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Multidrug-resistant bacteria are responsible for substantial morbidity and mortality worldwide. Tracking the nosocomial
spread of resistant bacteria is critical to infection control. Mellmann et al. (J. Clin. Microbiol. 54:2874 –2881, 2016, http://dx.doi
.org/10.1128/JCM.00790-16) have described prospective whole-genome sequencing with core genome multilocus sequencing
typing (cgMLST) analysis for real-time surveillance and have addressed the practical aspects of implementing this type of opera-
tion in the hospital setting.

Multilocus sequencing typing (MLST), introduced by Maiden
and colleagues in 1998, has come to represent one of the

most widely used and successful molecular methods for strain-
level classification of bacterial isolates (1). MLST schemes work by
indexing sequence variation in a small set of housekeeping genes
to a numerical classification system. Each novel sequence occur-
ring at any of the selected loci is named as a unique numbered
allele, and the profile of a given isolate is specified by the numbers
representing the allelic composition. Each combination of alleles
is assigned a unique sequence type (ST), and STs, in turn, can be
grouped into higher levels of classification (2, 3). The ability of
MLST to resolve closely related strains is limited in principle by
the absolute sequence diversity present in the loci covered by the
scheme and by the manner in which this sequence diversity dis-
tributes across the population to be classified. As MLST schemes
require conserved PCR primer binding sites, the targets must also
be sufficiently conserved so that the method works robustly, and
this puts limits on the resolution of classical MLST (3). MLST
schemes have now been developed for �100 genera and species,
and continuously updated databases are maintained by the Uni-
versity of Oxford, United Kingdom (pubmlst.org), Imperial Col-
lege London, London, United Kingdom (http://www.mlst.net/),
and others.

Classical MLST analysis, developed to be compatible with
Sanger sequencing methods, is based on 400-to-500-nucleotide
segments of (usually) seven genes, encompassing �0.2% of the
bacterial genome in many cases (3). Advances in whole-genome
sequencing (WGS) and the availability of a large number of as-
sembled bacterial genomes have made possible new approaches to
strain- and clone-level epidemiologic tracking of isolates, includ-
ing the ability to apply MLST schemes on a genome-wide scale.
Inference of clonal relationships from the comparison of whole-
genome sequences for the purpose of epidemiologic investiga-
tions can involve a bit more subtlety than classical MLST analysis,
however, and there are abundant opportunities for drawing incor-
rect conclusions. Perhaps the simplest of the many available ap-
proaches is that of direct-alignment-based (single nucleotide
polymorphism [SNP]-based) phylogenetic analysis, often built on
the underlying statistical assumptions of independent individual
substitution events. Direct-alignment-based phylogenetic analy-
ses have been used to study the population structures of bacterial
outbreaks and to construct transmission maps in a variety of epi-
demiologic investigations (4–6). However, single recombination

events, mobile genetic element insertions, or other horizontal ge-
netic transfer events can result in multiple SNPs or more-complex
rearrangements over a contiguously exchanged or interrupted
region. Consequently, genome-wide direct-alignment methods,
in addition to being computationally expensive, may result in the
generation of incorrect tree topologies due to such rearrange-
ments (7). Alternatively, MLST-derived approaches applied to
whole-genome sequences offer computationally simplified meth-
ods for dealing with these issues, as the unit of analysis is the allele
as opposed to the individual SNP (2, 3). These methods include
ribosomal MLST (rMLST), whole-genome MLST (wgMLST),
and core genome MLST (cgMLST).

The rMLST scheme is based on analysis of (usually) 52 to 53
genes encoding ribosomal protein subunits (rps) present in
almost all bacteria, conferring the advantage of universality to
this method (2). The wgMLST strategies, in contrast, analyze
all loci in a given isolate, including intergenic regions if they are
defined. A challenge of wgMLST is that comparisons between
loci shared only by subsets, and not all, of the members of the
group to be analyzed can present statistical difficulties. The
cgMLST methods address this problem by comparing only
genes common to a set of bacterial isolates (2). These methods
are now mature and have been applied successfully to the anal-
ysis of a number of bacterial outbreaks (8–21).

Given the developments in WGS-based strain typing described
above, there is much excitement about applying these methods to
real-time hospital epidemiology, but the actual cost-benefit equa-
tion, the feasibility of achieving results on an actionable time scale,
and the technical requirements for implementation in a “real
world” clinical microbiology laboratory are difficult to study. In
work published in this issue of the Journal of Clinical Microbiology,
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Mellmann and colleagues attempt to address these issues through
the implementation of a prospective hospital multidrug resistance
(MDR) epidemiologic surveillance program based on real-time
WGS and cgMLST at the University Hospital Muenster, Muen-
ster, Germany, a 1,450-bed tertiary care center (22).

In their study, WGS-based strain typing was used to comple-
ment classical epidemiologic investigations of transmission. The
study was divided into two 6-month intervals, during which all
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant Enterococcus faecium (VRE), MDR Escherichia coli, and
MDR Pseudomonas aeruginosa isolates underwent whole-genome
sequencing with a bench-top Illumina MiSeq system. Note that
swab-based surveillance screening was performed only for MRSA
in this hospital during the study period; all other isolates were
derived from clinical cultures, precluding assessment of baseline
carriage rates. During interval I of the study, 645 isolates under-
went cgMLST analysis with SeqSphere� (Ridom GmbH), a pop-
ular proprietary software package developed in part by one of the
study’s coauthors, and baseline transmission rates of the two most
common species were calculated: MRSA at 5.8% and MDR E. coli
at 2.3%. Based on these transmission rate levels, which the authors
deemed to be low, the decision was made to discontinue certain
isolation protocols for interval II of the study. Patients infected
with Gram-negative bacteria resistant to representatives of three
defined antimicrobial classes but susceptible to imipenem/mero-
penem (3MDR-GN) were isolated only in specified high-risk ar-
eas, but isolation precautions were discontinued for other areas of
the hospital. It should be noted that although the authors refer to
the baseline transmission rates as “low,” there are no benchmarks
for what rate would be considered acceptably low. Transmission
from a single index patient can lead to an outbreak with associated
deaths for some resistant organisms of high virulence, so the tol-
erance for any transmission would be quite small in those cases (6,
23, 24).

During interval II, 550 isolates were sequenced, and geno-
typing data suggesting transmission events were relayed imme-
diately to infection control personnel. Analysis of these isolates by
cgMLST did not reveal a statistically significant change in inferred
transmission rates between the two intervals. However, the overall
number of 3MDR E. coli patient cases did increase from 86 in
interval I to 120 in interval II (�40% increase). The authors con-
cluded that the bulk of this increase was associated with genetically
distinct isolates based on cgMLST analysis, arguing against trans-
mission. As noted above, a limitation in the study design was the
lack of rectal surveillance cultures to measure asymptomatic col-
onization with MDR Enterobacteriaceae. Without such measure-
ments, one cannot rule out a significant increase in “silent” trans-
mission events that were not detected. The authors included
epidemiological data in the algorithm to define transmission, after
an initial exclusion of transmission based on genomic analysis.
There are published examples of studies in which WGS analysis
identified presumed transmissions that were not identified by
classical epidemiological approaches (6, 25). There have also been
studies demonstrating the importance of considering environ-
mental samples in defining nosocomial transmission for some
species. Environmental sampling, which can be quite labor-inten-
sive and may be most appropriate in selected circumstances (26–
28), was not included in the study by Mellmann et al.

To assess the turnaround time and technical feasibility of the
approach for other institutions, it is important to consider both

the initial microbiology testing and the computational workflow.
Sequencing was performed in 2 to 3 batches per week, and ge-
nomes were assembled with either proprietary CLC Genomic
Workbench software (Qiagen) or SeqSphere� and then analyzed
with SeqSphere� for cgMLST computation. For MRSA analyses,
the authors used the public cgMLST scheme (11). For VRE, MDR
E. coli, and MDR P. aeruginosa analyses, the authors created ad hoc
schemes using the SeqSphere� target definer (14). Assessment of
sequencing quality was based on the number of successfully ex-
tracted cgMLST targets. A measure of genetic distance was calcu-
lated based on a count of the number of loci where alleles differed
between pairs of isolates. Minimum spanning trees were gener-
ated from these difference counts, and isolates that differed by
greater than a defined number of alleles were considered to be
ruled out for transmission. For this purpose, a threshold of �6
was used for MRSA, a threshold of �8 for VRE, a threshold of �10
for MDR E. coli, and a threshold of �14 for MDR P. aeruginosa.
These thresholds represent critical parameters in defining trans-
mission rates in this type of analysis and were selected as species
specific. After an initial exclusion procedure based on genomic
difference criteria, epidemiologic data were incorporated to define
likely transmission events.

Mean sequencing turnaround time ranged from 4.4 to 5.3 days
after initial culture, identification, and susceptibility testing in the
clinical microbiology laboratory. Implementation of this study
represents a technical tour de force, and only a small number of
hospital laboratories would have the capability to implement such
an operation at this time. The delay in possible recognition of an
outbreak required by the sequencing and analysis steps of this
workflow (which, it should be noted, is not necessarily any longer
than that involved in pulsed-field gel electrophoresis [PFGE] or
classical MSLT analysis) could be mitigated by other measures,
such as the use of parallel, rapid PCR for specific examples of
worrisome plasmid-borne resistance such as that mediated by
KPC/NDM/OXA family genes. Also, identification of 4MDR-GN
isolates, pan-resistant isolates, or isolates in high-risk wards could
prompt action before WGS analysis was completed. Additionally,
the authors make the point that genomic data could be used for
rapid development of outbreak-specific PCR for rapid screening.

The authors calculate the cost of their study, including an in-
strument depreciation model and assuming the sequencing of
1,500 isolates per year, at �€200 per isolate. Though a modest
technical labor cost is included in the above calculation, many
clinical microbiology laboratories without existing bioinformatics
expertise would require a full-time, embedded bioinformaticist,
or tight collaboration with a core sequencing and bioinformatics
facility, at significant expense to implement such a program. The
authors then compare the total cost of their study with an estimate
of the amount saved by discontinuation of isolation procedures.
The logic of this cost calculation is a bit tricky. The calculated
savings are derived from the reduction in the number of incom-
pletely occupied double rooms resulting from the decrease in the
isolation precautions between intervals I and II. The generalizabil-
ity of this savings would depend on the bed configuration for a
given hospital and might not apply to a hospital with only single
rooms, as with many newly constructed hospitals in the United
States.

Mellmann and colleagues are to be commended on their large
and complicated real-world study, which contributes substan-
tially to the field. As in any study of that size and complexity, there
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are perhaps as many interesting questions raised as answered. One
might wonder how the conclusions might have been different had
a large, hospital-wide outbreak occurred during interval II. Such
real-world epidemiologic events will demonstrate how effectively
cgMLST and related methods can be used in real time to recognize
and break transmission chains. One must be cautious in general-
izing conclusions based on this single hospital experience to other
hospitals with different policies, practices, bed configurations,
MDR bacterial species prevalences, and baseline transmission
rates. Each institution must define isolation policies with careful
consideration of their specific data and resources. Additional lab-
oratories are striving to develop sequencing and analysis capabil-
ities such as those described in the study by Mellmann et al., and
these issues and others await further large-scale implementation
studies in diverse hospital contexts. One fact that is beyond argu-
ment is that WGS has fundamentally changed the study of bacte-
rial outbreaks and will play an increasingly central role in hospital
epidemiology in the future.
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