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The control of food-borne outbreaks caused by Listeria monocytogenes in humans relies on the timely identification of food or
environmental sources and the differentiation of outbreak-related isolates from unrelated ones. This study illustrates the utility
of whole-genome sequencing for examining the link between clinical and environmental isolates of L. monocytogenes associated
with an outbreak of hospital-acquired listeriosis in Sydney, Australia. Comparative genomic analysis confirmed an epidemiolog-
ical link between the three clinical and two environmental isolates. Single nucleotide polymorphism (SNP) analysis showed that
only two SNPs separated the three human outbreak isolates, which differed by 19 to 20 SNPs from the environmental isolates
and 71 to >10,000 SNPs from sporadic L. monocytogenes isolates. The chromosomes of all human outbreak isolates and the two

suspected environmental isolates were syntenic. In contrast to the genomes of background sporadic isolates, all epidemiologi-
cally linked isolates contained two novel prophages and a previously unreported clustered regularly interspaced short palin-
dromic repeat (CRISPR)-associated (Cas) locus subtype sequence. The mobile genetic element (MGE) profile of these isolates
was distinct from that of the other serotype 1/2b reference strains and sporadic isolates. The identification of SNPs and clonally
distinctive MGEs strengthened evidence to distinguish outbreak-related isolates of L. monocytogenes from cocirculating en-

demic strains.

Listeria monocytogenes is an important food-borne pathogen
causing life-threatening infections in at-risk populations.
Pregnant women, the elderly, and immunocompromised individ-
uals are at high risk for listeriosis, which can present as an invasive
systemic infection or gastroenteritis. L. monocytogenes has become
one of the major food safety concerns worldwide, due to its ubig-
uitous presence in the environment. The bacterium can be intro-
duced into food-processing facilities and food products, and it
persists for long periods of time, owing to its ability to survive at a
wide range of temperatures, including underrefrigeration and in
low-pH (~5.2t0 5.5) environments (1-3). Outbreaks of listeriosis
have been associated with the consumption of contaminated
ready-to-eat foods, dairy products, seafood, and fresh produce
(4-8). Hospital-acquired listeriosis outbreaks were frequently re-
ported worldwide. Eight outbreak cases reported between 1998 and
2010, mostly from major U.S. cities and European countries; all had
strong evidence for food-borne acquisition in hospital-implicated
foods, and cold sandwiches have been a common food source (9-11);
however, in many cases, it was difficult to determine the specific ori-
gins and reservoirs of L. monocytogenes (12—14).

Investigations of listeriosis outbreaks often present a challenge
to public health because of the relatively long incubation period of
the disease. It can vary from 14 days to 6 weeks and can affect the
quality of food histories (15). Therefore, the molecular subtyping
of clinical and food or environmental L. monocytogenes isolates
has played an increasingly important role in establishing epidemi-
ological links and supporting public health investigations. A mul-
tiplex PCR molecular serotyping scheme was developed to char-
acterize L. monocytogenes isolates (16); however, this technique is
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of limited use in outbreaks, due to its poor discriminatory power.
Of the 14 serotypes that have been described for L. monocytogenes
(17), four major serotypes (1/2a, 1/2¢, 1/2b, and 4b) have been
involved in 98% of the documented human cases (18, 19). Other
subtyping methods have been applied to further characterize L.
monocytogenes isolates associated with outbreaks. A pulsed-field
gel electrophoresis (PFGE) typing scheme has been adopted by
PulseNet as an internationally standardized method (20). PFGE is
a relatively inexpensive approach with excellent discriminatory
power, but it is labor-intensive, time-consuming, and technically
demanding. Sequence-based typing techniques have been devel-
oped to enable interlaboratory harmonization and high-through-
put processing. A multilocus sequence typing (MLST) assay based
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on seven housekeeping genes demonstrated consistency with
the PFGE typing method (21). A Web-based MLST database
(http://www.pasteur.fr/recherche/genopole/PF8/mlst/Lmono.
html) containing the reference allele sequences was established
to assist with the rapid identification of sequence types. MLST
is a valuable tool for global epidemiology studies and for stud-
ies on the molecular evolution of pathogens. However, it pro-
vides insufficient discriminatory power for outbreak investiga-
tions. Multilocus variable-number tandem-repeat analysis
(MLVA), a method that determines the number of tandem-
repeat sequences at different loci in the bacterial genome, has
been developed for several food-borne bacteria, including L.
monocytogenes. Several MLVA typing schemes, each targeting dif-
ferent numbers of repeat regions ranging from eight to 11 loci,
have been applied successfully in outbreak investigations (22-26).
As a typing method, MLVA has higher discriminatory power than
that of MLST, with its main limitation being that it is not 100%
reproducible between laboratories unless the allele amplicons are
sequenced, and the beginnings and ends of the amplicons have to
be agreed on by different users. This method therefore needs to be
better harmonized using a set of strains with known allele sizes at
each locus for intralaboratory comparison.

The introduction of next-generation sequencing bench-top
analyzers has enabled rapid whole-genome sequencing (WGS)
and comparative analysis of L. monocytogenes genomes in a clini-
cally relevant time frame (27, 28). The costs of bacterial WGS
continue to decline each year. Currently, the cost of WGS is close
to the price of MLST and MLVA carried out by traditional Sanger
sequencing (29, 30). WGS is increasingly being used for the detec-
tion and characterization of viral and bacterial pathogens during
community- and hospital-acquired outbreaks (31-35). It prom-
ises the ultimate level of high-resolution molecular typing, with
simultaneous characterization of antibiotic resistance determi-
nants and virulence factors (36). The main criterion for determin-
ing the relatedness between isolates has been the number of single
nucleotide polymorphisms (SNPs) between microbial genomes
(30, 37-39). However, the cutoff SNP number to be used varies
significantly for different bacterial species or clonal lineages and
has been difficult to validate for pathogens with fairly stable ge-
nomes, such as L. monocytogenes (35, 40).

WGS offers the opportunity to compare the genomic contents
of strains recovered from cases associated with outbreaks and to
assist with testing epidemiological hypotheses. Recently, Kuenne
et al. (41) performed a genomic comparison of 16 L. monocyto-
genes strains, including representatives of each of the major sero-
types. Analysis of the core and accessory genomes revealed that the
core genomes of all isolates were highly syntenic and that strain-
specific genes were not spread throughout the chromosome but
clustered into only nine defined hot spot regions (41). The other
major source of genomic diversity resulted from the varied car-
riage of mobile genetic elements (MGEs). Thirteen different
MGEs, including prophages, genomic islands, transposons, and
insertion sequences, were identified at 13 specific chromosomal
integration sites. Each of the 16 strains was found to contain be-
tween one and five MGEs (41). A subset of strains also contained
different subtypes of clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated (Cas) genes. These genes are
involved in the encoding of diverse proteins to constitute genomic
defense barriers, which protect against the invasion of foreign pro-
phages and conjugative plasmids (42).

November 2015 Volume 53 Number 11

Journal of Clinical Microbiology

Added Value of WGS in Listeria Outbreak Investigation

In this study, we applied WGS to substantiate the epidemio-
logical links between human cases of listeriosis and environmental
samples from a company supplying food to three different hospi-
tals involved in a hospital-acquired listeriosis outbreak. Our find-
ings demonstrate that comparative genomic analyses should not
focus solely on SNP-based comparisons. The identification of un-
common mobile genetic elements and distinctive genetic loci can
improve the resolution of analysis and provide important evi-
dence on the potential relationships between clinical and environ-
mental outbreak isolates.

MATERIALS AND METHODS

Hospital-acquired outbreak. The detailed epidemiological investigation
of this hospital-acquired outbreak was reported in a previous publication
(43). Briefly, in April 2013, the Public Health Unit in Sydney, Australia,
was notified of three inpatients from three tertiary hospitals within two
local health districts in Sydney, which were blood culture positive for L.
monocytogenes within an 8-day period. The first reported case was an
elderly female patient admitted to hospital A. She had a background of
heart failure and chronic obstructive pulmonary disease. A positive blood
culture for L. monocytogenes was obtained on 2 April 2013. Case 2 was a
middle-age female inpatient of hospital B with myelofibrosis. She had a
positive blood culture for L. monocytogenes 4 days after case 1 (6 April
2013). Case 3 was an elderly male with a background of end-stage hepa-
tocellular carcinoma. He had a history of two recent admissions to hospi-
tal C and was readmitted on 8 April 2013 following a fall. The blood
culture collected on this day was also positive for L. monocytogenes.

Following notifications from different diagnostic laboratories, a pub-
lic health investigation was initiated in all three hospitals. Common food
items consumed by all three cases during the overlapping periods of their
admission (20 to 26 March 2013) in each hospital were identified by re-
viewing the food menus of the hospitals. A chocolate profiterole was iden-
tified as the common food consumed by all three cases on the same day (24
March 2013) of their admission. A large food company that supplied all of
the hospitals, company X, was identified, and leftover food samples of
interest, including chocolate profiteroles, were tested by an approved food
test laboratory for the presence of L. monocytogenes. Although the results
were all negative, monthly testing records from company X indicated that
environmental swabs and a sample from a chocolate profiterole had been
positive for Listeria innocua and Listeria species during routine quality
screening 3 weeks prior to this outbreak. Subsequent inspection was con-
ducted at the company X premises, and multiple environmental samples
from a cool-room bench, floor, and boots were taken from the premises.
Listeria species was detected in seven swabs, and L. monocytogenes was
cultured from two boot swabs collected in the cool-room food production
area.

Bacterial isolates. Five isolates obtained during the outbreak (three
human isolates, L. monocytogenes Lm4664, Lm2128, and Lm4447, and
two environmental isolates from the cool room of company X, L. mono-
cytogenes Lm4422 and Lm4424) were included in the study. Four other
isolates of L. monocytogenes that were not related to the outbreak were
added for comparison. These included three epidemiologically unrelated
sporadic human isolates, of which one (L. monocytogenes Lm4370) was
recovered from a blood culture during the same time period as the out-
break, another (L. monocytogenes Lm4082) was obtained nearly a year
prior to the outbreak, and the third one (L. monocytogenes Lm1414) was
obtained 5 months after the outbreak. One isolate (L. monocytogenes
Lm3554) obtained from cheese as part of a different public health inves-
tigation 2 months prior to the outbreak was also included in the study
(Table 1).

Molecular subtyping. All isolates were characterized at the NSW En-
teric Reference Laboratory, Pathology West, Westmead Hospital in Syd-
ney, and then subtyped by a binary typing assay (44). The assay is a PCR-
based rapid method with a turnaround time of 2 to 3 h after the bacterial
cultures are harvested. It detects the presence of eight gene loci selected
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TABLE 1 L. monocytogenes isolates included in the study and relevant subtyping results

Isolate Source Specimen type Molecular serotype MLST BT* MLVA PFGE type”
Lm4664 Case 1 Blood culture 1/2b, 3b, 7 3 223 04-17-16-05-03-11-14-00-16 4A:4:1
Lm2128 Case 2 Blood culture 1/2b, 3b, 7 3 223 04-17-16-05-03-11-14-00-16 4A:4:1
Lm4447 Case 3 Blood culture 1/2b, 3b, 7 3 223 04-17-16-05-03-11-14-00-16 4A:4:1
Lm4422 Cool room Environmental swab 1/2b, 3b, 7 3 223 04-17-16-05-03-11-14-00-16 4A:4:1
Lm4424 Cool room Environmental swab 1/2b, 3b, 7 3 223 04-17-16-05-03-11-14-00-16 4A:4:1
Lml1414 Sporadic Blood culture 1/2b, 3b, 7 3 158 04-17-16-05-03-12-14-00-16 4:4A:1
Lm4370 Sporadic Blood culture 1/2b, 3b, 7 3 222 04-17-15-05-03-10-14-00-16 4:4A:1
Lm4082 Sporadic Blood culture 4b, 4d, 4e 1 255 03-16-12-05-03-05-15-00-18 86A:46A:37
Lm3554 Cheese Food swab 4b, 4d, 4e 1 255 03-16-14-06-03-05-15-00-18 119A:44A:1

“ BT, binary typing (44).
b Three restriction enzymes used in PEGE with an order of Apal:Smal:Notl.

from 44 genes that give the most variable binary results. These eight genes,
mostly encoding hypothetical proteins, are distributed evenly throughout
the genome of L. monocytogenes (44). MLVA was conducted to detect
variable numbers of repeats at nine selected tandem-repeat regions. This
method has a turnaround time of 24 to 48 h and has also been adopted in
the four enteric reference laboratories in Australia (25). A modified PFGE
protocol with Apal, Smal, and NotI as restriction enzymes (45) was per-
formed by the Microbiological Diagnostic Unit (MDU), The University of
Melbourne, Victoria, Australia. Molecular serotyping based on a multi-
plex PCR scheme (16) and a seven-housekeeping gene MLST scheme
developed by the Institut Pasteur (http://www.pasteur.fr/recherche
/genopole/PF8/mlst/Lmono.html) were also performed by MDU.

DNA extraction. A single colony of each isolate was cultured on blood
agar plates at 37°C for 24 h. DNA extraction for binary typing and MLVA
were performed by suspending 3 to 5 colonies in 150 wl of molecular-
grade water and boiling for 5 min. The supernatant was collected and
immediately used for PCR testing or stored at —20°C. For WGS, DNA was
extracted using the DNeasy blood and tissue kit (Qiagen), according to the
manufacturer’s instructions. DNA quantities were estimated using the
Qubit double-stranded DNA (dsDNA) BR assay kit and the Qubit fluo-
rometer (Life Technologies, Germany), according to the manufacturer’s
instructions.

Genome sequencing. WGS was performed on an Ion Torrent PGM
(Life Technologies, Guilford, CT, USA). Genomic libraries were prepared
using 1 g of input genomic DNA and the Ion Xpress Plus genomic DNA
(gDNA) fragment library kit. Size selection was done using E-Gel SizeSe-
lect 2% agarose gels (Invitrogen). The concentrations and fragment size
distributions of the libraries were measured by a 2100 Bioanalyzer on a
high-sensitivity DNA chip (Agilent Technologies, Inc.). Diluted libraries
were used as the template for emulsion PCR using the Ton OneTouch 200
template kit. Sequencing was performed using the Ion PGM 200 sequenc-
ingkitand either an Ion 314, Ion 316, or Ion 318 Chip (Life Technologies),
according to the manufacturer’s instructions.

Assembly and phylogenetic analysis. De novo assembly was per-
formed on sequencing reads using the Torrent suite assembler plugin
version 3.4.2.0, which uses MIRA (version 3.9.9) to assemble contigs. The
contigs were then scaffolded against the reference chromosome of L.
monocytogenes strain SLCC2755 (GenBank accession no. FR733646) us-
ing Mauve version 2.3.1 (46). Contig files were submitted to snpTree 1.1,
a Web server (http://cge.cbs.dtu.dk/services/snpTree/) that identifies sin-
gle nucleotide polymorphisms (SNPs) present in WGS data (47). An SNP-
based phylogenetic tree was created by comparing the sequencing data
with 14 reference genomes using the default parameters. The resulting
multialignment FASTA file was imported to MEGAG6 (48) to generate a
maximum parsimony tree. To illustrate the features of the identified
SNPs, the FASTQ files were imported into CLC Genomics Workbench
version 7.0 (CLC bio, Aarhus, Denmark), and reads were mapped to the
reference genome of L. monocytogenes SLCC2755. Quality-based variant
detection was performed using settings of a minimum neighborhood
quality of 15 and minimum central quality of 20. Variant detection
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thresholds were set for a minimum coverage of 10 reads and minimum
variant frequency of 75%. The de novo assembly of environmental isolate
Lm4424 was also performed in CLC and used as a reference for read
mapping and variant detection, as described above, to validate SNPs that
were identified by the read mapping against the reference strain
SLCC2755.

The L. monocytogenes reference sequences used in this study and their
corresponding GenBank accession numbers were SLCC2755, FR733646
(read mapping reference, serotype 1/2b); SLCC2482, FR720325 (serotype
7); Clip80459, FM242711 (serotype 4b); F2365, AE017262 (serotype 4b);
199, FM211688.1 (serotype 4a); HCC23, CP001175 (serotype 4a); M7,
CP002816 (serotype 4a); J0161, CP002001 (serotype 1/2a); 10403S,
CP002002 (serotype 1/2a); Finland 1998, CP002004 (serotype 3a); 08-
5578, CP001602 (serotype 1/2a); 08-5923, CP001604 (serotype 1/2a); FSL
R2-561, CP002003 (serotype 1/2c); and EGD-e, AL591824 (serotype
1/2a).

Comparative genomics. The mapping coverage of each of the isolates
to the reference genome was visualized in Artemis (www.sanger.ac.uk
/Software/Artemis/). Scaffolded contig files were uploaded to WebACT
(www.webact.org/WebACT/home) to produce BLAST comparisons of
sequenced isolate scaffolds to the reference strain. Genomic structural
variation was visualized using ACT (http://www.sanger.ac.uk/Software
/ACT/) (49) and the CLC Genomics Workbench microbial genome fin-
ishing module (CLC bio Aarhus, Denmark). The genomes were anno-
tated using the RAST Web-based server (http://rast.nmpdr.org) (50).

Whole-genome sequence in silico MLST. A conventional seven-loci
MLST, based on the Institut Pasteur MLST scheme (http://www.pasteur
fr/mlst), was inferred from the sequenced reads. A FASTA format pseu-
domolecule containing the sequences of alleles from each of the seven loci
provided by the MLST scheme was imported into CLC Genomics Work-
bench (CLC bio, Aarhus, Denmark) as a simulated MLST locus reference,
and the sequenced reads from all isolates were mapped against this refer-
ence. The consensus sequence for each locus was extracted and submitted
to the Listeria MLST website (http://www.pasteur.fr/mlst) for determina-
tion of the in silico MLST.

Nucleotide sequence accession numbers. All sequencing FASTQ files
were deposited to the Sequence Read Archive in the National Center for
Biotechnology Information (NCBI) with accession numbers SRX992273,
SRX992277, SRX993493, SRX993494, SRX993496, SRX993497,
SRX993498, SRX993722, and SRX993724.

RESULTS

Molecular typing and genome sequencing. The three isolates
from the outbreak-related clinical cases and the two isolates from
the environmental source shared the same molecular subtyping
profiles and belonged to molecular serotype 1/2b, 3b, and 7, se-
quence type 3 (ST3), PFGE type 4A(Apal):4(Smal):1(Notl), bi-
nary type 223, and an MLVA profile of 04-17-16-05-03-11-14-
00-16 (Table 1). Two sporadic isolates (Lm1414 and Lm4370) had
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TABLE 2 SNPs identified in human and environmental isolates of L. monocytogenes

SNP in isolate:

Affected gene/gene Amino acid

No. Position” Consensus Lm4422 Lm4424 Lm4664 Lm2128 Lm4447 reference change Gene product”

1 210356 A T T T actA Actin assembly-inducing protein

2 273330 C T T T LMOSLCC2755_0254 ABC transporter

3 356520 C T T LMOSLCC2755_0327 Val—lle Endonuclease/exonuclease/
phosphatase family protein

4 465953 G A A A inlB Gly—Arg  Internalin B

5 801293 G A A A LMOSLCC2755_0773 Ala—Thr  Transcriptional regulator, GntR family

6 868456 T A A A LMOSLCC2755_0835 Phe—lle ABC transporter

7 916082 A — — LMOSLCC2755_0875 Lys—fs? Phosphotransferase system

8 1027362 G A A A ogt-1 Asp—Asn  Methylated-DNA-protein-cysteine
methyltransferase

9 1101468 A G G tagH Asp—Gly  Teichoic acid ABC transporter

10 1274142 C T T

11 1296522 G A A A parE Ser—Asn  DNA topoisomerase IV

12 1413182 T C C C LMOSLCC2755_1405 Val-—>Ala  Phosphoesterase family protein

13 1783102 T C C LMOSLCC2755_1740 HNH endonuclease

14 1915979 G T/GY T T smc Ser—Tyr  Chromosome condensation and
segregation protein

15 1941390 C T T T gmk Arg—Lys  Guanylate kinase

16 1996953 A T/AC xpt Ile—Asn Xanthine phosphoribosyltransferase

17 2374784 C A A A

18 2438927 C A A A LMOSLCC2755_2364 Gly—Val  Cof-like hydrolase

19 2566331 C T T T LMOSLCC2755_2484 Gly—Glu  Tetratricopeptide repeat domain
protein

20 2931810 C T T T LMOSLCC2755_2844 Asp—>Asn  Hypothetical protein

@ Refers to genomic nucleotide positions and gene products from the mapping reference sequence of L. monocytogenes SLCC2755 (GenBank accession no. FR733646).

¥ T/G, mixed base calls were present at this position, with T at 86% and A at 14%.
“T/A, mixed base calls were present at this position, with T at 81% and G at 19%.
4 fs, frameshift due to deletion.

¢ —, deletion.

the same molecular serotype and MLST as the outbreak-related
isolates but had different PFGE, binary, and MLVA profiles. The
other two sporadic and environmental isolates (Lm4082 and
Lm3554) belonged to molecular serotype 4b and ST1 and pro-
duced distinct molecular profiles by all other typing methods
(Table 1).

WGS generated various numbers of reads, between 375,305
and 1,987,282 for the nine L. monocytogenes isolates. These had
reference genome depths of coverage ranging from 21.9- to
124.91-fold. De novo assembly resulted in contig numbers be-
tween 35 and 66 per isolate. The consensus lengths of the assem-
bled sequences were between 2,934,544 and 3,066,775 bp for the
nine isolates, with N5, values ranging from 15,377 to 478,854 bp
(see Table S1 in the supplemental material). In silico MLST per-
formed on the sequence read data from all isolates showed that all
five outbreak-related clinical and environmental isolates and the
two nonoutbreak molecular serotype 1/2b, 3b, and 7 isolates were
ST3. The serotype 7 reference SLCC2482 is also an ST3 strain and
belongs to the same clonal complex (CC), CC3, as the serotype
1/2b reference strain SLCC2755 (41). The two sequenced molec-
ular serotype 4b isolates were identified as ST1.

Variant detection, based on read mapping of each of the iso-
lates to the reference strain SLCC2755, identified between 274 and
288 SNPs for the three clinical and the two environmental out-
break isolates and 181 and 256 for the two sporadic molecular
serotype 1/2b, 3b, and 7 isolates Lm4370 and Lm1414, respec-
tively. The two molecular serotype 4b isolates, Lm3554 and
Lm4082, had 10,526 and 11,487 SNPs, respectively. A further
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comparison of the SNPs between the outbreak isolates indicated
that the isolate Lm4664 from case 3 was separated from the other
two clinical isolates, Lm2128 from case 2 and Lm4447 from case 1,
by two SNP differences (Table 2). There were no SNP differences
between the two environmental isolates, while there were 19 to
20 SNPs observed between the environmental isolates and the
clinical isolates associated with the outbreak. Of the 20 SNPs
identified, 15 were nonsynonymous (Table 2; see also Fig. S1A
in the supplemental material). The number of SNPs identified
between nonoutbreak and outbreak isolates ranged from 67 to
70 for Lm4370 and Lm1414 to >10,000 for Lm3354 and
Lm4028.

Phylogenomic relationships of the isolates. The phyloge-
netic analysis performed using the snpTree Web server in-
cluded two reference sequences of SLCC2755 and SLCC2482,
nine studied isolates, and 12 full-genome sequences belonging
to all three main lineages of L. monocytogenes (51, 52), which
were provided in the snpTree database. All positions contain-
ing gaps and missing data were eliminated. There was a total of
92,518 concatenated SNP positions in the final data set. As
expected from previous studies (51, 52), the seven molecular
serotype 1/2b, 3b, and 7, and two molecular serotype 4b isolates
were all clustered within lineage I (Fig. 1A). Deep branching,
reflecting the large genomic distances between the three main
lineages, makes it difficult to visualize the relationships be-
tween closely related isolates. Therefore, a further SNP-based
comparison was performed on the seven sequenced molecular
serotype 1/2b, 3b, and 7 isolates and the reference strains
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FIG 1 SNP-based phylogenetic trees of L. monocytogenes isolates and genomic diversity among outbreak isolates and related molecular serotype 1/2b, 3b, 7
strains. (A) 1, maximum parsimony analysis of outbreak and sporadic isolates compared to reference strains. SNP differences were determined using snpTree
(47) and subsequent phylogenetic analyses performed using MEGAG6 (48). Reference strains (serotypes indicated in brackets) clustered into three distinct
lineages, I, II, and I11 (51, 52). Outbreak and sporadic isolates all belonged to lineage I. 2, presentation of unique prophages inserted into comK and the end of trmA
and a CRISPR/Cas-related deletion that distinguishes the outbreak-associated isolates from closely related reference strains and sporadic temporally related
molecular serotype 1/2b, 3b, and 7 isolates. (B) Genetic distances between molecular serotype 1/2b, 3b, and 7 isolates. Sequencing reads from all molecular
serotype 1/2b, 3b, and 7 isolates were mapped to the reference L. monocytogenes strains SLCC2755 and SLCC2482 using CLC Genomics Workbench. Concate-
nated SNP profiles were then used to perform a maximum parsimony analysis using MEGAG6. This analysis excluded the variable bacteriophage region spanning
nucleotide positions 1752576 to 1807472 of the reference genome. The branch lengths indicate the number of SNP differences, shown by the scale bars. Bootstrap

support values (1,000 replicates) are shown.

SLCC2755 (serotype 1/2b) and SLCC2482 (serotype 7). This
tree indicates that the three clinical isolates (Lm2128, Lm4447,
and Lm4664) and two environmental isolates (Lm4422 and
Lm4424) belong to a cluster that is distinct from the other
nonclustered molecular serotype 1/2b, 3b, and 7 sporadic iso-
lates and the reference strains (Fig. 1B).

Characterization of MGEs and regions of chromosomal vari-
ation. The contig scaffolds of all sequenced molecular serotype
1/2b, 3b, and 7 isolates were compared to reference strains
SLCC2755 (serotype 1/2b) and SLCC2482 (serotype 7) using We-
bACT and ACT (49) to identify regions of broken synteny in the
chromosomal backbone (see Fig. S2 in the supplemental mate-
rial). The chromosomes of the three clinical and two environmen-
tal outbreak isolates were completely syntenic and clearly distinct
from the two background molecular serotype 1/2b, 3b, and 7 iso-
lates and the reference strains (see Fig. S1 in the supplemental
material). The five outbreak-associated strains were the only mo-
lecular serotype 1/2b, 3b, and 7 isolates sequenced to date with a
prophage inserted in the comK gene (Fig. 1A2, comK). This is the
known site of integration for bacteriophage A118 in L. monocyto-
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genes serotype 1/2a strain EGD-e (53) and bacteriophage A006:
¢LMC3 in some sequenced serotype 1/2a, 3¢, and 1/2c isolates
(41). The outbreak-associated isolates all contained an insertion
of ~41,042 bp in the comK gene, which shared regions of similar-
ity with bacteriophage A118. This sequence was annotated using
the RAST server and was identified as a novel bacteriophage con-
taining 67 coding sequences (CDSs). The complete structure of
this novel bacteriophage p008 from isolate Lm2128 is illustrated
in Fig. S3 in the supplemental material, and the genome features,
including the CDS locations, sizes, and functions and nucleotide
and amino acid sequences, are detailed in Table S2 in the supple-
mental material.

Interestingly, all five outbreak-associated isolates also shared
another prophage (Fig. 1A2, trmA). This phage was similar to the
prophage annotated as E.f. (1/2b) that inserted into the end of
trmA in SLCC2755 and integrated at the same attachment site at
the 3" end of open reading frame (ORF) LMOSLCC2755_1765
(41), which encodes a TrmA/RumA/YfjO family RNA methyl-
transferase. The prophages from the outbreak-associated isolates
(56,875 bp in size) and SLCC2755 (54,797 bp in size) were very
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similar, apart from the region immediately adjacent to the left
chromosome/prophage (oriC-distal) junction, where the large
ORF LMOSLCC_1715 was absent and replaced by four ORFs not
previously found in L. monocytogenes genome sequences. Spo-
radic molecular serotype 1/2b, 3b, and 7 isolate Lm1414 also had a
prophage integrated into this attachment site. The left junction
region of this prophage was similar to that of the outbreak-asso-
ciated isolates (55,800 bp in size), but the remainder of the phage
sequence shared low degrees of similarity with the prophages from
SLCC2755 or the outbreak isolates (see Fig. S2 in the supplemental
material). All of the serotype 1/2b genome reference sequence
SLCC2755 and serotype 7 reference SLCC2482, and molecular
serotype 1/2b, 3b, and 7 nonoutbreak isolates, had distinctive pat-
terns of prophage carriage, which clearly distinguished them from
the outbreak-associated isolates (see Fig. S1 in the supplemental
material).

The third novel chromosomal feature that distinguished the
outbreak isolates from other sequenced strains was the sequence
of the CRISPR/Cas locus (Fig. 1A2), which had a deletion of 451
bp compared to the sequences in SLCC2755, SLCC2482, and two
nonoutbreak isolates, Lm1414 and Lm4370 (see Fig. S1B in the
supplemental material). This CRISPR subtype sequence is unique
to the outbreak-associated isolates.

A plasmid structure similar to that of the plasmid pLM1-
2bUGI (54) obtained from the reference strain SLCC2755 was
identified in all outbreak-related isolates, together with two non-
outbreak isolates, Lm1414 and Lm4370 (Fig. 1A2, novel plasmid).
From this plasmid structure, a deletion of 6.7 kb was found be-
tween CDSs p0011 to p0019, which was adjacent to the part of
transposing insertion IS1216 relating to a fetR gene. There were no
SNP differences in this plasmid structure between the three hu-
man outbreak isolates and the two environmental isolates, but all
these isolates had one SNP difference from the two nonoutbreak
isolates. The gene structure and summary of the plasmid pl007
genome assembled by de novo assembly from the outbreak human
isolate Lm4664 are shown in Fig. S4 and Table S3 in the supple-
mental material). From the nonoutbreak isolate Lm4370, a novel
phage sequence similar to A118-like phage LMCI that inserted
into tRNA-Ser in the SLCC2482 was identified, which was not
presented in all other isolates and the SLCC2755 strain (Fig. 1A2,
tRNA-Ser).

DISCUSSION

Our comparison of the genomes of L. monocytogenes has demon-
strated the added value of examining chromosomal structures
when resolving epidemiological questions related to the investiga-
tion of listeriosis outbreaks. These observations opened new lines
of evidence to test epidemiological hypotheses, supplementing ac-
cepted SNP-based analyses that are used for estimating the dis-
tance between strains of public health interest. Our findings indi-
cated that the combination of SNP-based analysis and the
comparison of mobile genomic elements offered higher discrim-
inatory power than that with conventional serotyping, binary typ-
ing, or MLST of L. monocytogenes. These methods can detect ge-
netic differences between isolates based on only a few genes or
gene loci of the genome. Although PFGE addresses a large portion
of an investigated genome (>90%), its resolution power depends
only on the restriction enzyme sites, and it also lacks the reso-
lution power necessary to distinguish bands of nearly identical
size. A comparison of the variation across the wider genome
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offers the highest resolution power by providing a cost-effec-
tive way to examine genome-wide variations, which has been
showcased by the fact that the cost and the time frame of WGS
are close to those of MLST and MLVA (29, 30). The stable
nature of the L. monocytogenes genome and limited resolution
power of historical molecular subtyping methods make ge-
nome sequencing very appealing, especially in situations in
which the testing of implicated food returns negative results
but bacterial isolates are recovered from environmental
sources in food-processing facilities (43).

The molecular subtyping of L. monocytogenes isolates from
three human cases from three different hospitals found that all
isolates shared identical molecular serotypes and binary, MLVA,
and PFGE types. This established a possible link between the clin-
ical isolates from the three patients. A subsequent public health
investigation implicated a food source, but at the time of public
health follow-up (two weeks after the first clinical case was re-
ported), no leftover food was available for testing, and no isolates
of L. monocytogenes were recovered from food samples of the same
batches ordered by the patients in the hospitals, which were sup-
plied by the food companies between 24 March (the overlapping
admission time of the three patients) and 2 April 2013 (the date of
the first reported clinical case). However, environmental isolates
with the same typing profile linked the outbreak cases to company
X, which supplied food to all three hospitals. The WGS-enabled
discovery that clinical and environmental outbreak isolates pos-
sessed genome synteny and shared novel genomic features indi-
cated a link between the food-processing facility and the human
cases associated with this hospital-acquired outbreak of listeriosis
(43).

Phylogenetic analyses based on SNP differences clustered the
five outbreak isolates together and separated them from the two
nonoutbreak isolates and the reference strains. All studied isolates
were grouped into the lineage I cluster when they were compared
with the reference strain sequences provided by the snpTree Web
server. These reference sequences were selected from three evolu-
tionary lineages of L. monocytogenes that were classified according
to MLST results combined with other typing methods (55, 56).
The lineages reflect the serotype distribution, and lineage I con-
sists of serotypes 1/2b, 3b, 4d, 4e, and most 4b isolates, which
covers the majority of human clinical isolates (57). The isolates
obtained in this study were molecular serotype 1/2b, 3b, 7, or 4b.
These serotype groupings were supported by SNP-based phyloge-
netic analysis through clustering of all isolates in the lineage I
group.

The SNP analysis indicated that the three clinical isolates dif-
fered from each other by =2 SNPs, suggesting that they had orig-
inated from the same source. Further inspection of read-mapping
files showed that there were mixed base calls at both of the two
SNP positions; in each case, one of the variants was the same as the
other two clinical isolates. This observation may represent clones
of L. monocytogenes during different stages of intrahost microevo-
lution or a mix of closely related subpopulations present in the
contaminated source. The presence of such transition-stage vari-
ants in Lm4664 (data not shown) was observed in this study. Two
environmental isolates recovered from the implicated factory
were closely related to these clinical isolates, with just 20 SNP
differences between them. During infection in humans, the bac-
terial pathogens are in a relatively stable environment with similar
temperature, pH, and nutrients. Outside the human host, these
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pathogens are under increased survival pressure due to the less
favorable conditions. Once a pathogen is successfully adapted in
the human host, less survival pressure is present between hosts
due to the similar host conditions. This may explain why the SNPs
identified in human isolates are less divergent than those found in
environmental isolates in an outbreak. This was consistent with a
previous listeriosis outbreak in Austria and Germany, during
which clinical L. monocytogenes isolates from an outbreak cluster
duringa period of 2 years presented allelic differences at =6 out of
2,298 genes, and food isolates from implicated soft cheese and
meat had allelic differences at 8 to 19 genes (40). However, the
threshold estimate of SNPs in L. monocytogenes genomes that de-
termines the epidemiological links between isolates remains un-
certain (38, 40, 58, 59), and other lines of evidence to rule in or rule
out the relationship between genomes might be of value.

We therefore supplemented this SNP-based comparison with
the structural analysis of genomic content for the isolates associ-
ated with the outbreak and the background isolates that cocircu-
lated in Sydney at the time of the outbreak. Two novel bacterio-
phages were identified in all three clinical isolates and the potential
environmental source isolates. All five isolates also contained a
novel CRISPR/Cas locus 2 (41) subtype sequence. Across the
whole mapped genome, all human outbreak and environmental
isolates were completely syntenic. This separated the outbreak as-
sociated isolates from all other comparison isolates, which had
unique mobile genetic elements, CRISPR subtype sequences, and
patterns of insertions and deletions.

In conclusion, the comparison of mobile genetic elements and
deletions in L. monocytogenes genomes supplemented SNP-based
analysis in the establishment of a probable epidemiological link
between a hospital-acquired L. monocytogenes outbreak and the
common source of food supplied to the affected inpatients. All
isolates from the clinical cases and environmental samples ob-
tained from the outbreak clustered together by SNP profiles and
phylogenomic tree analyses. The unique genomic features present
in all isolates further suggested that they represent the same clone;
therefore, it is highly likely that the environmental and clinical
isolates are related. Combining SNP analysis with the identifica-
tion of clonally distinctive genomic features, including novel
MGEs, helped to distinguish outbreak-related isolates from unre-
lated background isolates and improved the resolution of public
health laboratory surveillance.
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