isolation date by fitting a GLM with Poisson 
error distribution.

Antimicrobial resistance and strain 
characterisation
WGS-analysed isolates were tested for resistance to 
ampicillin, streptomycin, sulphonamides, tetracycline, 
gentamicin, chloramphenicol, enrofloxacin and cefo-
taxime by the disk diffusion susceptibility test [29]. 
The presence of antimicrobial resistance genes (ARG) 
was investigated in silico using the ResFinder data-
base [30]. Mutations of  gyrA-gyrB  genes conferring 
resistance to quinolones were investigated by mapping 
the reads of the gyrA and gyrB genes of all sequenced 
isolates on  gyrA  and  gyrB  nt sequences of sensi-
tive S. Typhimurium LT2 [31]. The presence of Insertion 
Sequence 26 (IS26), known to drive genomic evolu-
tion linked to the monophasic character of 4,[5],12:i:- 
strains [32], was investigated in the study genomes. To 
this end, sequencing reads were mapped on the bipha-
sic  S.  Typhimurium LT2 reference genome (accession 
number AE006468) and on the IS26 composite trans-
poson regions of the previously characterised mono-
phasic strains VAR-2009/08643/1 (accession number 
K999732) [32], 07–2006 (accession number KR856283) 
[11] and 105/7/03 (accession number HQ331538) [33]. 
To further explore the genomic differences between 
pulsotype STYMXB.0131 and its single-band variant 
STYMXB.0083, the SNPs exclusive to the STYMXB.0083 
pulsotype were extracted and annotated using Prokka 
1.7 [34]. Exclusive SNPs were defined as those present 
in all the genomes of a pulsotype and absent in all 
other genomes of the study.

Table 1
Isolates of Salmonella 4,[5],12:i:-, study in Emilia-Romagna, Italy, 2012–2015 (n = 198)

Source Recovered 
isolates

WGS-analysed 
isolates

MLVA-variant isolatesa PFGE-variant isolatesb

Number of 
isolates

Number of 
types

Number of 
isolates

Number of 
types

Human (during putative outbreak 
period) 137 35c 5 4 0 0

Human (outside putative outbreak 
period) 21 21 13 7 0 0

Salami production facility and salami 14 14 6 2 3 1
Suppliers of salami production facility 26 9d 5 2 7 1
Outgroup isolates NA 19 15 7 0 0
Total 198 98 44 NA 10 NA

MLVA: multilocus variable-number tandem repeat analysis; NA: not applicable; WGS: whole genome sequencing.
a With reference to outbreak type 3–13–9-NA-211; all variant isolates were WGS analysed.
b With reference to outbreak pulsotype STYMXB.0131; all variant isolates were WGS analysed.
c Isolates selected for WGS analysis were evenly distributed throughout the putative outbreak period.
d Including seven randomly selected STYMXB.0083 isolates of the 24 recovered from pig farm and the two STYMXB.0131 isolates recovered 

from pig farm and external slaughterhouse.
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Results

Descriptive epidemiology
The regional outbreak detection system signalled a 
potential outbreak by Salmonella 4,[5],12:i:- with pulso-
type STYMXB.0131 on 14 August 2013. The first isolates 
with the outbreak pulsotype (OP) that were included in 
the alert by the signalling algorithm dated back to 22 
July 2013. A total of 29 isolates with OP (each isolate 
corresponding to a different patient) had been recov-
ered from the region between 22 July and 14 August. 
All but four of the isolates were from the province of 
Piacenza; therefore, it was considered that the poten-
tial outbreak concerned only that province, where the 
OP was increasing sharply while its incidence remained 
at the endemic level in the rest of the region where, 
overall, the OP was the most frequently reported pul-
sotype. The epidemic curve based on the case defini-
tion was steeply increasing, confirming the existence 
of the outbreak (Figure 1).

In particular, the average weekly number of isolates 
with the OP from Piacenza changed from 0.2 before the 
22 July to 7.6 in the period 22 July to 14 August. The 
health authority was informed of the potential outbreak 
on 16 August. The interviews to the cases and their 
geographic restriction to a limited area of the province 
(in the north) rapidly led to the identification of a local 
facility producing fermented dry-cured salami made 
from pork as the possible source of the outbreak. The 
retail network of the producer overlapped with the loca-
tion of the cases and the shop at the facility was men-
tioned repeatedly in case interviews. Microbiological 
confirmation of the facility as the source of the out-
break, interruption of distribution and recall of con-
taminated salami led to the reversion to the normal 
incidence of isolation of Salmonella 4,[5],12:i:- with OP 

and the outbreak was declared over on 29 October. 
Overall, 137 human isolates with OP were recovered 
from the outbreak territory between 22 July and 29 
October. Based on the epidemiological evidence avail-
able, this time interval was identified as the putative 
outbreak period for the purpose of this study.

Trace-back and environmental investigation
Inspection and microbiological investiga-
tion of the salami production facility demon-
strated  Salmonella  4,[5],12:i:- with OP in five of 21 
tested batches of salami produced from 30 April to 10 
September 2013 (representative isolates were: STM86; 
STM121; STM139; STM142; STM143; STM200). No 
batches processed before 30 April were still available 
for microbiology at the time of first inspection on 30 
August. All environmental swabs (n = 50) were nega-
tive for  Salmonella. The supply-chain information of 
the facility showed that some of the pork for salami 
production came from a small internal slaughterhouse 
at the facility and some was purchased from external 
industrial slaughterhouses. The pigs for the internal 
slaughterhouse originated predominantly from a single 
farm and to a lesser extent from other farms which sup-
plied pigs occasionally.

Twenty-five faecal pools of 58 tested from the pen 
floors of the main pig-supplying farm were positive 
for  Salmonella 4,[5],12:i:-, one had OP (STM204), all 
others had pulsotype STYMXB.0083, highly similar to 
the OP (representative isolates were: STM184; STM188; 
STM192; STM194; STM225; STM226). Pulsotype 
STYMXB.0083 was also detected on carcasses tested 
at the internal slaughterhouse and derived from pigs 
from that same farm (STM222; STM223; STM224). 
The facility’s HACCP records reported that a carcass 
swab from the internal slaughterhouse had been 

Table 2
Single nucleotide polymorphisms exclusive to the outbreak clone (detected in all the outbreak isolates and in no other isolate 
of the study), Emilia-Romagna, Italy, 2012–2015

Position in 
reference

Non-
outbreak Nt Outbreak Nt Codon 

change
Aminoacid 
change Strand Type of SNP Gene Product name

1005978 A G ATT → 
ATC I → I - Synonymous - Short-chain dehydrogenase

1226252 A G TTG → 
CTG L → L - Synonymous mdtH Multidrug resistance protein

2145307 C T ACT → 
ATT T → I  + Non-

synonymous pduX L-threonine kinase

2265999 T C AAT → 
GAT N → D - Non-

synonymous yehU Sensor histidine kinase

3526676 A G TAC → 
TGC Y → C  + Non-

synonymous acuI Putative acrylyl-CoA 
reductase

3912784 T C TGC → 
CGC C → G  + Non-

synonymous recG ATP-dependent DNA 
helicase

4510357 A C TGG → 
GGG W → G - non-

synonymous fdhF 1 Formate dehydrogenase

ATP: adenosine triphosphate; Nt: nucleotide; SNP: single nucleotide polymorphism.
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found positive for  Salmonella  before outbreak onset, 
on 3 June 2013. Upon typing, the isolate showed 
a Salmonella 4,[5],12:i:- with OP (STM40). The carcass 
was from one of the farms which supplied pigs occa-
sionally. The microbiological sampling of this farm 
(six environmental boot swabs) remained negative. 
As a result of the investigation and follow-up monitor-
ing,  Salmonella  with OP was further detected. It was 
isolated from four of 22 healthy workers at the facility 
(STM133; STM134; STM135; STM172), from a batch 
of meat that had not yet entered salami processing 
in the internal slaughterhouse on 23 September 
(STM156) and from two batches of salami from the 
facility in January and March 2015 (STM218; STM228). 
Remarkably, one of the industrial slaughterhouses 
supplying meat to the facility had reported the 
presence of  Salmonella  4,[5],12:i:- with OP (STM22) 
during its internal routine testing of carcass surfaces, 
before outbreak onset, on 28 June 2013.

Molecular epidemiology
All isolates included in the study had pulsotype 
STYMXB.0131 (part of the case definition) or its highly 
similar variant STYMXB.0083. As regards MLVA types, 
profile 3–13–9-NA-211 was detected in 132 isolates of 
137 human isolates from the putative outbreak period, 
and was thus the most represented, but four other pro-
files were present among the remaining five isolates 
(STM28; STM33; STM75; STM172; STM180). Considering 
all human isolates eventually assigned to the outbreak 
cluster by WGS, four MLVA variants to 3–13–9-NA-
211 were detected, representing six isolates (STM28; 
STM33; STM172; STM205; STM206; STM213) (Figure 2).

The main outbreak profile (3–13–9-NA-211) was also 
detected among the isolates from salami, the internal 
slaughterhouse, the main pig-supplying farm and some 
of the outgroups of the phylogenetic analysis. Similarly 
to the human isolates, the isolates from the food chain 
showed a variety of MLVA profiles, generally closely 
related to profile 3–13–9-NA-211, consisting of single-
locus variants most of the time (Figure 2).

Whole genome sequencing
WGS analysis was performed to elucidate the individual 
responsibility of suspect sources along the food chain 
and to determine whether an outbreak-specific clone 
existed within the endemic STYMXB.0131 and what its 
time extension was. This high-resolution approach was 
required, given the existence of MLVA and PFGE vari-
ants among the outbreak isolates.

The outcome of the phylogenetic analysis is repre-
sented in  Figure 2. Thirty-three of the 35 human iso-
lates of the putative outbreak period, included in the 
analysis, belonged to the same clade that included the 
isolates from the four positive workers, all the isolates 
from salami collected during the investigation and 
the isolates from the internal slaughterhouse, STM40 
(carcass before outbreak onset) and STM156 (meat for 
salami processing). No other isolates belonged to that 

clade except 10 humans out of the 21 recovered from 
Piacenza outside the putative outbreak period; the 
remaining 11 belonged to various different clades and 
were clearly not part of the outbreak. Seven SNPs were 
exclusive to and shared by all the outbreak isolates, 
supporting their cluster (Table 2).

Inside the outbreak clade, the number of SNPs to the 
consensus ranged from none to five (median value: one 
SNP), while the closest non-outbreak isolate (STM8) 
differed by 19 SNPs. As regards the responsibility of 
the food-chain operators, WGS confirmed the role of 
the salami producer, while both the main pig-supplying 
farm and the external slaughterhouse appeared to have 
no role in the contamination, different to what PFGE and 
MLVA testing had seemed to point to. In fact, all iso-
lates with pulsotype STYMXB.0083 which came from 
the farm belonged to a well-segregated cluster in the 
phylogeny, distant from the outbreak clade (114 SNPs 
differed between the outbreak and the STYMXB.0083 
consensus sequences), regardless of their PFGE and 
MLVA relatedness to the outbreak type. Similarly, the 
STYMXB.0131 isolates from the farm (STM204) and the 
external slaughterhouse (STM22) were shown to be 
distant from the outbreak clade. Remarkably, the iso-
lates with OP from the salami facility of the follow-up 
monitoring were not related to the outbreak clone.

The phylogenetic analysis highlighted the clonality of 
the outgroup isolates from the 2012 nursery school 
outbreak, confirming the resolution power and accu-
racy of the analysis.

Multilocus variable-number tandem repeat 
analysis variant analysis

Statistical analyses revealed that the probability of an 
outbreak isolate being an MLVA variant increased at the 
end of the outbreak (GLM output: chi-squared = 8.04, 
DF = 1, p = 0.0046), while the number of SNPs to the 
consensus did not significantly increase throughout 
the outbreak (GLM output: chi-squared = 1.65, DF = 1, 
p = 0.199), see Figure 3. 

Antimicrobial resistance and strain 
characterisation
All sequenced isolates were tested for antimicrobial 
resistance and all but four were multidrug-resistant 
with R-type ASSuT (i.e. resistant to ampicillin, strep-
tomycin, sulphonamides and tetracycline). The four 
exceptions did not belong to the outbreak clade and 
had ASSu R-type (STM2, STM3, STM232) or SuT R-type 
(STM8). The following ARGs were identified in all ASSuT 
isolates:  blaTEM  (ampicillin),  strA  and  strB  (strepto-
mycin),  sul2  (sulphonamides),  tet(B) (tetracyclines). 
The three ASSu isolates lacked  tet(B) and the SuT 
isolate lacked  blaTEM  and  strB.  No mutations asso-
ciated with quinolone resistance were detected 
in  gyrA  and  gyrB  genes of the sequenced isolates. 
Similarly to other 4,[5],12:i:- strains [11,32,33], both 
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STYMXB.0131 and STYMXB.0083 isolates of the study 
possessed IS26 composite transposon insertions. 
Mapping of the sequencing reads on the LT2 reference 
genome revealed the deletion of STM2760-STM2772 
chromosomal region in all sequenced genomes. This 
deletion, associated with IS26 insertions, corresponds 
to the loss of  fljAB  operon and  hin  gene (STM2770–
2772 loci of LT2), the genetic determinants of biphasic 
phenotype. The loss was consistent, in all study iso-
lates, with the negative  fljB-targeted PCR [35]. Further 
analysis of IS26 transposon insertions was done 
through comparison with the IS26 composite transpo-
son regions of the previously characterised monopha-
sic strains VAR-2009/08643/1 [32], 07–2006 [11] and 
105/7/03 [33]. The comparison confirmed STM2760-
STM2772 deletion, as already observed in 07–2006, 
a strain with STYMXB.0131 pulsotype, where it was 
associated with the IS26-driven insertion of the RR3 
element, a chromosomal module comprising various 
plasmid-derived genes and the ARGs  blaTEM,  strA, 
strB,  sul2  and  tet(B). Conversely, the study genomes 
did not have the STM2753-STM2759 deletion observed 
in 105/7/03, and they did not present the insertion 
of RR1 and RR2 elements around the  fljAB  operon 
described in VAR-2009/08643/1. Furthermore, all 
genes reported in the RR3 element of strain 07–2006 
were detected in the study genomes with only five 
exceptions. These were represented by non-outbreak 
isolates lacking some of the RR3 genes, namely 
from  tniAΔ,  to  methΔ  genes (STM2, STM3, STM232); 
from  tniAΔ  to  merR  genes (STM20); from  tnp2RΔ  to 
tnpB  and  strB  genes (STM8). Overall, these findings 
support the hypothesis that an RR3-like resistance ele-
ment was present in STYMXB.0131 and STYMXB.0083 
of the study in place of the STM2760-STM2772 region, 
similarly to strain 07–2006. This analysis showed that 
STYMXB.0131 and STYMXB.0083 from this study did 
not differ from one another as regards IS26-related 
genomic architecture and antibiotic resistance genes. 
Conversely, five synonymous SNPs located on a single 
gene,  dus3,  a putative tRNA-dihydrouridine synthase, 
were found to be exclusive to STYMXB.0083.

Discussion 

Antimicrobial resistance and strain 
characterisation
The ASSuT R-type and resistance genes of the outbreak 
(OB) clone indicate its belonging to the clonal lineage 
of  Salmonella  4,[5],12:i:- with pulsotype STYMXB.0131 
and chromosomal multidrug resistance to ampicillin, 
streptomycin, sulphonamides and tetracycline com-
monly circulating in Europe [12]. The two related pulso-
types of the study showed the same genomic structure 
as regards the insertions of IS26, involved in their 
monophasic phenotype. That structure was already 
reported in Italian strains of pulsotype STYMXB.0131 
collected between 2008 and 2012 [11], confirming 
the long-lasting circulation of this lineage in Italy. 
Nevertheless, according to WGS phylogeny, in our sce-
nario, the minimum difference between the two PFGE 

profiles did correspond to great phylogenetic distance 
between the OB isolates (having STYMXB.0131 pul-
sotype) and the STYMXB.0083 isolates from the sus-
pected farm. This distance is apparent from the tree 
topology of the study isolates and is substantiated 
by 114 SNPs of difference between the OB and the 
STYMXB.0083 consensus sequences.

Outcome of the investigation
WGS analysis accurately identified the existence of an 
outbreak-specific clone within the endemic pulsotype 
STYMXB.0131 of  Salmonella  4,[5],12:i:- in the region 
affected. The 3-year long WGS monitoring extended 
the time boundaries of the outbreak beyond the origi-
nally identified (putative) outbreak period. Its duration 
was widened by 6 weeks before the epidemiologically-
defined onset as a consequence of the identification of 
two early OB isolates and by 6 months after the appar-
ent conclusion with the identification of eight late OB 
isolates (Figure 1). While the suspected salami was con-
firmed as the vehicle of infection, similarly to previous 
reports [36], the origin of the contamination upstream 
from the salami-processing facility was not demon-
strated. The responsibility of the facility suppliers, 
initially suspected based on PFGE and MLVA, was not 
confirmed by WGS. In the absence of a demonstrated 
external origin of the contamination, this could be 
speculatively attributed to the positive healthy workers 
of the facility, although their positive status could be 
either the cause or the consequence of the salami con-
tamination, with no possibility of solving the ambigu-
ity. An alternative possible cause of the outbreak could 
have been persistent contamination inside the facil-
ity by the outbreak strain that could have entered the 
facility at some time before the outbreak, established 
itself and eventually contaminated the food products, 
reaching a level high enough to generate the observed 
high incidence of infections. The hypothesis of persis-
tence is consistent with the sporadic isolation of the 
outbreak clone inside the facility before (STM40) and 
during the outbreak (STM156). Regardless of the origin 
of the contamination, the very limited number of SNPs 
differentiating the isolates of the OB cluster and the 
lack of an evolutionary structure inside the cluster are 
indicative of a single, time-restricted source of the OB. 
This would be consistent with a sudden expansion of 
the contaminating clone inside the production prem-
ises, regardless of its origin (e.g. the facility environ-
ment, the raw meat or carrier workers). The in-depth 
cleaning of the facility, following the demonstration of 
its implication, probably led to the eradication of the 
strain from the processing plant, as confirmed by the 
negative results of the 2-year long post-outbreak moni-
toring on hundreds of samples. These results coincided 
with the rapid decline and the disappearance of the 
clone from the human population within 6 months of 
the official outbreak closure.

Performance of typing methods
Genomic investigation of the study outbreak through 
WGS confirmed, in a field scenario, that the high 
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resolution of this approach allowed for the accurate 
assignment of the isolates to the outbreak clone, 
unlike current routine methods, PFGE and MLVA, which 
showed inadequate resolution and doubtful stability, 
respectively. This advantage of WGS, observed with a 
clonal pathogen like  Salmonella  4,[5],12:i:- on a local 
geographical scale, could likely be helpful with clonal 
pathogens on larger geographical and temporal scales 
as well, where a greater number of variants can be 
expected with traditional typing methods. The use of 
WGS in widespread outbreaks, e.g. internationally, 
would imply sharing of standardised WGS data and 
analysis. In this study, MLVA showed a diversity of 
variants among the outbreak isolates that would 
potentially lead to incorrect assignment of some of 
the cases to the outbreak and to identify wrong links 
with suspected sources actually not related to the out-
break. This was the case for profiles 3–13–8-NA-211 
and 3–13–10-NA-211 shared by some cases and sus-
pected sources, which were eventually cleared of any 
responsibility. Even more misleading was the finding 
in the suspected pig farm of isolates having the main 
outbreak profile 3–13–9-NA-211 (STM184; STM188; 
STM225) which were eventually demonstrated not 
to belong to the outbreak clone. The results of other 
studies, conducted in recent years [8], and references 
thereof [37-39], are consistent with the ambiguity of 
MLVA evidenced by our data, despite the efforts of 
these authors to establish interpretation cut-offs for 
MLVA in terms of acceptable numbers of intra-outbreak 
repeats or variable loci. The high number of isolates 
analysed in our study and the complexity of the out-
break setting have shown limits of MLVA usage that 
those previous studies could not fully demonstrate. 
Interestingly, in our scenario the probability of emer-
gence of MLVA variants was higher in the late phase 
of the outbreak, possibly reflecting mutation of the 
assayed loci with passing time at a rate higher than the 
rest of the genome, as measured through the accumu-
lation of SNPs. While this is most likely not a limit in 
small and time-focused outbreaks, it could constitute 
a problem in lengthy ones.

Lessons learnt
The primary origin of the outbreak clone or its introduc-
tion into the region remained unexplained. However, 
the observed appearance and disappearance in the 
human population of the outbreak clone during a 3-year 
monitoring, its association with a specific food plant 
and the absence of identified primary sources, tell us 
that the emergence of a clone of  Salmonella  capable 
of generating a significant outbreak can indeed be 
a time-limited, transient event, possibly caused by 
extemporary clonal expansions inside food processing 
facilities, not necessarily with substantial quantitative 
contributions by upstream primary production.

From the methodological point of view, the study case 
showed that, based on WGS data, the first isolates 
unambiguously linking the salami facility (STM40) 
and the infection of humans (STM231) were available 

on 3 June and 13 June, respectively. This was more 
than a month in advance of the outbreak onset based 
on incidence (22 July) and more than 2 months in 
advance of the identification of the salami facility as 
the source of contamination (beginning of September). 
Retrospectively speaking, the availability of such 
genomic evidence in real-time or within the few days 
needed to produce it, would have favoured the adop-
tion of mitigation measures with enough advance to 
prevent dozens of infections, indicating the preventive 
value of WGS if used routinely and promptly in sur-
veillance systems combing human and food isolates. 
Although the identification of epidemiological links 
between clinical and food isolates will continue to be 
central in the attribution of outbreaks to their sources, 
the availability to the food control authorities of ‘rou-
tine’ food-human matching information can contrib-
ute to better planning and prioritisation of the control 
activity on facilities and food chains. These results 
contribute to a better understanding of the dynam-
ics of  Salmonella  contamination at the food-human 
interface and highlighted the potential of WGS to 
improve the procedures of surveillance, investigation 
and trace-back of  Salmonella  as observed by others 
[10,37,40-42].
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Epidemiology and Microbiology)
Centrum Epidemiologie a Mikrobiologie Státního
Zdravotního Ústavu, Prague
Monthly, print and online. In Czech, titles in English. 
http://www.szu.cz/cema/adefaultt.htm

EPIDAT (Notifications of infectious diseases in the Czech Republic) 
http://www.szu.cz/cema/epidat/epidat.htm

Denmark 
EPI-NEWS
Department of Epidemiology, Statens Serum Institut, Copenhagen
Weekly, print and online. In Danish and English.
http://www.ssi.dk

Finland 
Kansanterveyslaitos
Department of Infectious Disease Epidemiology, National Public Health 
Institute, Helsinki
Monthly, print and online.  In Finnish.
http://www.ktl.fi/portal/suomi/osastot/infe/tutkimus/tartuntatautien_
seuranta/tartuntatautilaakarin_kommentit/

France
Bulletin épidémiologique hebdomadaire
Institut de veille sanitaire, Saint-Maurice Cedex
Weekly, print and online. In French.
http://www.invs.sante.fr/beh/default.htm

Germany
Epidemiologisches Bulletin
Robert Koch-Institut, Berlin 
Weekly, print and online. In German.
http://www.rki.de/DE/Content/Infekt/EpidBull/epid__bull__node.html

Greece 
HCDCP Newsletter 
Hellenic Centre for Disease Control and Prevention (HCDCP/KEELPNO), 
Athens 
Monthly, online. In English and Greek. 
http://www2.keelpno.gr/blog/?lang=en 

Hungary 
Epinfo (az Országos Epidemiológiai Központ epidemiológiai információs 
hetilapja) 
National Center For Epidemiology, Budapest
Weekly, online. In Hungarian.
http://www.oek.hu/oek.web?to=839&nid=41&pid=7&lang=hun

Iceland
EPI-ICE
Landlæknisembættið
Directorate Of Health, Seltjarnarnes 
Monthly, online. In Icelandic and English.
http://www.landlaeknir.is

Ireland
EPI-INSIGHT
Health Protection Surveillance Centre, Dublin
Monthly, print and online. In English.
http://www.hpsc.ie/hpsc/EPI-Insight

Italy 
Notiziario dell’Istituto Superiore di Sanità
Istituto Superiore di Sanità, Reparto di Malattie Infettive, Rome
Monthly, online. In Italian. 
http://www.iss.it/publ/noti/index.php?lang=1&tipo=4

Bolletino Epidemiologico Nazionale (BEN)
Istituto Superiore di Sanità, Reparto di Malattie Infettive, Rome
Monthly, online. In Italian.
http://www.epicentro.iss.it/ben

Latvia 
Epidemiologijas Bileteni
Sabiedribas veselibas agentura 
Public Health Agency, Riga
Online. In Latvian.
http://www.sva.lv/epidemiologija/bileteni

Lithuania 
Epidemiologijos žinios
Užkreciamuju ligu profilaktikos ir kontroles centras
Center for Communicable Disease Prevention and Control, Vilnius
Online. In Lithuanian.
http://www.ulac.lt/index.php?pl=26

Netherlands
Infectieziekten Bulletin
Rijksinstituut voor Volksgezondheid en Milieu
National Institute of Public Health and the Environment, Bilthoven 
Monthly, print and online. In Dutch.
http://www.rivm.nl/infectieziektenbulletin

Norway
MSIS-rapport
Folkehelseinstituttet, Oslo
Weekly, print and online. In Norwegian. 
http://www.folkehelsa.no/nyhetsbrev/msis
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Poland
Meldunki o zachorowaniach na choroby zakazne i zatruciach w Polsce 
Panstwowy Zaklad Higieny, 
National Institute of Hygiene, Warsaw
Fortnightly, online. In Polish and English. 
http://www.pzh.gov.pl

Portugal
Saúde em Números
Ministério da Saúde,
Direcção-Geral da Saúde, Lisbon
Sporadic, print only. In Portuguese. 
http://www.dgs.pt 

Romania
Info Epidemiologia
Centrul pentru Prevenirea si Controlul Bolilor Transmisibile, National Centre 
of Communicable Diseases Prevention and Control, Institute of Public Health, 
Bucharest
Sporadic, print only. In Romanian.
Sporadic, print only. In Romanian. 
http://www.insp.gov.ro/cnscbt/index.php?option=com_docman&Itemid=12

Slovenia
CNB Novice 
Inštitut za varovanje zdravja, Center za nalezljive bolezni, Institute of Public 
Health, Center for Infectious Diseases, Ljubljana
Monthly, online. In Slovene. 
http://www.ivz.si

Spain
Boletín Epidemiológico Semanal
Centro Nacional de Epidemiología, Instituto de Salud Carlos III, Madrid
Fortnightly, print and online. In Spanish.
http://revista.isciii.es

Sweden
Folkhälsomyndighetens nyhetsbrev
Folkhälsomyndigheten, Stockholm
Weekly, online. In Swedish. 
http://www.folkhalsomyndigheten.se/

United Kingdom

England and Wales 

Health Protection Report 
Public Health England, London
Weekly, online only. In English.
https://www.gov.uk/government/collections/health-protection-report-
latest-infection-reports 

Northern Ireland

Communicable Diseases Monthly Report 
Communicable Disease Surveillance Centre, Northern Ireland, Belfast
Monthly, print and online. In English.
http://www.cdscni.org.uk/publications

Scotland

Health Protection Scotland Weekly Report 
Health Protection Scotland, Glasgow
Weekly, print and online. In English. 
http://www.hps.scot.nhs.uk/ewr/

 

European Union
“Europa” is the official portal of the European Union. It provides up-to-date 
coverage of main events and information on activities and institutions of the 
European Union.
http://europa.eu

European Commission - Public Health
The website of European Commission Directorate General for Health and 
Consumer Protection (DG SANCO).
http://ec.europa.eu/health/

Health-EU Portal
The Health-EU Portal (the official public health portal of the European Union) 
includes a wide range of information and data on health-related issues and 
activities at both European and international level.
http://ec.europa.eu/health-eu/

European Centre for Disease Prevention and Control 
European Centre for Disease Prevention and Control (ECDC)
The European Centre for Disease Prevention and Control (ECDC) was 
established in 2005. It is an EU agency with aim to strengthen Europe’s 
defences against infectious diseases. It is seated in Stockholm, Sweden. 
http://www.ecdc.europa.eu 
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