
Bacterial Whole-Genome Sequencing Revisited: Portable, Scalable, and
Standardized Analysis for Typing and Detection of Virulence and
Antibiotic Resistance Genes

Shana R. Leopold,a* Richard V. Goering,b Anika Witten,c Dag Harmsen,d Alexander Mellmanna

Institute of Hygiene, University of Münster, Münster, Germanya; Department of Medical Microbiology and Immunology, Creighton University School of Medicine, Omaha,
Nebraska, USAb; Leibniz Institute for Arteriosclerosis, University of Münster, Münster, Germanyc; Department of Periodontology, University of Münster, Münster, Germanyd

Multidrug-resistant nosocomial pathogens present a major burden for hospitals. Rapid cluster identification and pathogen pro-
filing, i.e., of antibiotic resistance and virulence genes, are crucial for effective infection control. Methicillin-resistant Staphylo-
coccus aureus (MRSA), in particular, is now one of the leading causes of nosocomial infections. In this study, whole-genome se-
quencing (WGS) was applied retrospectively to an unusual spike in MRSA cases in two intensive care units (ICUs) over the
course of 4 weeks. While the epidemiological investigation concluded that there were two separate clusters, each associated with
one ICU, S. aureus protein A gene (spa) typing data suggested that they belonged to single clonal cluster (all cases shared spa
type t001). Standardized gene sets were used to extract an allele-based profile for typing and an antibiotic resistance and toxin
gene profile. The WGS results produced high-resolution allelic profiles, which were used to discriminate the MRSA clusters, cor-
roborating the epidemiological investigation and identifying previously unsuspected transmission events. The antibiotic resis-
tance profile was in agreement with the original clinical laboratory susceptibility profile, and the toxin profile provided addi-
tional, previously unknown information. WGS coupled with allelic profiling provided a high-resolution method that can be
implemented as regular screening for effective infection control.

Staphylococcus aureus is responsible for a wide range of diseases,
including skin, soft tissue, and bone infections and septicemia

(1). Since its emergence in the 1960s, methicillin-resistant S. au-
reus (MRSA) has become a major burden for hospitals worldwide
and is now one of the leading causes of nosocomial infections (1,
2). With widespread antibiotic use, a variety of multidrug-resis-
tant nosocomial MRSA strains have emerged in recent years (2).

MRSA can be easily transmitted in a hospital setting, from
patient to patient, via staff, or from environmental contamina-
tion. Focused infection control measures guided by epidemiolog-
ical investigations and genotypic fingerprinting results are necessary
to prevent nosocomial transmission. Pulsed-field gel electrophoresis
(PFGE) is considered the gold standard for fingerprinting to confirm
a suspected outbreak, but the results are subjective and difficult to
interpret. Partial S. aureus protein A gene (spa) gene sequencing
(spa typing) emerged because of the ease of interpreting its DNA
sequencing results (3, 4). Both methods, however, have some-
times been found to provide insufficient resolution under circum-
stances in which a limited number of predominant clones are
circulating, e.g., United Kingdom clone EMRSA-15 (5) or U.S.
clone USA300. This limited discriminatory power is especially
problematic when tracking a clonal pathogen, such as MRSA, in a
nosocomial setting in which only a few nucleotide changes, which
may be missed by spa typing or PFGE, distinguish between genet-
ically similar but epidemiologically unrelated strains.

Initial studies have demonstrated the high discriminatory
power and information content of whole-genome sequencing
(WGS) (5–9), which is now readily accessible with recent techno-
logical advances. However, the broader use of WGS in infection
control is currently hampered by the lack of a universal nomen-
clature, which would enable a straightforward comparison with
historical isolates and among different laboratories. To enable the
translation of WGS into the clinical setting for infection control,

we established a standardized core genome allele-based typing
scheme and a resistance and virulence profiling gene set. We subse-
quently used this approach to epidemiologically characterize a 27-day
cluster of MRSA cases that occurred mainly in two different intensive
care units (ICUs) of a tertiary care hospital for which the spa typing
and epidemiological investigation results were in conflict.

MATERIALS AND METHODS
Setting and bacterial isolates. All detected MRSA isolates from infections
and surveillance cultures at the University Hospital Münster, Germany, a
1,480-bed tertiary care hospital, were prospectively spa typed since 2002.
From 25 August to 20 September 2003, a sharp increase in spa type t001 (a
type only rarely isolated in 2003) MRSA cases were detected, triggering a
cluster investigation.

Overall, 18 isolates were included in our analyses (Table 1; see also
Table S1 in the supplemental material). Thirteen spa type t001 isolates
were collected during the cluster time frame. Additionally, five temporally
unrelated t001 isolates (from patient 9 [P9], P10, P13, P14, and staff mem-
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ber 3 [S3]), collected between 2001 and 2006, were included for compar-
ison. Analyses were performed as a proof-of-principle study of the appli-
cation of WGS for molecular typing, for which ethical clearance was
obtained (Ethical Committee of the University of Muenster, project 2013-
302-f-S).

Phenotypic characterization and classical genotypic typing. For the
identification of S. aureus, every isolate was tested with the API Staph ID
32 (bioMérieux, Marcy l’Étoile, France) and for the presence of free co-
agulase. The presence of the mecA gene responsible for methicillin resis-
tance was confirmed using PCR (10). Further antibiotic susceptibility
testing was carried out using the Vitek 2 automated system (bioMérieux).

spa typing was carried out in accordance with a published protocol (4),
and Ridom StaphType software version 1.0 (Ridom GmbH, Münster,
Germany) was used to assign spa types (11).

Whole-genome sequencing, assembly, and data analyses. We ap-
plied whole-genome shotgun sequencing to 18 MRSA isolates. The se-
quencing libraries were prepared using NextEra XT chemistry (Illumina,
Inc., San Diego, CA, USA) for either a 100-bp paired-end sequencing run
on an Illumina HiScanSQ sequencer or a 250-bp paired-end sequencing
run on an Illumina MiSeq sequencer. The samples were sequenced to aim
for a minimum coverage of 75-fold (12). After sequencing, the reads were
quality trimmed using the CLC Genomics Workbench software version
6.0 (CLC bio, Aarhus, Denmark), with the following parameters: “re-
moval of low quality sequence (limit, 0.05)” and “removal of ambiguous
nucleotides: maximal 2 nucleotides allowed.” Subsequently, the trimmed
reads were de novo assembled with the CLC Genomics Workbench soft-
ware, using the default settings but with a single modification (“length
fraction, 0.8”). The resulting assembly files were exported as ACE files and
imported into SeqSphere� software version 1.0 (Ridom GmbH).

To genotypically mirror the traditional identification, phenotypic
profiling (of antibiotic resistance and virulence), and spa typing per-
formed in the clinical laboratory, we defined dedicated target gene sets in
SeqSphere� software. For species identification, the presence of the cata-
lase gene (katA) and a partial 16S rRNA gene sequence were probed as

described previously (13). To perform antibiotic resistance testing and
virulence profiling as a proof of principle, we queried the WGS data for the
presence of resistance and toxin-encoding genes, which were chosen by
focusing on traits for which their presence or absence was known to be
important for the resulting phenotype. Specifically, these comprised genes
coding for clindamycin, erythromycin, gentamicin, tobramycin, linezolid,
methicillin, mupirocin, and vancomycin resistance, as well as genes encoding
exfoliative toxin A, Panton-Valentine leukocidin (PVL), and toxic shock syn-
drome toxin (TSST) (Table 2). For spa typing, the repeat region of the S.
aureus protein A gene (spa) was extracted and analyzed.

A core genome multilocus sequence typing (cgMLST) (named
MLST� within the SeqSphere� software) target set was determined using
all finished S. aureus genomes available in GenBank (http://www.ncbi
.nlm.nih.gov/GenBank/index.html) as of June 2013 (n � 40), with the
exception of the taxonomic outlier S. aureus strain MSHR1132 (GenBank
accession no. NC_016941); S. aureus strain COL (GenBank accession no.
NC_002951) was used as a reference (see Table S2 in the supplemental
material). To determine the cgMLST target gene set, a gene-by-gene com-
parison was performed using the MLST� target definer function of Se-
qSphere�, with the default parameters. These parameters comprise the
following filters for the reference genome (S. aureus COL) genes that are
excluded from the cgMLST scheme: a minimum length filter that discards
all genes �50 bp, a start codon filter that discards all genes that contain no
start codon at the beginning of the gene, a stop codon filter that discards all
genes that contain no stop codon, more than one stop codon, or if the stop
codon is not at the end of the gene, a homologous gene filter that discards
all genes that have fragments that occur in multiple copies within a ge-
nome (with identity 90% and more �100-bp overlap), and a gene overlap
filter that discards the shorter gene from the cgMLST scheme if the af-
fected two genes overlap �-4 bp. The remaining genes were then used in
a pairwise comparison using BLAST (14) with the 39 query genomes (see
Table S2 in the supplemental material). All genes of the reference genome
that were common in all query genomes with a sequence identity of �90%
and 100% overlap formed the final cgMLST scheme, consisting of 1,861
genes (see Table S3 in the supplemental material).

To validate the applicability of the S. aureus cgMLST target gene set, a
test set of S. aureus isolates representing the most predominant clonal
complexes (CCs) (CCs containing �10 sequence types [STs] with avail-
able raw read data) was compiled. eBURST version 3 (http://saureus.mlst
.net/eburst) was used to cluster all S. aureus STs from the multilocus

TABLE 1 Epidemiological data and spa type for MRSA isolates (all spa
type t001) in this study

Isolatea

Isolation date
(day-mo-yr) Ward(s) Source (clinical impact)b

P1 25-Aug-2003 ICU-B Wound (I)
P2 29-Aug-2003 ICU-B Wound (I)
P3 5-Sep-2003 ICU-A Lung aspirate (C)
P4 8-Sep-2003 ICU-A Nose (C)
S1 8-Sep-2003 ICU-A and ICU-B Nose (C)
P5 9-Sep-2003 Ward-A Wound (I)
P6 9-Sep-2003 ICU-A Nose (C)
S2 10-Sep-2003 ICU-B Nose (C)
E1 10-Sep-2003 ICU-B Computer keyboard (NA)c

P7 19-Sep-2003 ICU-B Skin (C)
P8 20-Sep-2003 Intermediate care-A Skin (C)
P9 24-Aug-2001 Ward-B Nose (C)
S3 19-Dec-2002 ICU-A and ICU-B Nose (C)
P10 24-Apr-2003 Ward-C Wound (I)
P11 25-Aug-2003 Ward-D Wound (I)
P12 7-Sept-2003 ICU-C Nose (C)
P13 8-Nov-2004 ICU-B Nose (C)
P14 10-May-2006 ICU-A Deep respiratory

material (C)
a Isolates named by source: P, patient; S, staff member; E, environment.
b I, infection; C, colonization; NA, not applicable.
c The isolate was obtained from a computer keyboard in the staff room of the ward.
Environmental sampling was initialized after the identification of an index patient (P1)
and two further patients with spa type t001 (P2 and P3) due to suspicion of a cluster of
nosocomial transmissions.

TABLE 2 Comparison of phenotypic and genotypic profiles for all
MRSA t001 cluster isolates

Trait Phenotypea Gene(s)b Genotypeb

Antibiotic susceptibility
Clindamycin R ermA, ermC �, �
Erythromycin R msrA, msrB �, �
Gentamicin and tobramycin R aac6=-aph2� �
Linezolid S cfr �
Methicillin R mecA �
Mupirocin S mupA �
Vancomycin S vanA �

Toxins
Toxic shock syndrome toxin NA tst �
Exfoliative toxin A NA eta �
Panton-Valentine leukocidin NA lukF, lukS �, �

Species identification
Catalase � katA �

a R, resistant; S, susceptible, �, present.
b In the event that two genes conferred a single phenotypic trait, a comma is used to
separate the genes and their respective presence or absence. �, absent; NA, not
applicable.
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sequence typing (MLST) database into clonal complexes (CC). The Eu-
ropean Nucleotide Archive (ENA) (http://www.ebi.ac.uk/ena/) accession
numbers for the WGS of a representative isolate from each CC of interest
were extracted from the Bacterial Isolate Genome Sequence Database
(BIGSdb) (15), and the corresponding fastq files were downloaded from
the ENA. A de novo assembly was created with the CLC Genomics Work-
bench software. The SeqSphere� software was used to evaluate the pres-
ence of cgMLST targets in each isolate.

For the 18 MRSA isolates, the defined cgMLST sequences were ex-
tracted from each assembly and assessed for quality, i.e., the absence of
premature stop codons and ambiguous nucleotides, and a minimum se-
quence coverage of �10-fold over the whole gene, with a minimum sub-
stitution frequency in the reads of 75%. If a gene fulfilled all of these
quality criteria, its complete sequence was analyzed in comparison to that
in S. aureus COL, and a numerical allele type was assigned by SeqSphere�.
The combination of all alleles in each strain formed an allelic profile, i.e.,
a typing result, which was used for the subsequent generation of an un-
weighted-pair group method using average linkages (UPGMA) tree, in
which the numbers of differing alleles were given as a scale bar.

RESULTS
Epidemiology and spa typing. Starting on 25 August 2003, an
increase in spa type t001 MRSA cases was detected within two
intensive care units (ICU-A and ICU-B), located in different
buildings, over a 27-day period. At that time, the average fre-
quency of MRSA cases on these wards was approximately
1/month. Epidemiological investigations, screening, and environ-
mental sampling were initialized after identifying an index patient
(P1 in ICU-B) and two further patients with spa t001 (P2 in
ICU-B, and P3 in ICU-A) due to the suspicion of a cluster of
nosocomial transmissions. Eleven epidemiologically related spa
type t001 MRSA cases were identified in connection with ICU-A,
ICU-B, and their neighboring wards (intermediate care-A and
ward-D, respectively) until 20 September 2003 (Table 1 and
Fig. 1A). The epidemiological investigation concluded that there

were two different clusters, each associated with a different ICU.
Two t001 strains were identified on additional separate wards in
the hospital (ICU-C and ward-D) during this cluster time frame,
but the epidemiological investigation concluded that they were
unrelated to any other spa type t001 isolate collected at the same
time (Table 1 and Fig. 1A). These spatially separate isolates were
included in our investigation, for a total of 13 t001 MRSA isolates
collected in the hospital between 25 August and 20 September
2003. Five additional spa type t001 MRSA isolates that were col-
lected at different times from our hospital (temporally separated)
were also included for comparison, bringing the total to 18 t001
isolates included in all WGS analyses (Table 1).

WGS data results: all 18 t001 MRSA strains were sequenced
and assembled de novo. To reflect the normal sequence of iden-
tification in medical microbiology diagnostics, we first extracted
sequence information for species identification, antibiotic resis-
tance, toxin gene presence, and classical genotypic typing (spa
typing) from the 13 temporally related isolates, demonstrating as a
proof of principle the broad applicability of genomic data (Fig. 2).
All isolates shared the same 16S rRNA gene sequence, which was
identical to those of S. aureus COL and other S. aureus strains. As
an example of a typical phenotypic diagnostic test, the presence of
catalase (presence of katA) was genotypically confirmed. All 13
isolates had the same antibiotic resistance gene composition;
genes encoding clindamycin, erythromycin, gentamicin, tobra-
mycin, and methicillin resistance were present, with an identical
sequence type. These were in agreement with the susceptibility
phenotype determined by the clinical laboratory at the time of the
collection. In all isolates, we also detected genes encoding exfoli-
ative toxin A but not genes encoding Panton-Valentine leukocidin
or toxic shock syndrome toxin (Fig. 2, Table 2). The spa type
extracted from the WGS data (t001) confirmed our previous re-
sults obtained by Sanger sequencing.

FIG 1 MRSA t001 cluster schematic. A comparison of the cluster characterization of the 13 t001 isolates collected between 25 August and 20 September 2003, based on
epidemiology and on cgMLST, is shown. Each isolate is represented by a circle with the isolate name indicated (P, patient; S, staff member; E, environment), and isolates
belonging to the same cluster are indicated by color. Only affected wards are shown with respect to the building in which they were located; however, as this is only a
cartoon model, the true structure and geographic relationship between wards occupying the same building is not depicted here. Orange, cluster 1; green, cluster 2; blue,
unrelated isolates. (A) Schematic based on epidemiological investigation. While isolate S1 was found in a staff member who was assigned to both ICU-A and ICU-B at
the time of the cluster, the epidemiological data suggested that the MRSA isolate was related to ICU-B. (B) Schematic based on cgMLST data. Orange, cluster 1; green,
cluster 2; purple, cluster 3; blue, unrelated isolates.
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For cgMLST schema evaluation, 16 CCs were identified con-
taining �10 STs, with raw read data available from the European
Nucleotide Archive (ENA) (see Table S4 in the supplemental ma-
terial). Moreover, we added for the largest CC (CC5) eight major
subgroup founders to consider the diversity of this CC. For each
representative isolate, �97% of cgMLST genes were present, with
a mean of 99.1% cgMLST genes present for all isolates.

The cgMLST targets were queried against the resulting whole-
genome shotgun assemblies of all 18 sequenced isolates. Of the
1,861 target genes, 1,714 were present in all isolates (mean, 98.8%
cgMLST targets present in each isolate) and included in further
analyses. The 18 t001 isolates exhibited up to 18 differing alleles
only. UPGMA dendrograms were generated to visualize the relat-
edness among the 13 temporally related isolates (Fig. 3A) and their
relationship to the 5 temporally unrelated t001 isolates (Fig. 3B).
cgMLST confirmed the results of the epidemiological investiga-
tion for the majority of cases by grouping nine of the 11 ICU-A-
and ICU-B-related t001 isolates into clusters 1 and 2, with one
cluster associated with each ICU (Fig. 1B). In contrast to the epi-
demiological data, two (environmental 1 [E1] and S1) of these 11
isolates had a different genotype, which was also unexpectedly
shared with one (P12) of the two spatially different t001 isolates
(from a patient on ICU-C), forming cluster 3 (Fig. 3). The second
spatially different t001 isolate (P11, from ward-D) was genotypi-
cally unrelated from all other t001 isolates collected at that time
(Fig. 3). Further analysis of the cgMLST allelic profiles showed
that there were three and eight cluster-specific variant alleles for
clusters 1 and 2, respectively, with a total of 11 allelic variants
differentiating the two clusters (see Table S5 in the supplemental
material). The allelic profiles within each cluster were identical
(clusters 2 and 3) or nearly so (cluster 1 had two isolates [P4 and
P6] with one unique allele each). Cluster 3 was identified by
cgMLST only, sharing 18 variant alleles in comparison to clusters
1 and 2 (Fig. 3A; see also Table S5).

DISCUSSION

In this study, we developed an S. aureus core genome allele-based
typing method in combination with an antibiotic resistance and
toxin profile based on a standardized analysis of whole-genome
sequences, thereby enabling a universally applicable comparison
of recent and historical isolates. We applied this approach to an
MRSA cluster event in which spa typing suggested a scenario of
spread that was in conflict with the epidemiological data in order
to elucidate the mechanisms of nosocomial transmission and
demonstrate genotype-to-phenotype profiling. cgMLST resolved
three distinct clusters, one each in ICU-A and ICU-B in accor-
dance with epidemiological data, as well as a previously unsus-
pected transmission event, which identified a patient isolate from
ICU-C as part of a third cluster within ICU-B and ICU-C (Fig. 1
and 3). Furthermore, an antibiotic resistance and toxin profile was
generated solely from the de novo assembled contigs, providing a
phenotypic profile that mirrored the tests performed by the clin-
ical laboratory.

To determine the likelihood that these three clusters were part
of a larger long-term outbreak, we examined the number of intra-
and intercluster allelic differences and compared those with spa-
tially or temporally unrelated t001 isolates. Clusters 1 and 2 were
the most closely related, differing by 11 alleles, whereas cluster 3
differed by 18 alleles. No isolate differed by more than one allele
level in each cluster, indicating a high level of conservation. Addi-
tionally, the epidemiological investigation revealed that the index
patient of cluster 1 was already colonized with MRSA at the time of
admission, which occurred �6 days after the first two isolates
from cluster 2 were collected, providing further evidence that the
clusters in our hospital were unrelated. Applying the estimated
mutation rate for MRSA of one nucleotide change per 6 weeks (6),
we calculated that the lineages leading to clusters 1 and 2 diverged
approximately 36 weeks before the MRSA cluster event. Taken
together, these data suggest that the close relationship between
clusters 1 and 2 is likely due to the probable recent introduction of
MRSA t001 to the region (4) rather than being the product of a
larger ongoing outbreak within the hospital. The setting points to
the fact that the resolution of WGS typing is limited to the evolu-
tion rate of the investigated pathogen, which in the case of MRSA
is one point mutation per 6 weeks. This has been shown by others
in larger-scale studies (5, 6), but in our short-term study, there was
not sufficient passage of time to accrue informative mutations to
give a temporal signal for the delineation of transmission direc-
tion. The transmission direction, however, does not play a major
role in day-to-day cluster detection, as the control response is
applied to all cluster cases. Most importantly, the identification of
all cases belonging to a cluster and the separation of unrelated
cases are the major goals of infection control.

Moreover, we investigated the feasibility of using genomic data
not only for genotypic typing but also as a proof of principle for
the simultaneous detection of antibiotic resistance and toxin
genes (Fig. 2) (16). The genotypically derived antibiotic resistance
profile was in concordance with the profile obtained at the time of
the cluster by the clinical microbiology lab (Table 2). Neverthe-
less, the absence of genomic information coding for resistance
should always be judged cautiously and might require verification
with an independent method, e.g., using a specific PCR, as genes
might be falsely absent due to incorrect assembly or incomplete
coverage of the respective gene. We also successfully extracted the

FIG 2 Genotype to phenotype diagram. Species identification, spa type, anti-
biotic susceptibility profile, and presence of toxins can be rapidly determined
by query of the WGS data. The colored squares represent genes potentially
present on the chromosome and/or plasmids. The presence of genes in our
cluster isolates are indicated by color: red, antibiotic resistance genes; green,
toxin genes; blue, catalase-encoding katA; yellow, f spa gene; gray, genes that
were queried but not found.

Leopold et al.

2368 jcm.asm.org Journal of Clinical Microbiology

http://jcm.asm.org


spa types from the genomic data, enabling backwards compatibil-
ity. For species identification, the catalase gene and a partial 16S
rRNA sequence were extracted (13).

Here, we have shown an allele-based approach for cluster de-
tection, which is adaptable for use with any bacterial pathogen. A
major advantage of such allele-based typing systems is the possi-
bility of easily storing and curating allelic data in a central data-
base, which is a prerequisite for ensuring a universal and expand-
able nomenclature. This is similar to spa typing, for which the
central SpaServer (www.spaserver.ridom.de) hosts the nomencla-
ture. Additionally, allele-based comparisons have an advantage
over single nucleotide polymorphisms (SNP) because both SNP
and single recombination events (which likely results in several
nucleotide changes) are treated correctly as one evolutionary
event. The very same argument for an allelic-based nomenclature
was and still is a major factor in the success of classical MLST (17).
Such allele-based typing has also recently been proposed by
Maiden et al. (18) for WGS data. However, in contrast to the
approach proposed by Maiden and colleagues (18), which utilizes

an ad hoc shared, i.e., variable core genome gene set for only the
isolates involved in the immediate study (whole-genome MLST),
our approach always analyzes all genes present in the same set of
species-specific core genes to facilitate standardization, which is
crucial in infection control to enable comparisons, for example,
those with historical isolates.

While WGS provides a high-resolution unambiguous genetic
typing for cluster identification, there are limitations that still
need to be addressed for the successful widespread adoption of
this method for interhospital comparisons and (global) public
health programs. Whereas we showed that cluster detection is
achievable by WGS within a single laboratory, the interlaboratory
exchange of data is currently limited due to a lack of standardized
nomenclature and a central repository. However, initiatives (e.g.,
Global Microbial Identifier [19]) to remedy this are under way,
and automated curated databases have already been established
for spa typing (www.spaserver.ridom.de), paving the way for ad-
aptation to WGS typing to create a publicly available central no-
menclature service.

FIG 3 Clonal relationship of t001 isolates. A phylogenetic dendrogram (UPGMA) was generated for all spa type t001 isolates based on the allelic profiles of 1,714 cgMLST
target genes. The scale bars indicate the number of differing alleles comprising the calculated distance. (A) Only temporally related isolates (n � 13) are shown. The ward
in which each isolate was isolated is noted next to the isolate name. The index patients for clusters 1 and 2 are labeled. Asterisks indicate a ward that is next to and shares
the same patients as the ICU within each respective cluster. (B) cgMLST clusters 1, 2, and 3 are collapsed, and isolates differing in time and/or location of collection are
included for phylogenetic placement. The approximate time of isolation is shown relative to the August to September 2003 cluster.
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In conclusion, the use of a standardized analysis of WGS data
enabled us to definitively detect and define MRSA clusters and to
extract the phenotype from the genotype in a way that dramati-
cally facilitates interlaboratory comparisons of data. While we
have applied our approach to MRSA, it is in principle adaptable
for use with every bacterial pathogen, e.g., we applied it prospec-
tively during the large enterohemorrhagic Escherichia coli (EHEC)
O104:H4 outbreak in Germany in 2011 (20). Fostered by the con-
stantly decreasing prices of WGS (today �$150 on benchtop ma-
chines) and the availability of affordable benchtop sequencers
with a rapid turnaround time from culture to analyzed sequence
of 2 to 3 days (12, 21), even small- and medium-sized clinical
laboratories are now in the position to implement WGS for rou-
tine testing. Future studies will focus on the delineation of species-
specific thresholds for cluster identification, based upon the pop-
ulation structure and infection dynamics (e.g., incubation period
and mode of transmission) of each species. Moreover, one future
challenge will be the integration of transcriptomic and proteomic
data for the full transition from genotype to phenotype.
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