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Since the establishment of sequence-based typing as the gold standard for DNA-based typing of Legionella pneumophila, the
Legionella laboratory at the Centers for Disease Control and Prevention (CDC) has conducted routine sequence-based typing
(SBT) analysis of all incoming L. pneumophila serogroup 1 (Lp1) isolates to identify potential links between cases and to better
understand genetic diversity and clonal expansion among L. pneumophila bacteria. Retrospective genotyping of Lp1 isolates
from sporadic cases and Legionnaires’ disease (LD) outbreaks deposited into the CDC reference collection since 1982 has been
completed. For this study, we compared the distribution of sequence types (STs) among Lp1 isolates implicated in 26 outbreaks
in the United States, 571 clinical isolates from sporadic cases of LD in the United States, and 149 environmental isolates with no
known association with LD. The Lp1 isolates under study had been deposited into our collection between 1982 and 2012. We
identified 17 outbreak-associated STs, 153 sporadic STs, and 49 environmental STs. We observed that Lp1 STs from outbreaks
and sporadic cases are more similar to each other than either group is to environmental STs. The most frequent ST for both spo-
radic and environmental isolates was ST1, accounting for 25% and 49% of the total number of isolates, respectively. The ST's
shared by both outbreak-associated and sporadic Lp1 included ST1, ST35, ST36, ST37, and ST222. The STs most commonly
found in sporadic and outbreak-associated Lp1 populations may have an increased ability to cause disease and thus may require

special attention when detected.

Legionnaires’ disease (LD) is a major cause of respiratory dis-
ease in the United States, with the reported legionellosis inci-
dence rates having increased almost 3-fold during 2000 to 2009
(1).Inaddition, LD is the most common waterborne disease in the
United States (2). Although 59 species of legionellae have been
identified so far (http://old.dsmz.de/microorganisms/bacterial
_nomenclature_info.php?genus=Legionella), they possess differ-
ent capacities to cause legionellosis. More than 90% of the isolates
associated with LD are Legionella pneumophila, and up to 84% of
these are L. pneumophila serogroup 1 (Lp1) (3, 4). Moreover, the
majority of Legionella isolates associated with disease are Lp1 that
react positively with monoclonal antibody 2 (MAb2) from the
“Joly” MAD panel (5) or MADb3/1 from the “Dresden” MAb panel
(6-11).

Sequence-based typing (SBT) is a rapid, highly discriminatory,
and reproducible seven-gene molecular typing method that has
become an internationally recognized procedure for genotyping
L. pneumophila isolates (12—15). Results of recent studies on the
distribution of sequence types (STs) of L. pneumophila isolates
from culture collections in Europe, Asia, and North America sug-
gested that a select group of STs appeared to be predominant
among L. pneumophila isolates causing clinical sporadic cases and
outbreaks. Therefore, similar to select Legionella species and sero-
groups, some L. pneumophila STs appear to have an enhanced
ability to cause disease in humans. In 2009, our group reported a
comparison of STs among 100 clinical Lp1 isolates and 50 envi-
ronmental Lp1 isolates that were deposited into the Centers for
Disease Control and Prevention (CDC) culture collection be-
tween 2001 and 2006 (7). The clinical and environmental isolates
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analyzed had different sets of STs and had only three STs in com-
mon, ST1, ST36, and ST154. The identification of ST's specific to
clinical cases indicated that, similar to serology-based hierarchy,
virulence ranking for legionellae also exists at the genetic level, and
there are certain sequence types that appear to have a higher ca-
pacity to cause sporadic cases of legionellosis or outbreaks.

To investigate this phenomenon further, we conducted SBT
analysis on a larger set of Lpl isolates from the United States
deposited into the CDC Legionella reference collection during the
last 30 years. This set was comprised of three distinct source types:
(i) isolates thought to have caused outbreaks, based on CDC in-
vestigations, in which matching isolates from patients and epide-
miologically implicated environmental reservoirs were identified;
(ii) clinical isolates from sporadic cases sent to CDC for reference
testing from state and local health departments, and (iii) environ-
mental isolates with no known association with cases of legionel-
losis. Isolates of the last source type were obtained from Legionella
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TABLE 1 Outbreaks with matching clinical and environmental isolates investigated by the CDC between 1982 and 2012

No. of Community, travel, or MAD MAD pattern Associated
Yr State or district” cases health care associated pattern” name SBT profile® ST
1982 St. Croix, Virgin Islands 12 Travel 1,2,3 Knoxville 3-4-1-1-1-9-1 ST35
1993 Rhode Island 17 Community 1,2,5,6 Philadelphia 3-4-1-1-14-9-11 ST37
1994 Connecticut 22 Health care 1,2,5,6 Philadelphia 11-14-16-1-15-13-1 ST150
1994 Delaware 21 Community 1,2,5,6 Philadelphia 3-4-1-1-14-9-1 ST36
1995 Pennsylvania 22 Health care 1,2,5,6 Philadelphia 3-4-1-1-14-9-3 ST771
1996 Virginia 23 Community 1,2,5,6 Philadelphia 8-24-3-15-21-12-20 ST775
1996 Missouri 3 Community 1,2,3 Knoxville 6-10-15-10-9-14-9 ST555
1997 California 8 Community 1,2,5,6 Philadelphia 3-4-1-1-14-9-11 ST37
2001 Nevada* 21 Travel 1,2,5,6 Philadelphia 3-4-1-1-1-9-1 ST35
2002 Vermont 13 Community 1,2,3 Knoxville 2-19-5-10-18-1-10 ST222
2002 Pennsylvania 12 Community 1,2,5,6 Philadelphia 21-27-28-2-15-29-6 ST259
2003 St. Croix, Virgin Islands 3 Travel 1,2,3 Knoxville 11-14-16-16-15-13-2 ST154
2005 North Carolina 4 Travel 1,2,5 N/A$ 3-4-1-1-14-9-1 ST36
2005 South Dakota 18 Community 1,2,5,7 Benidorm 4-7-11-3-11-12-9 ST42
2005 New Mexico 2 Travel 1,2,5,7¢ Benidorm 2-10-3-5-19-4-9 ST275
2006 Texas 6 Health care 1,2,5,v¢ N/A 3-4-1-1-14-9-1 ST36
2009 Georgia 5 Health care 1,2,5¢ N/A 3-4-1-1-14-9-1 ST36
2009 Maryland 10 Community 1,2,3 Knoxville 2-19-5-10-18-1-10 ST222
2010 Mississippi* 8 Travel 1,2,5 N/A 3-4-1-1-1-9-1 ST35
2010 Michigan 29 Community 1,2,3 Knoxville 2-19-5-10-18-1-10 ST222
2010 Utah 2 Travel 1,2,5¢ N/A 5-1-22-15-6-10-6 ST109
2011 Washington* 3 Health care i N/A 7-6-17-3-13-11-11 ST59
2012 Nevada 3 Travel 1V N/A 1-4-3-1-1-1-1 ST1
2012 Tlinois 11 Travel 1,2 N/A 3-4-1-1-14-9-1 ST36
2012 Pennsylvania 21 Health care 1,20 N/A 14-18-8-10-28-19-2 ST1395
2012 Wisconsin 3 Community 1,20 N/A 4-8-11-16-42-12-2 ST224

@ Outbreaks that appeared to be recurrent are indicated by an asterisk.

? The MAb reactivity pattern is shown (e.g., 1,2,3 indicates that the isolate was reactive with MAb1, MAb2, and MAb3).
¢ The SBT profile is shown in the order flaA, pilE, asd, mip, mompS, proA, and neuA (e.g., 1-4-3-1-1-1-1).

4 MADG reactivity was not tested.
€ MADbG reactivity is variable (v).
! Only reactivity with MAb1, MADb75, and MAb2 was tested.

£ N/A, not available. The MAb pattern name cannot be established due to the incomplete information of MADb reactivities.

eradication and surveillance studies conducted by CDC or sent to
us by two commercial companies conducting routine sampling
for their clients. We compared STs from these different groups to
investigate geographical and temporal distribution of STs in the
United States and compare our findings to those from other coun-
tries.

(Some of this work was presented previously as posters at the
110th General Meeting of the American Society for Microbiology,
San Diego, CA, and the 111th General Meeting of the American
Society for Microbiology, New Orleans, LA.)

MATERIALS AND METHODS

Outbreak-associated isolates. Community and travel-associated LD out-
breaks are defined as two or more cases of legionellosis that occurred
within a year of each other and associated with the same location. A health
care-associated outbreak is defined as either a single case of laboratory-
confirmed, definite-case-care-associated LD or two or more cases of lab-
oratory-confirmed, possible-health care-associated LD occurring within
6 months of each other (16). Both clinical and environmental isolates were
selected from 26 outbreaks that occurred in North America and the Ca-
ribbean and were investigated by the CDC between 1982 and 2012 (Table
1). This represents 21% (26/125) of the total number of outbreaks for
which the CDC laboratory was assisting during this time period. These 26
outbreaks were selected based on the availability of matching clinical iso-
lates from patients and environmental isolates from epidemiologically
implicated reservoirs. Matches for isolates collected from outbreaks of
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2006 to 2012 were made based on SBT data, whereas matches for 1982-
2005 outbreaks were initially established using a panel of seven monoclo-
nal antibodies and later confirmed using SBT.

Sporadic isolates. States are not obligated to send Legionella isolates to
the CDC lab; when they choose to do so, it is typically to verify identifica-
tion done by the local lab or for further identification to the species level
and/or typing. Fifteen representative sporadic LD isolates from different
states, when possible, were selected from the CDC Legionella reference
collection for each year between 1982 and 2005. For 2006 to 2012, all Lp1
sporadic isolates sent to the CDC reference collection underwent SBT
analysis and were included in this study (see Table S1 in the supplemental
material).

Environmental isolates. Fifty environmental isolates were randomly
selected from PathCon Laboratories’ (Norcross, GA) culture collection of
isolates obtained from water samples collected from buildings that under-
went routine surveillance sampling (7) (see Table S2 in the supplemental
material). Five environmental isolates were selected from monochlora-
mine remediation studies conducted in California in 2002 to 2003 and
2008 from hospital buildings (17). Two environmental isolates were se-
lected from a cooling tower surveillance study conducted in collaboration
with Pinellas County Utilities Laboratory in Florida (C. E. Lucas, unpub-
lished data). Five environmental isolates were collected from water cis-
terns in households located on the Navajo Nation territory (Lucas, un-
published). The Navajo Nation is a sovereign American Indian Nation
located in the southwestern region of the United States within the borders
of Arizona, New Mexico, and Utah. In addition, 87 environmental isolates
were sent to the CDC between 2010 and 2012 from EMSL Analytical
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Laboratories’ (Cinnaminson, NJ) culture collection of isolates obtained
during routine sampling for its clients. There was no known association
with cases of LD for the environmental isolates.

Legionella MAD test. Between 1989 and 2006, all Lp1 isolates associ-
ated with LD outbreaks were typed by a full “Joly” panel using MAb1 to
MADb7 (5). Subsequent to that time, MAb3 to MAb7 became unavailable.
Hence, since 2006, all Lp1 isolates have been typed by only MAb1 (5),
MADb75 (18), and MAb2 (5) using an immunodot method as previously
described (19). Briefly, a suspension of L. pneumophila cultures was pre-
pared in 0.6% formalin—phosphate-buffered saline (PBS), immobilized
on a nitrocellulose membrane, and washed with PBS. Then, the antigen
was overlaid with the MAbs. A mix of MAbl and MAb75 was used to
confirm that the L. pneumophila isolates tested were serogroup 1; MAb2
was used to identify MAb2-positive strains. After the excess MAbs were
washed away, a goat anti-mouse antibody labeled with horseradish per-
oxidase (Bio-Rad, Hercules, CA) was added. The membrane was washed
again and placed in peroxidase substrate (Kirkegaard & Perry Laborato-
ries, Inc., Gaithersburg, MD) to allow colorimetric detection of the anti-
gen/antibody reaction.

DNA extraction, PCR amplification, and sequencing. Genomic
DNA was extracted using the InviMag Bacteria DNA kit/KFmL (Invitek,
Berlin, Germany) on the KingFisher mL platform (Thermo Fisher Scien-
tific, Waltham, MA) according to the manufacturer’s guidelines. PCR was
performed on a DNA Engine Dyad thermal cycler system (Bio-Rad) using
the European Society of Clinical Microbiology and Infectious Diseases
Study Group for Legionella Infections (ESGLI) SBT protocol for epidemi-
ological typing of L. pneumophila (version 5.0) with M13-tagged primers
(20). In cases when the neuA gene fragment failed to amplify following the
standard protocol, an alternative ESGLI protocol “Analysis of the N-Acyl-
neuraminate Cytidyltransferase homologue (neuAh) found in some non-
serogroup 1 strains of Legionella pneumophila” (version 1) was used (21).
PCR products were purified using ExoSAP-IT (Affymetrix, Santa Clara,
CA). Nucleotide sequences were determined using M 13 primers together
with the BigDye Terminator v3.1 cycle sequencing kit (Life Technologies,
Grand Island, NY), and the products were analyzed on a model 3130xl or
3730x1 genetic analyzer (Life Technologies).

SBT analysis. Genotyping was performed using the seven-gene pro-
tocol from the ESGLI SBT scheme as described previously (12, 14). The
online Legionella SBT Quality Tool (www.hpa-bioinformatics.org.uk/cgi
-bin/legionella/sbt/seq_assemble_legionellal.cgi) was used to assign indi-
vidual allele numbers. For each isolate, the combination of seven alleles
was defined as a seven-digit allelic profile by using the predetermined
order flaA, pilE, asd, mip, mompS, proA, and neuA (e.g., 1-4-3-1-1-1-1)
and a sequence type (ST) represented by a number (e.g., ST1). Novel
alleles and ST's identified for the first time in this study were submitted
to the ESGLI SBT database (http://www.hpa-bioinformatics.org.uk
/legionella/legionella_sbt/php/sbt_homepage.php).

Phylogenetic analysis. Examination of the relationships between ST's
and within clonal complexes was conducted using the eBURST v3 website
(http://eburst.mlst.net). We used the stringent group definition; accord-
ing to this definition, a clonal complex consists of STs that share six of
seven evaluated alleles with at least one other member of the group and are
all believed to be descended from the same founding genotype (the pri-
mary founder) (22). Comparative eBURST analysis was employed to re-
late ST’ of sporadic and environmental Lp1 isolates characterized in this
study.

Statistical analysis. Diversity was estimated by calculating Hunter and
Gaston’s modification of Simpson’s index of diversity (23) as previously
described (24). Indexes of diversity (I0Ds) were calculated for outbreak-
associated, sporadic, and environmental isolates and, separately, for po-
table and nonpotable environmental isolates. The respective samples were
expanded by bootstrap methods to estimate variance across each group,
e.g., environmental nonpotable. Simulated populations were compared
using a t test after testing the simulated results for normality. Simulation
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and statistical tests were performed using SAS version 9.3 (SAS Institute
Inc., Cary, NC, USA) executing on the X64_7PRO platform.

RESULTS

Outbreaks with matching clinical and environmental isolates.
The 26 outbreaks took place in 20 U.S. states and territories (two
outbreaks each in Nevada and St. Croix, U.S. Virgin Islands; three
outbreaks in Pennsylvania) (Table 1). All outbreaks were caused
by Lp1 strains, 24/26 (92%) of which were MAb2 positive. The
outbreak-associated strains belonged to 17 different STs (IOD,
0.948), with the most frequent STs being ST36 (five outbreaks)
and ST35 and ST222 (three outbreaks each) (Fig. 1A). eBURST
analysis was used to determine the phylogenetic relationship be-
tween outbreak-associated STs and indicated that ST35, ST36,
ST37, and ST771 formed a clonal complex (clonal complex 1
[CC1]), whereas the remaining 13 ST's did not relate to each other
(Fig. 1B). If one considers STs that form CC1 as a single group of
closely related strains, then over half (53.8%) of characterized out-
breaks were associated with Lpl from CCI (42.3%) and ST222
(11.5%) (Fig. 1C). Three outbreaks, two associated with ST35 and
one associated with ST59, appeared to be recurrent. The Lpl
strains associated with each of the recurrent outbreaks were
counted only once in this study (Table 1). In Nevada, the outbreak
strain (ST35) was initially isolated in 2001 and later isolated from
the same facility in 2002 and 2008 (25). For two more recent out-
breaks that took place in Mississippi (ST35) and Washington
(ST59), the outbreak strains continued to be detected in environ-
mental samples and cause disease over a time period of at least a
year despite remediation efforts. Although unlikely, the possibility
does exist that each of these “recurrent” outbreaks may indeed
represent several independent outbreaks occurring in the same
facility.

Clinical isolates from sporadic cases. A total of 571 clinical
Lpl isolates from sporadic cases of LD originated in 46 states and
the District of Columbia (Fig. 2A and Table S1 in the supplemen-
tal material). There were no isolates from Alabama, North Dakota,
Nevada, or Wyoming. The three states that submitted the majority
of sporadic isolates were Arizona (12%), Ohio (11%), and Illinois
(9%) (Fig. 2B).

The results of SBT analysis indicated that 571 sporadic isolates
belonged to 153 STs (IOD, 0.924). Two of these STs, ST1400 and
ST1405, carried the N-acylneuraminate cytidyltransferase ho-
molog (neuAh) typically found in non-Lp1 strains of L. pneumo-
phila and not amplified with the standard neuA primers (26). Both
ST1400 and ST1405 contained the same neuAh allele, 207, and this
appears to be the first instance of the neuAh allele (in contrast to a
typical neuA allele) in Lp1 isolates. The most prevalent ST among
the sporadic isolates was ST1, accounting for 25% (144/571) of all
sporadic isolates in this study (Fig. 2C). ST35, ST36, ST37, ST42,
ST59, ST109, ST154, ST222, ST224, and ST259 were also among
the most frequent STs of sporadic isolates. These same 10 STs were
also responsible for 73% (19/26) of CDC-investigated outbreaks
(Fig. 2C and Table 1). eBURST analysis of the 153 sporadic STs
showed that 91 of these STs formed 25 clonal complexes, while 62
STs did not relate to each other and existed as singletons (Fig. 2D).
The largest clonal complex, clonal complex A (CCA), included
nine STs which comprised 28% (158/571) of sporadic isolates.
ST1, the most prevalent ST in the world, was the primary founder
of CCA. ST36 was the primary founder of the second largest clonal
complex, CCB, that was formed by eight STs and included 43
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FIG 1 Lpl1 associated with outbreaks investigated by CDC between 1982 and 2012. (A) Frequency of the 17 outbreak-associated sequence types (STs). STs
composing clonal complex 1 (black bars), ST222 (hatched bar), and the other 12 STs that do not form a clonal complex and are associated with only a single
outbreak (gray bars) are indicated. (B) Phylogenetic relationships between outbreak-associated STs determined by eBURST analysis. A population snapshot of
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the ST in the input data. (C) Frequencies of STs among outbreaks. STs composing clonal complex 1, ST35, ST36, ST37, and ST771, are grouped in a single sector.

sporadic isolates (Fig. 2D). ST35 and ST37 were single-locus vari-
ants of ST36, and all three STs were among the most frequent
outbreak-associated and sporadic STs. Clonal complex C was
comprised of four STs, ST213, ST222, ST276, and ST289, and
included 36 isolates (Fig. 2D). All but one of 36 sporadic isolates
that belonged to this clonal complex were from the northeastern
region of the United States. Only one isolate was from Colorado,
which is in the mountain region. Both ST222 and ST213 were
among the top 10 most frequent sporadic STs, and ST222 was also
one of the most frequent outbreak-associated STs (Fig. 2C and
1A). According to the ESGLI SBT database (accessed 24 October
2013), 20/42 Lpl isolates that belonged to ST222 and that were
deposited into the database were from Canada. Only three re-
cently isolated ST222 Lp1 isolates were from outside North Amer-
ica: Austria (isolated in 2010), Germany (isolated in 2010), and
Great Britain (isolated in 2012). All 18 ST213 isolates listed in the
database were from either Canada or the United States. Both
ST276 and ST289 appeared to be present only among isolates
submitted from the United States, with the ST276 strain iso-
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lated from Connecticut and ST289 strains isolated from New
York and Indiana.

Environmental isolates with no known association with LD.
A total of 149 Lp1 isolates collected from facilities with no known
association with LD were obtained from 35 states (142 isolates),
the Navajo Nation territory (five isolates), and Puerto Rico (one
isolate). The origin of one isolate was unknown. The majority of
isolates were from California (14%), New Jersey (9%), Texas
(9%), and Florida (7%) (Fig. 3A). For 99 environmental isolates,
the information on the water system type from which the isolates
were obtained was available and indicated that 45 were from
plumbing systems, 40 from cooling towers, eight from nonspeci-
fied nonpotable sources, five from cisterns, and one from a deco-
rative fountain (see Table S2 in the supplemental material). The
environmental isolates analyzed in this study belonged to 49 STs
(IOD, 0.751). The most prevalent environmental ST was ST1, with
49% (73/149) of isolates belonging to this sequence type (Fig. 3B).
The other ST's that appeared more than once among environmen-
tal isolates were ST8 (9%), ST36 (4%), ST296 (3%), ST59 (2%),
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FIG 2 Lpl isolates from sporadic cases of legionellosis sent to the CDC Legionella laboratory between 1982 and 2012. (A) Geographical distribution of 571
sporadic clinical isolates. Alaska (1 isolate), District of Columbia (2 isolates), and Hawaii (13 isolates) are not shown on the map. (B) States with the most Lp1
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of clonal complex (an ST that has at least two descendant single-locus variants). Clonal complexes of sporadic STs discussed in the text are circled and named

CCA, CCB, and CCC.

and STs 10, 154, 282, 763, and 1398 (1% each) (Fig. 3B). Based on
the analysis of the 99 isolates for which the water system type was
known, ST1 was the predominant ST for both potable and non-
potable water systems (data not shown). The IODs for potable and
nonpotable water systems were 0.615 and 0.787, respectively.
eBURST analysis grouped 26 environmental STs into seven clonal
complexes, whereas 23 STs were singletons. The largest clonal
complex, CCX, consisted of 13 STs, and 68.5% (102/149) of envi-
ronmental isolates belonged to this complex (Fig. 3C). The pri-
mary founder of CCX was ST1, which is similar to the sporadic
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isolates, but not outbreak-associated isolates. The two second
largest environmental clonal complexes were CCY (ST36 and
ST37; 5% isolates) and CCZ (ST59, ST923, and ST976; 3% iso-
lates) (Fig. 3C).

Comparison of STs from different source types. Comparison
of outbreak-associated STs with STs of isolates from sporadic
cases showed that 82% (14/17) of outbreak-associated STs were
also found among sporadic STs, with 11 outbreak-associated ST's
present among the most frequent sporadic STs (Fig. 2C and 4).
Three unique outbreak-associated STs, ST771, ST775, and
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ST1395, which were not isolated from sporadic cases of disease,
were associated with only a single outbreak. The overall diversity
of outbreak-associated and sporadic isolates calculated based on
IODs was not significantly different (IODs of 0.948 and 0.924,
respectively; P = 0.14). Comparison of outbreak-associated STs
with environmental STs with no known association with LD re-
vealed that there were seven STs in common between these
groups: ST1, ST36, ST37, ST42, ST59, ST154, and ST259 (Fig. 4).
Notably, ST1, ST36, ST59, and ST154 were among the most fre-
quent environmental STs (Fig. 3B). The IODs of the outbreak-
associated (0.948) and environmental (0.751) isolates differed sig-
nificantly (P < 0.001). eBURST comparative analysis of the 153
sporadic STs and 49 environmental ST's indicated that these pop-
ulations shared only 16 STs (Fig. 4 and 5). However, 7 of the 16
shared STs (ST1, ST36, ST37, ST42, ST59, ST154, and ST259) also
belonged to the group of 16 most prevalent sporadic STs (Fig. 2C).
In addition, the seven shared STs (ST1, ST8, ST36, ST59, ST154,
S§T296, and ST763) were among the 10 most prevalent environ-
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mental STs (Fig. 3B). There were 33 unique environmental STs
(67% of all environmental STs) and 137 unique sporadic STs
(89.5% of all sporadic STs). ST1 was the primary founder of the
largest clonal complex, CCA’, of combined environmental and
sporadic isolates (Fig. 5). This complex contained more unique
environmental STs than shared or unique sporadic STs. The
clonal complex CCB’, with the primary founder ST36, contained
only STs unique to sporadicisolates and two shared STs (ST36 and
ST37). The clonal complex CCC’, which contained STs primarily
from the northeastern region of North America, was composed of
only sporadic STs (Fig. 5). The IODs of sporadic (0.924) and en-
vironmental (0.751) isolates differed significantly (P < 0.001).

DISCUSSION

In the last 6 years, SBT analysis has become the gold standard
method for typing L. pneumophila isolates. This method is used
not only for comparing clinical strains to environmental isolates
from a suspect water source during outbreak investigations but
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Outbreak

3 unique STs

Environmental

33 unique STs

FIG 4 STs shared by outbreak-associated, sporadic, and environmental Lpl
isolates.

also for the study of genetic diversity and clonal expansion of L.
pneumophila populations. In this study, we expanded our 2009
analysis of clinical and environmental Lp1 isolates (7) by typing a
larger and more comprehensive number of isolates from different

'Y ST2[]5. ST‘&SSngi ST22
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source types, geographical areas, and temporal ranges. We were
interested to see whether the trends of ST distribution observed on
a small sample of Lp1 isolates discussed in the previous study
remained reliable and consistent for the larger Lp1 population and
whether strains identified as native in 2009 persisted within pre-
viously observed geographical borders or expanded to other re-
gions.

As in our previous study, the most prevalent ST for both clin-
ical sporadic and environmental isolates was ST1, the most wide-
spread ST in the world. According to the studies of the distribu-
tion of Lp1 STs in different regions of the world, it appears that the
most prevalent ST among clinical and environmental populations
of Lpliseither ST1 (8,27-32) or an ST that is confined to a specific
geographic region (33-35). For example, in Belgium and the
United Kingdom, the most frequently detected ST among clinical
isolates was ST47 (9, 35). It is most likely that ST47, the Lorraine
strain, is also the most prevalent genotype among clinical Lpl
isolates in France and the Netherlands (9, 36, 37). Interestingly,
ST47, which is widespread among clinical Lp1 isolates in Western
Europe, has yet to be detected in the United States or any Asian
countries. A Canadian study mentioned that ST47 was recovered
three times in Ontario (31), and a single ST47 clinical isolate from
British Columbia was deposited into the ESGLI SBT database in
2012 (accessed 24 October 2013).

In contrast to the sporadic and environmental Lpl groups
where ST1 was the most frequently isolated ST, we did not observe
ST1 associated with an LD outbreak until the spring of 2012
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FIG 5 Comparative analysis between the environmental and clinical sporadic STs analyzed in this study done by eBURST analysis. The population snapshot
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January 2014 Volume 52 Number 1

jcm.asm.org 207


http://jcm.asm.org

Kozak-Muiznieks et al.

(Table 1). Even though ST1 was the cause of multiple outbreaks in
Canada and Europe (31, 35), it has always been an enigma why
ST1 strains were never the cause of an outbreak in the United
States. Moreover, ST1 or a related strain of Lpl was frequently
isolated from water samples collected as a part of outbreak inves-
tigations conducted by the CDC (data not shown), but these
strains have never been matched to an Lp1 clinical isolate and thus
were deemed not to be the cause of the outbreak. Consequently, it
was assumed that ST1 isolates were less virulent than other Lp1
strains that are frequently associated with an outbreak, such as
ST36, ST35, ST37, or ST222. However, the travel-associated out-
break in Nevada that occurred in 2012 (NV12 outbreak) contra-
dicted this assumption. Not only was the NV12 outbreak-associ-
ated Lpl an ST1 strain, but it was also MADb2 negative, which
occurred only one other time in the history of LD outbreaks in-
vestigated by the CDC (Table 1).

There are several possible explanations for this phenomenon.
There could be an emergence of an ST1 strain with properties that
make it capable of causing infection more readily than ST1 strains
previously recovered in the United States. The acquisition of ad-
ditional virulent traits could be accomplished by horizontal gene
transfer from more-virulent strains that coexisted in the same
environment as the NV12 outbreak strain. Whole-genome analy-
sis of this strain may help to test this hypothesis. Another possi-
bility is that ST1-associated outbreaks that took place in the past
were not identified due to the unavailability of clinical isolates that
could be compared with environmental isolates obtained during
outbreak investigations. Regardless of the reason for the occur-
rence of the NV12 outbreak, ST1 should no longer be dismissed as
a common strain that is prevalent among environmental isolates
but almost never causes disease. Even though a decreased inci-
dence of ST1 among clinical isolates was observed in Belgium,
Canada, and Japan (27, 31, 35), we have not observed this trend in
the United States. The number of sporadic ST1 isolates deposited
into the CDC reference collection fluctuates between 0 (2004) and
10 (1983 and 1987) isolates per year, with 7 isolates deposited in
2012, the final year of this study (data not shown).

ST35 is an interesting outbreak-associated ST. This ST is
closely related to ST36 and ST37, which caused numerous out-
breaks in the United States and Europe and were suggested by
Harrison et al. to belong to a select group of STs that have an
enhanced ability to cause legionellosis in humans (38). In contrast
to ST36 and ST37 strains, which typically cause outbreaks that are
relatively easily eradicated, ST35 appears to have a tendency to
cause a recurrent problem in a facility once it has colonized the
water system. One of the outbreaks included in this study was
associated with an ST35 strain that appeared to resurface in the
same facility in Nevada in 2001, 2002, and 2008 despite periods
after remediation when bacterial growth was below the level of
detection (25). In another, more recent ST35-associated outbreak
that took place in Mississippi in 2010, the failed remediation ef-
forts led to more cases in 2011. The CDC was also involved in
investigating two ST35-associated international outbreaks, both
of which demonstrated a recurrent pattern (data not shown). All
of these outbreaks differed in the type of the contaminated water
source, age of the affected facilities, and the type of material used
in the construction of the water system. Two common features
that they shared were the ST of the outbreak-associated Lp1 strain
and its ability to cause new LD cases despite remediation efforts.
ST35 may represent a special strain that, in addition to having
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enhanced virulent properties, might be highly resistant to reme-
diation and thus display persistence. The resistance may be attrib-
uted to changes in the physical properties of the bacterial cell
surface, preference for infection of protozoa that provide better
protection from adverse environmental factors, and the overall
ability of this Lp1 strain to form biofilms that are more resistant to
chlorine and high water temperature.

In this study, we identified for the first time two sporadic STs,
ST1400 and ST1405, that had the neuAh allele previously only
found in non-Lp1 strains of L. pneumophila (26). The ESGLI SBT
database showed that ST1400 closely relates to ST12, ST150,
ST159, ST221, and 1433, all of which are Lp1 ST that differ from
ST1400 at only a single allele, the neuA or neuAh. Similarly, STs
related to ST1405 include ST2, ST273, ST322, ST345, and ST502,
and with the exception of ST322, they are Lp1 isolates. ST322 is an
L. pneumophila serogroup 6 isolate, yet it carries the “typical”
neuA allele 3 that could be amplified with the standard neuA prim-
ers. Interestingly, the ST273 isolate, which is identical to ST1405
except for carrying the neuA allele 2, originated from the same
state, Arizona, as the ST1405 isolate. It is likely that Lp1 isolates
that belonged to ST1400 and ST1405 acquired atypical neuAh al-
leles during genetic information exchange with non-Lp1 L. pneu-
mophila strains that coresided in the same biofilm, and we may
expect submission of more Lp1 isolates with atypical neuAh alleles
to the ESGLI SBT database in the future.

The clonal complex C identified during eBURST analysis of
153 sporadic STs contained ST222, ST213, ST289, and ST276
(Fig. 2D). This is very similar to clonal complex A, which was
identified in the 2009 study, with the exception that CCA from
2009 also contained ST227, which was detected in Canada (7).
In 2009, the Lpl isolates of CCA were identified only in the
northeastern states of the United States and Ontario, Canada.
In their study published in 2010, Tijet et al. indicated that
strains of CCA have been detected in Ontario, Canada, since
1992, with ST222 first identified in 1999 (31). They proposed
that CCA represented a recently emerged group of strains that
were replacing widespread strains such as ST1. The first ST222
sporadic strain was sent to the CDC reference collection in
1998 from Pennsylvania, whereas the ST213 strain, which is a
single-locus variant of ST222, was sent to CDC in 1992 from
Ohio. In recent years, we have not observed a substantial in-
crease in representation among sporadic isolates of either ST
from this clonal complex. However, both ST222 and ST213
were among the most prevalent sporadic STs (Fig. 2C), with
ST222 being responsible for 3/26 outbreaks analyzed in this
study (Fig. 1A and C). Importantly, ST222 was also the cause of
one of the biggest LD outbreaks in North America that took
place in Ontario, Canada, in the fall of 2005 and caused 112
illnesses and 23 deaths (39). This suggests that the strains
within clonal complex C may indeed have higher virulence
potential. The geographic distribution of CCC strains in the
United States was still confined to the northeastern region of
the United States, with the exception of one isolate from Col-
orado. With epidemiological data from this case undeter-
mined, it is possible this could be a travel-associated case that
originated somewhere in the northeastern states. On the other
hand, the relatively recent submission to the ESGLI SBT data-
base of three ST222 isolates from Europe indicates that ST222
may be expanding to other continents. This is reminiscent of
ST47, which only recently expanded from Europe to Canada.
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Previous studies of environmental Lpl populations showed
differences in ST distribution between various water system types.
In South Korea, ST1 was the predominant ST in isolates from
cooling towers, whereas ST-K1, unique to South Korea, was the
dominant ST in hot water samples (29). In Japan, ST1 was more
prevalent in cooling tower water (74%) than in bathwater (12%)
and was not isolated from any soil samples (28). In our study, the
analysis of STs for 99 environmental isolates for which the water
system type was known indicated that ST1 was the predominant
ST among both cooling tower isolates and potable water isolates.
The differences in the environmental ST distribution between the
United States and South Korea could be due to the predominance
of the unique South Korean strain in hot water samples. U.S. soil
samples may also have different ST diversity in comparison to the
potable and nonpotable water system types.

The comparison of ST distribution among populations of
outbreak-associated, sporadic, and environmental Lp1 isolates
showed that the STs from outbreaks and sporadic cases were more
similar to each other than either group was to environmental STs.
The STs associated with multiple outbreaks, such as ST35, ST36,
ST37, and ST222, were also among the most prevalent sporadic
STs (Fig. 1A and 2C). The closely related ST35, ST36, and ST37 are
widely distributed in the world and were responsible for multiple
sporadic cases and outbreaks in the past, including the first de-
scribed outbreak in Philadelphia, Pennsylvania, in 1976 due to
ST36. In contrast, ST222 is an emerging strain identified only 14
years ago which now may be expanding from North America to
other continents. As was hypothesized previously (38), STs such as
these which are common to clinical isolates may have an enhanced
ability to cause legionellosis.

In contrast to our previous study, in which populations of clin-
ical and environmental Lpl1 isolates shared only three STs, this
study showed a larger overlap of the environmental population
with both outbreak-associated and clinical Lp1 isolates (Fig. 4).
Environmental and outbreak-associated isolates shared seven ST,
three of which, ST1, ST36, and ST154, were also shared by clinical
and environmental isolates in the 2009 study. Together with ST59,
these ST's were among the most frequent environmental STs iden-
tified in the current study. With the exception of ST36 and ST37,
the other STs shared between outbreak-associated and environ-
mental isolates were responsible for a single outbreak each (Table
1 and Fig. 1A). It would be of interest to see whether these STs will
be associated with more LD outbreaks in the future. It seems this
may be likely for ST42, since it was associated with a recent inter-
national LD outbreak.

There were 16 STs shared between environmental and sporadic
Lpl isolates. Among the shared ST's are the same seven ST's that
were shared between environmental and outbreak-associated ST's.
In addition, ST1, ST36, ST59, and ST154 were the most frequent
STs for both clinical sporadic and environmental Lpl isolates.
Thus, the STs common to all three populations are ST1, ST36,
ST37, ST42, ST59, ST154, and ST259. With the exception of
ST259, which has been reported only in the United States and
France according to the ESGLI SBT database, the six other STs are
well represented throughout the world. In contrast, the majority
of STs that are unique to each of the sample type populations were
isolated infrequently and found only in the United States. Hence,
similar to other studies, the Lp1 population of the United States is
represented by a combination of STs that are frequent and wide-
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spread throughout the world and those that are found only in the
United States and rarely isolated.

A limitation of this study is that the majority of Lp1 sporadic
isolates from the CDC reference collection analyzed were sub-
mitted only from those requesting additional typing or confir-
mation of the species identification and thus may not accu-
rately reflect the general population of sporadic Lp1 strains in
the country. Similarly, not every SBT-analyzed Lpl strain is
submitted to the EGLI SBT database unless the strain belongs
to a novel ST that requires a unique identifier. Hence, while
providing a good representation of the diversity of Lp1 STs, the
database may not provide a complete picture of an ST’s fre-
quency or geographical distribution. In addition, the CDC lab
does not routinely receive environmental Lp1 isolates with no
known association with cases of legionellosis, with the excep-
tion of special studies and recently established collaborations
with commercial labs. Therefore, in this study, a bias exists
between Lpls from different source types. Specifically, the iso-
lation time of outbreak and sporadic isolates was more evenly
distributed between 1982 and 2012, whereas the majority of
environmental isolates were collected in 2006 and 2010 to
2012.

Despite multiple guidelines and official recommendations for
preventing the transmission of LD, the prevalence of legionellosis
remains high in the United States. Whereas many facilities opt for
routine sampling for Legionella as a means of assessing risk from
Legionella growth in their water system, their action plans are of-
ten based on the concentration of legionellae or the number of
sites that are positive for the bacteria. However, it appears that an
action plan should also take into account the type of Legionella
isolated from a facility. The most prevalent STs shared by both
clinical sporadic and outbreak-associated Lp1 isolates may have
an increased ability to cause disease and thus may require special
attention when detected.
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