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Legionella is the causative agent for Legionnaires’ disease (LD) and is responsible for several large outbreaks in the world. More
than 90% of LD cases are caused by Legionella pneumophila, and studies on the origin and transmission routes of this pathogen
rely on adequate molecular characterization of isolates. Current typing of L. pneumophila mainly depends on sequence-based
typing (SBT). However, studies have shown that in some outbreak situations, SBT does not have sufficient discriminatory power
to distinguish between related and nonrelated L. pneumophila isolates. In this study, we used a novel high-resolution typing
technique, called whole-genome mapping (WGM), to differentiate between epidemiologically related and nonrelated L. pneu-
mophila isolates. Assessment of the method by various validation experiments showed highly reproducible results, and WGM
was able to confirm two well-documented Dutch L. pneumophila outbreaks. Comparison of whole-genome maps of the two out-
breaks together with WGMs of epidemiologically nonrelated L. pneumophila isolates showed major differences between the
maps, and WGM yielded a higher discriminatory power than SBT. In conclusion, WGM can be a valuable alternative to perform
outbreak investigations of L. pneumophila in real time since the turnaround time from culture to comparison of the L. pneumo-
phila maps is less than 24 h.

Legionella is a rod-shaped, Gram-negative bacterial pathogen
that is ubiquitous in aquatic reservoirs. It is the causative agent

for Legionnaires’ disease (LD), an acute pneumonia, character-
ized by clinical symptoms such as cough, fever, and radiological
signs of infiltration that do not differ from pneumonia caused by
other pathogens. LD is thought to account for 2% to 15% of all
community-acquired pneumonias (1–3) and proves fatal in about
6% of cases (4).

Several large outbreaks of LD have been reported worldwide.
Examples include Murcia, Spain (449 confirmed cases); Barrow-
in-Furness, United Kingdom (179 confirmed cases); and Quebec
City, Canada (182 confirmed cases). These outbreaks often in-
volved contaminated cooling towers that can infect hundreds of
people within a short time period, until the source of infection is
detected and appropriate control measures are taken (5–7). In the
source investigation of such outbreaks, epidemiological analyses
together with genotypic comparisons between clinical and envi-
ronmental isolates are essential (8, 9).

More than 90% of LD cases are caused by Legionella pneumo-
phila, and as this species is commonly found in the environment,
adequate typing methods are needed to differentiate between iso-
lates in order to confirm or reject a potential source of infection
(10). Sequence-based typing (SBT), a variant of the classic multi-
locus sequence typing schemes (11), is an internationally recog-
nized procedure for genotyping L. pneumophila isolates. It is a
rapid, discriminatory, and reproducible seven-gene molecular
typing method that is recommended as the method of choice by
the European Society of Clinical Microbiology and Infectious Dis-
eases (ESCMID) study group for Legionella infections (ESGLI)
(12).

However, recent studies have described situations in which
SBT did not provide the discriminatory level that was needed to
distinguish between outbreak-related L. pneumophila isolates and
nonoutbreak isolates (13). Exploring novel techniques such as
next-generation sequencing (NGS) has shown that NGS can pro-
vide comparable, if not better, discriminatory power within L.

pneumophila isolates; however, it is still too laborious and time-
consuming to implement in routine surveillance (10, 13–15).

Another novel molecular analysis method called whole-ge-
nome mapping (WGM) has recently been used as a high-resolu-
tion typing technique (16). WGM uses high-resolution, ordered,
whole-genome restriction maps for comparative analysis. In a re-
cent study, WGM successfully discriminated between isolates be-
longing to livestock-associated methicillin-resistant Staphylococ-
cus aureus (LA-MRSA) and identified the transmission and
persistence of this genetically homogeneous MRSA variant, where
current typing techniques failed (17). Although WGM has been
very successful for LA-MRSA, the number of reports in which
WGM was applied for molecular typing of other bacterial patho-
gens is very limited (18, 19).

In this study, the capability of whole-genome mapping to dif-
ferentiate L. pneumophila isolates was investigated using epidemi-
ologically related and nonrelated L. pneumophila isolates.

MATERIALS AND METHODS
Strain selection and study design. We selected 53 L. pneumophila isolates
to generate 57 different whole-genome maps (WGMs). For validation,
two environmental L. pneumophila strains B9006 and D9010 were used
for reproducibility and stability experiments. L. pneumophila strains
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A9001(derived from a patient) and D9010 were selected for comparison
of whole-genome maps created in our laboratory with in silico maps based
on their whole-genome sequences obtained using a hybrid assembly ap-
proach of Illumina and PacBio sequencing (BaseClear, Leiden, The Neth-
erlands). The discriminatory power of whole-genome mapping for L.
pneumophila and the capability to identify transmission events was stud-
ied using 35 isolates obtained during two well-documented outbreaks in
the Netherlands of L. pneumophila (20, 21) and 15 epidemiologically un-
related isolates originating from different patients in the Netherlands (Ta-
ble 1). These 15 isolates, as well as the three strains used for reproducibility
and stability experiments (A9001, B9006, and D9010) were collected
within the Dutch National Legionella Outbreak Detection Program be-
tween 2002 and 2012.

All isolates used in this study came from preexisting collections, and
the isolates used to create WGMs were also characterized by SBT (12, 22).

Whole-genome mapping of L. pneumophila. The input of high-mo-
lecular-weight (HMW) DNA is required for whole-genome mapping. The
isolation of HMW DNA was performed using the same protocol as for S.
aureus with two modifications. First, no lysostaphine was added during
the spheroplasting step, and second, the incubation time of the sphero-
plasting step was reduced to 1 h. The creation of whole-genome maps and
the analyses of WGMs were performed as described previously (16). Based
on the previous validation of WGM for S. aureus, a combination of a
filtering setting that excluded fragments of �3,000 bp from the compar-
ison and a relative tolerance of 15% and an absolute tolerance of 1,000 bp
was used to compensate for the variation in sizing and the presence or
absence of smaller fragments during the clustering and alignment of Le-
gionella WGMs.

RESULTS
Assessing the optimal settings for whole-genome mapping of L.
pneumophila. To assess the optimal settings for WGM of L. pneu-
mophila, a series of validation experiments were conducted. First,
the DNA sample obtained from L. pneumophila strain B9006 was
used to create WGMs on three consecutive days. The obtained
WGMs showed �99.5% similarity between WGMs created from
the same DNA sample, while distinct maps were obtained from
unrelated isolates under these conditions.

Second, the temporal stability of L. pneumophila genomes un-
der laboratory conditions was determined by subculturing L.
pneumophila strain D9010 for 30 days, and WGMs were created
from DNA isolated from the day 1 and day 30 cultures. The result-
ing WGMs were indistinguishable, with a similarity of 99.3% be-
tween the maps.

Besides reproducibility, a comparative analysis between
WGMs from L. pneumophila isolates A9001 and D9010 created in
our laboratory and their in silico counterparts generated in the
BioNumerics software was performed. The in silico maps, based
on the obtained whole-genome sequences, and the WGMs ob-

tained in the laboratory showed high similarities of 99.2% for
A9001 and 98.4% for D9010.

Whole-genome mapping confirms two well-known L. pneu-
mophila outbreaks. To assess whether WGM is capable of iden-
tifying outbreaks of L. pneumophila, isolates of two well-known
L. pneumophila outbreaks from the Netherlands were subjected
to WGM.

The first set comprised seven isolates from an outbreak in the
Amsterdam region (21). Six isolates were cultured from patients
while a single isolate was obtained from the identified source of the
outbreak (a cooling tower). All isolates belonged to serogroup 1,
and characterization with SBT revealed they were of sequence type
42 (ST42). The WGMs of the isolates were indistinguishable,
showing a similarity of �99.9% between the most distinct maps
(Fig. 1).

The second outbreak comprised 28 isolates obtained from the
large L. pneumophila outbreak at the Westfriese flower show in
Bovenkarspel (20), of which 23 isolates originated from patients
and 5 isolates came from different sampling points from the likely
source, a whirlpool. Previous characterization showed that all iso-
lates yielded serogroup 1 and ST62. The WGMs of the 23 patient
isolates were indistinguishable, with a similarity between the maps
of 99.4%. All WGMs of isolates sampled from the likely source, a
whirlpool, were indistinguishable from the WGMs of the isolates
from patients.

A comparison of the two outbreaks revealed major differences
between the whole-genome maps, and the similarity between the
WGMs of the isolates from the two outbreaks was only 56.5%.
Based on reproducibility experiments, which yielded �98% sim-
ilar profiles, and the result of the above-described outbreaks, we
chose to set the cutoff value at 98% for indistinguishable profiles,
while isolates with similarities between 95% and 98% were con-
sidered highly related.

Discriminatory power of WGM for L. pneumophila. To de-
termine the discriminatory power of WGM, maps were created of
L. pneumophila isolates originating from 15 epidemiologically un-
related patients. Previous characterization with SBT revealed eight
different types, and eight isolates had the same ST, namely, ST47.
Comparative analyses of the whole-genome maps of the unrelated
isolates together with the WGMs from the two outbreaks yielded
very distinctive maps with a similarity between the maps ranging
from 43% to 90% (Fig. 2). Four clusters were found based on a
similarity cutoff of 98% for indistinguishable WGMs. The first
cluster (cl-01) contained all WGMs from the Amsterdam out-
break, while cl-02 consisted of 28 of the 29 Bovenkarspel isolates
and a single epidemiologically unrelated isolate. Although this

TABLE 1 Bacterial strains used in this study

Experiment Strains(s) (no. of isolates) Sequence type(s) (no. of isolates) WGMs created

Reproducibility of WGM B9006 477 3
Stability of WGM D9010 47 2
Comparison with in silico maps A9001 45 1

D9010 47 1
Legionella transmission events Bovenkarspel (28) 62 28

Amsterdam (7) 42 7
Discriminatory power of WGM Unrelated Legionella isolates (15) 23, 37, 47 (8), 62, 444, 485, 493, 524 15

Total 53 57
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unrelated isolate was separated from the Bovenkarspel isolates in
the spanning tree, it had a similarity with the other maps of 98.8%
and yielded the same SBT as the Bovenkarspel isolates. The other
two clusters (cl-03 and cl-04) were comprised of seven unrelated
isolates (all typed as ST47). One cluster (cl-03) comprised four
maps that yielded a similarity between the maps of 99.7%, while
the other cluster (cl-04) consisting of three maps and showed a
similarity between the most distinct maps of 99.2%. The similarity
between clusters cl-03 and cl-04 was only 43% despite the fact that
all isolates in these groups yielded ST47. The isolates that were not
part of a cluster belonged to eight epidemiologically unrelated
isolates and to a single isolate of the Bovenkarspel outbreak.

DISCUSSION

In this study, we used whole-genome mapping (WGM) as a high-
resolution typing method for L. pneumophila. We were able to
reveal a considerable degree of variation among different L. pneu-
mophila strains, and WGM seems to be a useful typing tool to
identify outbreaks.

WGM was able to confirm the two L. pneumophila outbreaks
and link the likely source of each outbreak with isolates obtained
from patients (20, 21).

The discriminatory power of WGM for L. pneumophila was
best illustrated by the high degree of variation between the WGMs
of two well-documented Dutch L. pneumophila outbreaks and the
epidemiologically unrelated isolates, where the most distinct
maps only showed a similarity of 43%. In comparison, WGM of
LA-MRSA in a recent study still revealed an 84% similarity be-
tween the most distinct LA-MRSA isolates (17).

To assess whether WGM is capable of identifying L. pneumo-

phila transmission events, maps of epidemiologically unrelated
isolates were compared to maps obtained from outbreaks. Analy-
sis showed that the two outbreaks form different clusters, while
most unrelated isolates cluster as singletons. However, in the clus-
ter containing the Bovenkarspel isolates, an additional nonrelated
isolate yielding the same ST62 was present. Although the map of
this isolate showed some differences with the Bovenkarspel iso-
lates, it still groups within this cluster based on our criterion for
indistinguishable isolates. Whether this strain represents the same
strain as obtained during the outbreak remains unclear. However,
ST62 is (after ST47) the second most frequently found ST among
clinical L. pneumophila serogroup 1 isolates in the Netherlands,
which makes it more likely to find an epidemiologically nonre-
lated ST62 strain with a corresponding map compared to those of
strains with uncommon STs. Another group of isolates for which
we were not able to make a clear distinction with WGM was the
group of isolates yielding ST47, resulting in two additional clus-
ters. It may be that these two clusters contain isolates representing
the same strain, with a previously unknown epidemiological link,
but it is more likely that WGM has difficulties separating strains
within this ST. However, WGM was able to split these strains into
two distinct clusters with very limited similarity between the clus-
ters, indicating that WGM has a higher discriminatory power and
is more capable than SBT to assess whether isolates belong to a
transmission event.

The criterion for indistinguishable WGMs of �98% was based
on replicates of L. pneumophila strains created in this study. In
addition, the possible effect of mobile genetic elements made us
determine that maps with similarities between 95% and 98% may
represent the same strain, while maps with a similarities of �95%

● 56.5%
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A. 99.9%

● B. 99.4%
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FIG 1 Whole-genome mapping of L. pneumophila of two well-documented outbreaks. The complete WGMs are displayed. The dendrogram on the left denotes
the clusters A and B and their similarities. On the right hand side, outbreak, SBT, and origin of the isolates are indicated.
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are considered different strains. The same cutoff values were pre-
viously established for LA-MRSA and were also used in two other
studies using WGM for MRSA with the USA300 genotype and
Pseudomonas (16, 18, 23). It therefore seems that these cutoff val-
ues can be utilized for WGM in general regardless of the microor-
ganism used.

Current molecular characterization of L. pneumophila isolates
is mainly based on SBT (12). Based on this study, WGM can be a
suitable high-resolution alternative to type L. pneumophila iso-
lates and perform transmission investigations due to its higher
discriminatory power. However, with current developments re-
garding next-generation sequencing (NGS), we believe it is only a
matter of time before NGS will become the ultimate typing tool
for L. pneumophila and virtually all microorganisms. Yet, for the
time being, WGM can be a valuable alternative to perform
outbreak investigations in real time since the turnaround time
from culture to comparison of the L. pneumophila maps is less
than 24 h.
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