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Distinct difference of flaA genotypes of Legionella
pheumophila between isolates from bath water and cooling

tower water

Junko Amemura-Maekawa', Fumiaki Kura', Bin Chang’, Atsuko Suzuki-Hashimoto?,
Masayuki Ichinose?, Takuro Endo?® and Haruo Watanabe'!
Departments of 'Bacteriology, and 3Parasitology, National Institute of Infectious Diseases and Tokyo Health Service Association, Tokyo, Japan

ABSTRACT

To investigate the genetic difference of Legionella pneumophila in human-made environments, we col-
lected isolates of L. pneumophila from bath water (n =167) and cooling tower water (n = 128) primarily
in the Kanto region in 2001 and 2005. The environmental isolates were serogrouped and sequenced for a
target region of flaA. A total of 14 types of flaA genotypes were found: 10 from cooling tower water and
nine from bath water. The flaA genotypes of isolates from cooling tower water were quite different from

those of bath water.

Key words flaA, genotype, Legionella pneumophila.

In Japan, The National Epidemiological Surveillance of
Infectious Diseases data indicate that hot springs and pub-
lic baths are the major sources of Legionella rather than
cooling towers (1). We previously analyzed 27 epidemio-
logically unrelated Legionella pneumophila serogroup 1
isolates (10 from cooling towers, 10 from public spas
and/or hot spring baths, and seven from patients with
bath-related infections) with SBT using the six loci
(flaA, pilE, asd, mip, mompS, and proA) proposed by
the European Working Group on Legionella Infections
(http:/fwww.ewgli.org/) (2, 3). The 27 isolates were di-
vided into 14 types (2). Notably, all 10 isolates from cool-
ing towers displayed the same type (flaAl, pilE4, asd3,
mipl, mompSl1, proAl). Only one flaA genotype (flaAl)
was detected in cooling tower isolates, whereas isolates
from public spas and/or hot spring baths displayed a va-
riety of flaA genotypes such as 2, 3, 4, 6, 7, 10, and 12.
These observations have prompted us to propose that flaA
typing of L. pneumophila serogroup 1 may be sufficient to
determine general the origin of L. pneumophila isolates in
Japan. In order to extend these previous results to other
serogroups of L. pneumophila and to test this hypothesis,

Correspondence

we collected independent isolates of L. pneumophila from
bath water and cooling tower water.

A total of 295 independently isolated environmental
strains of L. pneumophila mainly in the Kanto region in
2001 and 2005 (Table 1) were analyzed, including isolates
from bath water (n= 167, the number of facilities was
122) and cooling tower water (1= 128, the number of fa-
cilities was 107). Most of the isolates were obtained from
different facilities. Some were from the same facilities, but
showed different serogroups. PCR targeted for the mip
gene of L. pneumophila was used to distinguish L. pneu-
mophila from other species (4). Further, serogrouping of
the isolates was carried out by slide agglutination tests us-
ing a monovalent serum for L. pneumophila serogroups
1~15 (Denka Seiken, Tokyo, Japan). Genomic DNA was
extracted using a High Pure PCR template preparation kit
(Roche Diagnostics, Mannheim, Germany). PCR amplifi-
cation was achieved using the GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA, USA). The reaction
mixture and conditions used have been described previ-
ously (2, 3). Both strands of the amplicons were sequenced
with a model 3100 ABI Sequencer (Applied Biosystems).

Junko Amemura-Maekawa, Department of Bacteriology, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo, 162-

8640, Japan.
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Table 1 Legionella pneumophila isolates typed by the sequencing of flaA

No. isolates

Year of isolation Place of isolation Total no. isolates
Cooling tower water Bath water
2001 Tokyo Prefecture 20 4 24
Kanto region except for Tokyo Prefecture 27 3 30
Other areas 9 6 15
2005 Tokyo Prefecture 48 60 108
Kanto region except for Tokyo Prefecture 22 75 97
Other areas 2 19 21
Total 128% 167% 295

tLocations of cooling towers and no. isolates are listed as follows:
unknown (n=31); offices (n=28); schools (n=14), accommodations (n=11); public facilities (n= 11); hospitals (n=9); multipurpose buildings
(n=7); shopping centers (n==6); transportation stations (n =4); factories (n = 2); nursing homes (n = 2); cinema (n = 1); condominium (n=1); sports

stadium (n=1).

{Locations of baths and no. isolates are listed as follows:
public baths (n == 107); accommodations (n = 35); dormitories (n = 8); nursing homes (n=7); offices (n = 4); condominiums (n = 2); unknown (n = 2);
school (n = 1); hospital (n=1).

flaAl.
flaA2.
flaA3.
flaA4.
flaAS.
flade.
flaA7.
flaA8.

nuc
nuc
nuc
nuc
nuc
nuc
nuc
nuc

flaAl@.nuc
flaAll.nuc
flaAl2.nuc
flaAl16.nuc
flaAl7 .nuc
flaAl8.nuc

flaAl.
flaA2.
flaA3.
flaA4.
flaAs.
flade.
flaA?.
flaA8.

flaAl®.nuc
flaAll.nuc
flaAl2 .nuc
flaA16.nuc
flaAl?7 .nuc
flaAl8.nuc
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TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCCATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCACAAAAGCTTCTTCTCTTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCAGGTG
TCAAACCAAACCATCAATTTCAGTATCGGTAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGTAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACAATCAACTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGAGGTATTGCCACAGCTACAGGAACAGAAGTTGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGTAGCATAAAAGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAGGCTTCTTCTATTGGTGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
GCAAACCAAACAATCAACTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGAGGTATTGCCACGGCAACAGGAACAGAAGTAGCTGGTG
TCAAACCAAACCATCAATTTCAGTATCGGCAGCATAAAAGCTTCTTCTATTGGAGGTATTGCCACAGCTACAGGAACAGAAGTTGCTGGTG
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CAGCAGCGACAGATATTACTATCGCAATTGGAGGAGGAGCAGCAACCAGTATTAACTCTTCTGCCAATTTTACCGGGGCACTAAACGGACA
CAGCAGCGGCAGATATTACTATCGCAATTGGAGGAGGAGCAGCAACCAGTATTAACTCTTCTGCCAATTTTACCGGGGCACTAAACGGACA
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Fig. 1. Sequence of a part of the flaA gene used to determine flaA genoctypes. The variable sites of nucleotides are shown as shaded letters. Non-
synonymous changed letters are underlined: 35C and 49C (in flaA3), and 1G and 169A (in flaA17). Translated amino acid sequence and substituted
amino acids by non-synonymous changed nucleotide bases are indicated on the bottom line.
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The nucleotide sequences obtained were trimmed based
on the data of flaA found in the EWGLI SBT database
(http://www.ewgli.org); putative novel variants were sub-
mitted to the curators of this database for verification and
assignment of new allelic numbers.

The 295 environmental isolates examined here com-
prised a total of 14 types of flaA genotypes, three of which
were novel genotypes (flaA16,17,and 18) (Fig. 1). Cooling
tower water isolates comprised 10 types of flaA genotypes.
Bath water isolates comprised nine types of flaA genotypes
(Table 2).

Major genotypes of cooling tower water isolates were
flaAl (73%) and fluA11 (16%), and major genotypes of
bath water isolates were flaA6 (34%), fluA3 (20%), flaA7
(18%), flaA2 (13%), and flaA10 (7.2%) (Table 2). These

data clearly showed that L. prneumophila isolates from two
water sources were distinctly different in the distribution
of flaA genotypes (Fig. 2; x*-test, calculated asa 2 x 8 table
[cooling tower water and bath water x flaAl, 2,3, 6,7, 10,
11, and others}; P < 0.0001). Such a difference was found
in the isolates of 2001 and 2005, and in the isolates of
different regions such as the Tokyo prefecture and the
Kanto region (Table 1).

Differences of serogroups were also found between iso-
lates from bath water and cooling tower water (Table 2).
L. pneumophila serogroups 1 and 7 accounted for 67% and
23%, respectively, of the isolates obtained from cooling
tower water, with the other serogroups being rarely iso-
lated. In contrast, the isolates from bath water were more
serotypically diverse, with L. pneumophila serogroups: 1,

Table 2 Relations of flaA genotypes and serogroups of isolates collected from cooling towers and bath water

No. isolates with flaA genotype Total no.
Qrigin and serogroup 1 2 3 4 5 6 7 8 10 1 12 16 17 18 (%)
Cooling tower, SG1 64 2 2 1 15 1 1 86 (67)
Bath, SG1 4 6 3 2 19 13 2 2 51(31)
Cooling tower, SG3 1 1 1 3(2.3)
Bath, SG3 3 2 1 2 4 12(7.2)
Cooling tower, SG4 0
Bath, SG4 2 1 3(1.8)
Cooling tower, SG5 2 2(1.6)
Bath, SG5 7 4 7 8 26 (16)
Cooling tower, SG6 1(0.8)
Bath, SG6 1 18 7 4 1 31(19)
Cooling tower, SG7 28 1 29 (23)
Bath, SG7 0
Cooling tower, SG8 1 1(0.8)
Bath, SG8 2 2(1.2)
Cooling tower, SG9 0
Bath, SG9 3 3(1.8)
Cooling tower, SG10 1 1(0.8)
Bath, SG10 2 2(1.2)
Cooling tower, SG11 0
Bath, SG11 1 1(0.6)
Cooling tower, SG12 0
Bath, SG12 1 1(0.6)
Cooling tower, SG13 1 1(0.8)
Bath, SG13 0
Cooling tower, SG14 0
Bath, SG14 1 1(0.6)
Cooling tower, SG15 0
Bath, SG15 1 1(0.6)
Cooling tower, SG UT 4 4(3.1)
Bath, SG UT 2 7 16 5 1 2 33 (20)
Total no. cooling tower water isolates 93 0 1 ¢] 2 3 2 2 0 20 O 3 1 1 128
(%) (73) (0.8) (1.6) (2.3) (1.6) (1.6) (16) (2.3) (0.8) (0.8) (100)
Total no. bath water isolates 4 21 34 3 0 57 30 0 12 0 4 0 2 0 167
(%) (2.4) (13) (20) (1.8 (34) (18) (7.2) (2.4) (1.2) (100}
462
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Fig. 2. Distribution of flaA genotypes of L. pneumophila isolates from cooling tower water and bath water. The percentage of each flaA genotype
referred to in this figure is shown in the last line (bath water isolates) and in the third line from last (cooling tower water isolates) in Table 2.

untypable, 6, and 5 accounting for 31%, 20%, 19%, and
16%, respectively, of these isolates. While most common
serogroup isolate derived from bath water was serogroup
1, which was the same as that of isolates derived from cool-
ing tower water, the distribution of serogroups of isolates
derived from bath water was more diverse than that from
cooling tower water.

The present study showed a distinct difference of flaA
genotypes and serogroups between isolates from cool-
ing tower water and bath water in Japan. Isolates from
bath water were more diverse in the flaA genotype and
serogroup than isolates from cooling tower water. This di-
versity might reflect the sources and properties of water.
Water for public baths in Japan is often obtained from
hot springs where the chemical composition, pH, and
temperature of the water are highly variable. This source
diversity might be reflected in the genetic diversity of iso-
lates from bath water. In contrast, tap water, which is the
typical source of cooling tower water, is chemically more
homogeneous.

Certain flaA genotypes were predominant in the isolates
of cooling tower water and bath water; flaAl and flaAll
in cooling tower water and flaA6, flaA3, flaA7 and flaA2
in bath water. A reference strain, Dalas 1E (ATCC33216),
which was isolated from cooling tower water was also
flaAl1, although it was serogroup 5. This indicates that

© 2008 The Societies and Blackwell Publishing Asia Pty Ltd

determination of the flaA genotype from the isolate may
be available for estimating the water source. According to
The National Epidemiological Surveillance of Infectious
Diseases in Japan, in only approximately 50% of reported
legionellosis cases is the source of the infection known,
with >75% of cases associated with the use of bath water
(1).

It is not easy to distinguish between clinical and en-
vironmental isolates of L. preumophila serogroup 1 by
sequence analysis of genes encoding several surface and
housekeeping proteins (5). However, a comparison of vir-
ulence genes, Ivh and rtxA, is more readily available to
differentiate between clinical and environmental isolates
(6). Environmental isolates from cooling tower water and
circulating hot water in public baths are reported to be
different in the genetic properties of both rpoB and dotA
sequences (7). However, the sensitivity of discrimination
by rpoB and dotA genotyping seems not to be very high.
The flaA genotyping presented here may provide a more
sensitive tool for the differentiation between isolates from
cooling tower water and bath water.
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Legionella organisms are prevalent in manmade water systems and cause legionellosis in humans. A rapid
detection method for viable Legionella cells combining ethidium monoeazide (EMA) and PCR/real-time PCR
was assessed. EMA could specifically intercalate and cleave the genomic DNA of heat- and chlorine-treated
dead Legionella cells. The EMA-PCR assay clearly showed an amplified fragment specific for Legionella DNA
from viable cells, but it could not do so for DNA from dead cells. The number of EMA-treated dead Legionella
cells estimated by real-time PCR exhibited a 10*- to 10°-fold decrease compared to the number of dead
Legionella cells without EMA treatment. Conversely, no significant difference in the numbers of EMA-treated
and untreated viable Legionella cells was detected by the real-time PCR assay. The combined assay was also
confirmed to be useful for specific detection of culturable Legionella cells from water samples obtained from
spas. Therefore, the combined use of EMA and PCR/real-time PCR detects viable Legionella cells rapidly and
specifically and may be useful in environmental surveillance for Legionella.

Legionellae are gram-negative, rod-shaped bacteria that are
ubiquitous inhabitants of aquatic environments and moist soil,
replicating as intracellular parasites of protozoa (6, 22, 23).
The bacterium causes legionellosis in humans. Hot springs,
public baths, and cooling towers arc the most probablc
sources of legionellosis. In Japan, several legionellosis out-
breaks caused by Legionella pneumophila have been reported
(13, 16, 17, 19, 29, 33). To prevent this infectious disease,
surveillance investigations of manmade water systems, such as
cooling towers, showerheads, and water distribution pipelines,
should be carried out regularly. Because it takes 4 to 7 days to
isolate viable Legionella organisms from environmental and
clinical samples, the development of a rapid detection and
isolation method is indispensable for identification of sources
and routes of incidents at an early stage.

PCR/real-time PCR is the most widely applied technology
for direct detection and quantification of pathogens in foods
and environmental or clinical samples. PCR/real-time PCR
assays targeting the 16S rRNA or 58 rRNA genes specific for
Legionella and the macrophage infectivity potentiator (mip)
gene specific for L. pneumophila have been developed for
detection and identification of the bacterium (14, 27, 32;
EnviroAmp Legionella kit package insert [Perkin-Elmer Cor-
poration}). However, a lack of differentiation of DNAs from
living and dead Legionella cells has seriously hampered the
implementation of DNA diagnostics in routine applications.
Since chlorine is routinely added to water distribution systems
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to kill Legionella and other bacteria, the resulting bacterial
death and lysis release copious amounts of genomic DNA into
the water. DNAs from dead Legionella strains act as a major
obstacle in PCR/real-time PCR detection of viable bacteria. It
is conceivable that PCR/real-time PCR can be utilized more
extensively for detection if this problem can be cleared up.

Ethidium monoazide (EMA) is a dye that allows micro-
scopic differentiation between viable and dead cells (1, 21).
Specifically, the phenanthridinium DNA/RNA-intercalating
agent enters only those bacteria that have compromised cell
walls and membranes and subsequently covalently links to the
DNA within the cells (2, 4, 9, 31). Photolysis of EMA by visible
light produces a nitrene that covalently links to genomic DNA,
cleaving it into small pieces upon photoactivation (9, 24, 26).
Contrastingly, unbound EMA, which remains free in solution,
is simultaneously inactivated by reaction with water molecules
and no longer capable of covalently binding to DNA (4, 10).
Thus, DNA from viable cells, protected from reactive EMA by
an intact cell wall/cell membrane, should not be affected by the
inactivated EMA after cell lysis during DNA extraction.

EMA can selectively enter the cytoplasm of dead cells and
cleave the DNA via photoactivation (24, 26). Therefore,
cleaved DNA from damaged and/or dead cells cannot be am-
plified by PCR/real-time PCR. Thus, the combination of EMA
and PCR/real-time PCR may potentially distinguish the DNA
of viable cells from the DNA of dead cells. In the present
study, we assessed this potential for the specific detection of
DNA of viable Legionella.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Legionella strains used in this
study are listed in Table 1. All strains were grown at 37°C on buffered charcoal
yeast extract (BCYE) agar (Becton Dickinson, Sparks, MD), using standard
protocols. Pseudomonas aeruginosa strain PAOIL, Escherichia coli X-12 strain
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TABLE 1. Summary of Legionella strains used in this study®

Alternate strain name

Strain Species Serogroup or source
80-045 L. pneumophila 1 Clinical isolate
Philadelphia-1 L. pneumophila 1 ATCC 33152; clinical
isolate

NIIB0733 L. pneumophila 1 Bathtub

NIIB0805 L. pneumophila 1 Bathtub

NIIB0744 L. pneumophila 1 Cooling tower

NIIB0802 L. pneumophila 1 Cooling tower

NIIB0784 L. pneumophila 5 Bathtub

NIIB0797 L. pneumnophila 5 Bathtub

NIIB0792 L. pneumophila 6 Bathtub

NIIB0864 L. pneumophila 6 Bathtub

NIIB0794 L. pneumophila 7 Cooling tower

NIIB0806 L. pneumophila 7 Cooling tower

NIIB0008 L. micdadei ATCC 33218; clinical
isolate

NIIBOO09 L. bozemanii 1 ATCC 33217, clinical
isolate

NIIB0010 L. dumoffii ATCC 33343; clinical
isolate

NIIB0012 L. longbeachae 2 ATCC 33484; clinical
isolate

NIIB0052 L. feeleii 2 ATCC 35849; clinical
isolate

NIIB0234 L. gormanii ATCC 33297; soil
isolate

7 ATCC, American Type Culture Collection; NIIB, National Institute of In-
fectious Discases, Department of Bacteriology.

XL1-Blue, Servatia marcescens strains E1 and E46, and Brevundimonas nasdae
NIIB2318 were incubated at 37°C overnight on LB plates (Becton Dickinson).
Sphingomonas paucimobilis (JCM 7516), Caldimonas manganoxidans (JCM
10698), Porphyrobacter sanguineus (JCM 20691), Microbacterium lactium (JCM
1379), Bacillus megaterium (JCM 2506), Tepidimonas arfidensis (JCM 13232),
Methyloversatilis universalis (JCM 13912), and Rhizobium radiobacter (JCM
20371) strains were purchased from the Japan Collection of Microorganisms
(JCM) (RIKEN BioRcesource Center, Saitama, Japan) and were incubated as
recommended by JCM. After incubation, separate suspensions of each strain
were made in sterile normal saline. Bacterial counts were determined by plating
celis on appropriate plates after serial 10-fold dilutions.

Heat and chlorine treatments for Legionella strains. Dead Legionella cells
were prepared by treatment with heat or sodium hypochlorite (Sigma-Aldrich,
St. Louis, MO). Heat treatment was performed at 95°C for 2 min. Sodium
hypochlorite treatment was performed at an available chlorine concentration of
0.5 or 1.0 ppm, foliowed by incubation for 30 min at room temperature. The
residual chlorine concentration was assayed using Rapid DPD liquid (Kanto
Chemical, Tokyo, Japan). After either treatment, Legionella cells were pelleted
and resuspended in the original volume of normal saline before being subjected
to EMA treatment. Death of the heat- and chlorine-treated Legionella cells was
confirmed by using a BacLight Live/Dead bacterial viability kit (Molecular
Probes, Leiden, The Netherlands).

EMA treatment and visible light irradiation of Legionella strains. EMA pur-
chased from Sigma-Aldrich was prepared at a concentration of 10 mg/ml. EMA
was added to Legionella suspensions at various concentrations and kept at 4°C for
10 min in the dark. Subsequently, each suspension was set on ice and exposed to
visible light for 5 min (24).

Preparation of a mock sample of environmental conditions. To prepare a
mock sample for use as an environmental model, isolated Legionella cells were
added to tap water along with sodium thiosulfate (0.05%) to inactivate the
chlorine already present in the tap water. Two hundred milliliters of water to
which viable or chlorine-treated Legionella cells had been added was centrifuged
for 15 min, and the pellets were resuspended in 2 ml normal saline. One milliliter
of the suspension was treated with a low-pH buffer (0.2 M KCI-HC! buffer, pH
2.2) to reduce the number of environmental bacteria other than Legionella, and
100 pl of each dilution was plated on BCYE agar to determine the number of
living Legionella cells. The genomic DNA of the remaining sample, with or
without EMA treatment, was purified and used for real-time PCR.
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Collection of water samples from public and model spas. A total of 25 sam-
ples, 9 from public spas and 16 from a model spa system (18, 28), were collected.
In the miodel spa, no chlorine disinfection was performed for 10 days after men
took baths to allow for Legionelln contamination and growth in the bathtub and
filter tank. Water samples (samples 10 to 17) from the bathtub were collected
{rom day 3 to day 10 after the bath. On day 10, after one sample (sample 18) was
obtained from the filter tank, a high concentration of chlorine was swiftly added
into and circulaled reversely throughout the filter tank to prepare chlorine-
treated Legionella cells (18, 28). Water samples (samples 19 to 25) were sepa-
rately collected from the filter tank 0, 1, 2, 3, 5, 6, and 7 min after the addition
of chlorine. A solution of 500 millititers of each sample was collected, and
chlorine was inactivated by sodium thiosuifate. The samples were centrifuged at
7,500 rpm for 15 min, and the pellets were resuspended in 5 ml normal saline.
One milliliter of the suspension was treated with 0.2 M KCI-HC! buffer (pH 2.2)
Lo reduce the number of environmental bacteria other than Legionella and then
plated on GVPC agar (Oxoid, Hampshire, United Kingdom) {o determine the
number of living Legionella cells. Five hundred microliters of each sample, with
or without EMA treatment at 1, 5, 10, and 20 ng/ml, was exposed to visible light
as described above. After photoactivation, the bacteria were collected by cen-
trifugation and their genomic DNAs were purified for real-time PCR.

PCR. The genomic DNAs of bacteria were purified using a High Pure PCR
template preparation kit (Roche Diagnostics, Mannheim, Germany). Oligonu-
cleotide primers LEG448A and LEG854B, targeting the 16S rRNA gene (32), an
EnviroAmp primer targeting the 55 tRNA gene (EnviroAmp Legionella kit
package insert; Perkin-Elmer, Waltham, MA), and primers LmipL920 and
LmipR1548, targeting the L. pneumophila mip gene (14), were used for PCR
amplifications. The amplifications were carried out with Ex Tag polymerase
(Takara Bio, Otsu, Japan), using 4 GeneAmp PCR system 9700 instrument
(Applied Biosystems, Foster City, CA). A 20-pl PCR preparation was subjected
to 30 cycles of denaturation at 98°C for 10 s, annealing at 63.5°C for 30 s, and
extension at 72°C for 60 5. Ten-microliter solutions with the PCR-amplified DNA
fragments were separated in 2% agarose gels (Takara Bio).

Real-time PCR. Real-time PCR targeting the 16S rRNA gene of Legionella
was performed using an ABI Prism 7000 machine (Applied Biosystems). The
25-pl reaction volume contained 2 wl of DNA purified from each sample. Real-
time quantification for SYBR green detection was performed with SYBR green
PCR master mix (Applied Biosystems). The primers used were LEG427F (5'-G
TAAAGCACTTTCAGTGGGGAG-3") and LEG880R (5'-GGTCAACTTATC
GCGTTTGCT-3"). The amplification reaction was performed with an initial
10-min denaturation step at 95°C followed by 40 cycles of repeated denaturation
at 95°C for 15 s and annealing and polymerization at 63.5°C for 60 s. Premix Ex
Tag (Takara Bio) was used for fluorescent probe-based real-time PCR. The
quantification was performed with primers LEG427F and LEG880R and the
molecular beacon probe P1 (5'-6-carboxyfluorescein-rACTGGACGTTACCCA
CAGAAGAAG-6-carboxytetramethylrhodamine-3') (Takara Bio), designed for
detection of the Legionella 168 tRNA gene. The amplification reaction was
performed with 40 cycles of repeated denaturation at 95°C for 10 s and annealing
and polymerization at 63.5°C for 60 s after a denaturation step at 95°C for 30 s.

Purified genomic DNA from 2 X 10® CFU of L. pneumaophila 80-045 was used
as an external standard. For each real-time PCR, the purified DNA was thawed
and serially diluted to prepare four to six ditution points ranging from 1 X 107 to
1 X 10° Legionella cells as an external standard. A negative extraction control
(PCR-grade water), a positive control, and the test samples were run in dupli-
cate.

Statistical analyses. All experiments were carried out more than twice. The
significance of the results was analyzed using Student’s ¢ test. Differences were
considered significant at P values of <0.05.

RESULTS

Heat and chlorine treatment of Legionella strains. Eighteen
Legionella strains, comprising 12 L. pneumophila and 6 non-L.
pneumophila strains, were used (Table 1). The 12 L. pneumo-
Pphila strains, which belonged to scrogroups 1, 5, 6, and 7 (data
not shown), were isolated from patients, water from cooling
towers, or bathtubs. The six non-L. pneumophila strains com-
prised different Legionella species (Table 1) that are known as
human pathogens.

All Legionella strains were suspended in sterile normal saline
at approximately 1 X 107 CFU/ml and treated with heat or
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FIG. 1. PCRs targeting the 165 rRNA (A) and mip (B) genes of
Legionella strain 80-045. The sizes of the amplified fragments from the
16S rRNA and mip genes are 406 and 649 bp, respectively. Lanes 1,
viable Legionella cells without EMA treatment; lanes 2, viable Legio-
nella cells with EMA treatment; lanes 3, heat-killed Legionella cells
with EMA treatment; lanes 4, chlorine-killed Legionella cells with
EMA treatment. EMA was used at a concentration of 20 pg/ml.

chlorine. After heat treatment at 95°C for 2 min, no colonies
were detected in any suspensions of the Legionella strains
plated on BCYE agar (data not shown). Chlorine treatment
was initially performed at a concentration of 0.5 ppm of free
residual chlorine. After 30 min of incubation at room temper-
ature, the residual chlorine concentration became 0.3 ppm. No
colonies were cultured, with the exception of strain 80-045,
where approximately 5 X 10* cells remained culturable. Use of
1.0 ppm chlorine, which produced a residual concentration of
0.6 ppm, resulted in no detectable growth of strain 80-045.
Therefore, 1.0 ppm chlorine was used in further experiments.
By using a BacLight Live/Dead bacterial viability kit, >99% of
the heat- and chlorine-treated Legionella cells were deter-
mined to be in a nonviable state (dead), while >99% of the
Legionella cells without treatment were in a viable state.

Combined use of EMA and PCR to detect viable Legionella
cells, We examined whether the combined use of EMA and
PCR could specifically detect viable Legionella cells. Viable,
heat-treated, and chlorine-treated Legionella cells were treated
with 10 pg/ml, 20 pg/ml, and 50 pg/ml of EMA. Viable Legio-
nella cells that were not treated with EMA were used as a
control. Genomic DNA was purified and used as a template
for PCR.

The results of the EMA-PCR assay using 20 p.g/ml EMA are
depicted in Fig. 1. PCR products targeting the 16S rRNA (Fig.
1A) and mip (Fig. 1B) genes in genomic DNA from viable cells
of L. pneumophila strain 80-045, with or without treatment of
EMA, displayed similar agarose gel electrophoretic patterns
(Fig. 1, lanes 1 and 2). However, no PCR products for DNAs
from the heat- and chlorine-killed cells with EMA treatment
were observed (Fig. 1, lanes 3 and 4). Amplified fragments of
Legionella DNA from the heat- and chlorine-killed cells with-
out EMA treatment were detected and were similar to those
from viable cells (data not shown). Similar results were also
obtained by the use of the other 11 L. pneumophila strains for
the detection of 16S TRNA and mip genes and the 6 non-L.
puneumophila strains for detection of the 16S rRNA gene (data
not shown). When 10 p.g/ml of EMA was used, the intensity of
the amplified fragments from the heat- and chlorine-killed
Legionella cells was weaker than that for the viable cells, al-
though amplified bands were still visible on the gel (data not
shown). Conversely, the amplified fragments from the heat-
and chlorine-killed Legionella cells were undetectable when 50
pg/ml EMA was used, while the intensity of fragments from
EMA-treated viable Legionella cells was significantly weaker
than that for untreated cells (data not shown). Therefore, 20
wg/ml EMA was used in further experiments, except for treat-
ment of water samples from spas.

PCR targeting the 5S rRNA gene was also performed. Al-
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FIG. 2. EMA and real-time PCR combined analyses of viable or
dead cells of L. pneumophila strain 80-045. The number of bacteria was
estimated from the amount of DNA detected by real-time PCR with
SYBR green as the reporter dye. The number of viable cells without
EMA treatment was set as 1. The numbers of EMA-treated viable cells
(bar 1), untreated heat-killed cells (bar 2), EMA-treated heat-killed
cells (bar 3), untreated chlorine-killed cells (bar 4), and EMA-treated
chlorine-killed cells (bar 5) are described as ratios against the number
of untreated viable cells [i.e., ratio = log,, (number of test cells/
number of untreated viable cells)]. The error bars represent standard
deviations from more than three independent experiments. Asterisks
indicate significant decreases in the numbers of EMA-treated samples
compared to those of untreated samples.

though the intensity of PCR fragments for the DNAs from the
heat- and chlorine-treated cells became weaker than that for
the viable cells with EMA treatment, the bands were clearly
observed on the gel (data not shown).

Combined use of EMA and real-time PCR to detect viable
Legionella cells. To quantify the DNA purified from the bac-
teria treated with EMA, real-time PCR targeting the 16S
rRNA gene was performed with SYBR green PCR master mix.
Approximately 1 X 10° to 1 x 107 CFU/ml of strains 80-045,
Philadelphia-1, NIIB000S8, and NIIB0009 was used. The detec-
tion limit for L. pneumophila was 1 CFU/reaction (data not
shown).

Results of real-time PCR are shown in Fig. 2. When the
amount of DNA detected by real-time PCR was calculated as
the cell count, the number of viable bacteria treated with
EMA, heat-killed bacteria with or without EMA treatment, or
chlorine-killed bacteria with or without EMA treatment was
compared to the number of viable bacteria without EMA treat-
ment and expressed as a ratio. The ratio of viable to EMA-
treated 80-045 cells was —0.04 = 0.23 log,,, (Fig. 2, bar 1). No
significant difference was evident between the amounts of
DNA of untreated and EMA-treated viable Legionella cells,
because EMA could not intercalate and cleave the genomic
DNA of viable Legionella cells. The numbers of heat- and
chlorine-killed Legionella cells without EMA treatment, esti-
mated by real-time PCR, did not obviously decrease compared
to that of the viable cells. The ratios of heat- and chlorine-
killed 80-045 cells were —0.13 = 1.06 log,, (Fig. 2, bar 2) and
—0.30 = 0.64 log,, (Fig. 2, bar 4), respectively. These results
indicate that the heat and chlorine treatments performed here
left the DNAs intact. Conversely, after EMA treatment, the
amounts of amplifiable DNA in heat- and chlorine-killed
Legionella cells significantly decreased compared to that in the
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FIG. 3. Number of L. pneurnophila strain 80-045 cells (A) and L.
bozemanii strain NITB0009 cells (B) isolated from 100-ml mock sam-
ples, determined by incubation or estimated by real-time PCR. 6-Car-
boxyfluorescein was used as the reporter dye for real-time PCR. Bars
I, real numbers of viable Legionella cells determined by plating on
BCYE plates; bars 2, numbers of EMA-treated viable Legionella cells
determined by fluorescent probe-based real-time PCR; bars 3, num-
bers of EMA-treated chlorine-killed Legionella cells determined by
real-time PCR. No viable cells of chlorine-killed 80-045 and NITBOO09
were detected by plating on BCYE agar. The experiments were re-
peated separately more than five times. Asterisks indicate significant
decreases in the number of EMA-treated chlorine-killed Legionella
cells determined by real-time PCR.

viable cells. The ratios of heat- and chlorine-killed 80-045 cells
were —5.39 = 0.77 log,, (Fig. 2, bar 3) and —5.64 = 0.70 log,,
(Fig. 2, bar 5), respectively. Comparable results were also
yielded when the Philadelphia-1, NIIB0008, and NIIB0009
strains were used (data not shown). Altogether, these results
are consistent with the ability of EMA to cleave genomic DNA
and to decrease the amount of intact DNA of the heat- and
chlorine-treated Legionella cells to the level of approximately 4
to 5 log,, fewer cells.

Discrimination of viable and chlorine-treated Legionella
cells from mock environmental samples by the combined use
of EMA and real-time PCR. In order to investigate the possible
utility of EMA and real-time PCR for the detection of viable
Legionella cells in environmental samples, we prepared a mock
sample by the suspension of Legionella strains in tap water.
Approximately 1 X 10° to 1 X 107 CFU of viable or chlorine-
treated Legionella were added to tap water. The number of
bacteria was determined by plating on BCYE agar and esti-
mated by the combined EMA and real-time PCR assay. To
avoid the possible contamination of the assay by nonlegionella
bacteria present in tap water, fluorescently probed real-time
PCR targeting the 16S rRNA gene was performed with the
LEG427F and LEG880R primers and probe P1. The detection
limit was 10 CFU/reaction (dala not shown).

The numbers of Legionella cells detected in 100 ml water are
shown in Fig. 3. Approximately 6.35 * 0.40 log,, CFU of viable
80-045 cells (Fig. 3A, bar 1) and 6.29 + 0.58 log,, CFU of
viable NIIB00O9 cells (Fig. 3B, bar 1) were detected by plating,
After treatment with 20 pg/ml of EMA, 6.09 *= 0.22 log,,
80-045 cells (Fig. 3A, bar 2) and 6.06 * 0.70 log,, NIIB0009
cells (Fig. 3B, bar 2) were detected by real-time PCR. When
the chlorine-treated above Legionella solution (after chlorine
treatment, the number of cultivable cells became <10 CFU/

ApPL. ENVIRON. MICROBIOL.

100 ml by plating) was treated with EMA, only 1.57 = 0.49
log,, 80-045 cells (Fig. 3A, bar 3) and 1.59 = 0.81 log,,
NIIB0009 celis (Fig. 3B, bar 3) were detected by real-time
PCR. The number of EMA-treated dead Legionella cells, es-
timated by real-time PCR in this experiment, was approxi-
mately 4.5 log,q less than that of the viable cells.

Specificity of real-time PCR. Surveillance performed in Ja-
pan has detected over 20 species of nonlegionella bacteria in
bathtub water by using a PCR-denaturing gradient gel electro-
phoresis method (5). In addition to these bacterial species, F.
coli, S. marcescens, and Brevundimonas species have been re-
ported to usually be present in water and/or soil of the external
environment (3, 8, 11, 15, 25). Thirteen appropriate nonlegio-
nella strains (Table 2) were used to assess PCR specificity.
Genomic DNAS purified from these strains were used as tem-
plates, and real-time PCR was performed with primers
LEG427F and LEG880R and probe P1. After 40 PCR cycles,
no amplification signals could be detected (Table 2). The re-
sults indicate that real-time PCR has a high specificity for
Legionella species.

Detection of Legionella in water samples collected from spas
by the combined use of EMA and real-time PCR. In order to
investigate the utility of the proposed method for the specific
detection of culturable Legionella from the environment, 25
water samples were analyzed in this study. Samples 1 to 9 were
collected from public spas, whereas samples 10 to 25 were from
a model spa (18, 28), as described in Materials and Methods.

The results are shown in Table 3. Samples 1 and 2 were
collected from jetted and outdoor bathtubs, respectively, at the
same public spa facility. The number of Legionella cells in
sample 1, as estimated by real-time PCR assay, was higher than

TABLE 2. Nonlegionella bacteria used to test the specificity of
real-time PCR*?

No. of
Species Strain or source” bacteria
(CFU/ml)*
Pseudomonas Clinical isolate 1.6 X 10°
aeruginosa

Escherichia coli K-12 1.3 x 10°

Serratia marcescens El Environmental isolate 8.6 X 10°

Serratia marcescens E46 Environmental isolate 38 x 10°

Brevundimonas nasdae Environmental isolate 1.6 x 107

Sphingomonas JCM7516; environmental 1.0 x 10°
paucimobilis isolate

Caldimonas JCM10698; environmental 3.1 % 10°
manganoxidans isolate

Porphyrobacter JCM20691; environmental 1.5 x 108
sanguineus isolate

Microbacterium lactium JCM1379; environmental 1.0 x 10°
isolate

Bacillus megaterium JCM2506; environmental 7.0 X 10°
isolate

Tepidimonas arfidensis JCM13232; clinical isolate 8.0 X 10°

Methyloversatilis JCM13912; environmental 1.0 x 10°
universalis isolate

Rhizobium radiobacter JCM20371; environmental 1.2 x 10°

isolate

“ Real-time PCR was performed with primers LEG427F and LEG880R and
probe P1. No products were detected for any of the organisms tested.

& JCM, Japan Collection of Microorganisms.

“The number of bacteria of cach strain was determined by plating cells on
suitable plates, and the number indicated was used for real-time PCR.
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TABLE 3. Comparison of results of plating and real-time PCR for water samples from spas
No. of Legionella cells estimated by real-time PCR (log, CFU/L00 mi)"
Sample Free chlorine No. of Legi onella cells :
o conen (ppm) bég{;};f(\)% (I::)ﬁdﬂ No EMA Treatment with EMA
treatment 1 pg/mi 5 wg/ml 10 pg/ml 20 pg/ml

1 1.0 1.3 32 ND ND ND 1.4
2 0.1 24 22 ND ND ND 1.3
3 0.5 1.3 2.8 1.9 13 — —
4 0 3.0 3.2 2.9 24 22 1.9
5 0.1 13 — — — — —
6 3 <1 — — — —_— —
7 2 <1 —_ — — — —
8 0 1 —_ — —_ — —
9 24 <1 — — — — —
10 0 <1 — — — — —_
11 0 <1 — — — — —
12 0 <1 —_ — — — —
13 0 <1 — — -— — —
14 0 2.9 3.0 31 3.0 2.7 1.9
i5 0 38 4.0 3.9 38 31 3.0
16 0 4.8 52 4.7 3.8 31 —
17 0 4.8 5.4 43 35 29 23
18 0 4.6 5.2 44 35 2.5 2.2
19 0.01 54 59 5.5 55 4.0 3.0
20 2.5 3.6 5.5 4.8 3.8 31 2.8
21 3.5 1.8 5.2 33 2.6 2.1 1.6
22 6.4 1.5 4.0 3.6 34 1.6 —
23 8.1 <1 33 14 13 0.7 0
24 8.2 <1 3.0 1.2 13 0.7 —
25 8.3 <1 38 3.6 11 1 _

@ Samples 1, 2, and 7 to 9 were obtained from bathtubs, samples 3 to 5 were from filter tanks, and sample 6 was from a pipeline of public spas. Samples 10 to 17
were obtained from the bathtub and samples 18 to 25 were from the filter tank of a model spa.

b The number of bacteria was determined by plating cells on GVPC plates.

¢ Real-time PCR was performed with primers LEG427F and LEG880R and probe P1. ND, not done; —, not detected.

that determined by plating on GVPC agar. Alter treatment
with EMA at 20 pug/ml, the number of Legionella cells esti-
mated by real-time PCR was similar to that determined by
plating. These results indicate that sample 1 contained DNA
and/or uncultivable cells of Legionella which are sensitive to
treatment with EMA. On the other hand, the number of Le-
gionella cells in sample 2, as estimated by real-time PCR, was
similar to that determined by plating. This result suggested that
almost all of the Legionella cells in the sample were culturable.
After treatment with 20 pg/ml of EMA, the number of Legio-
nella cells estimated by real-time PCR was smaller (1.1 log;q
CFU/100 ml) than that determined by plating. It seems that
EMA cleaves a part ol the genomic DNA of viable cells under
environmental conditions. All of these results suggested that
the appropriate concentrations of EMA were different among
water samples. Therefore, EMA was used at 1, 5, 16, and 20
pg/ml for the other 23 samples.

Among the 25 water samples, no amplification signals were
detected in 9 samples (samples 5 to 9 and 10 to 13), with or
without treatment of EMA, by using real-time PCR (Table 3).
By plating on GVPC agar, no colonies were isolated from
seven of the nine samples. Only a few colonies (10 CFU/100 ml
and 20 CFU/100 ml) were detected in the other two samples
(samples 5 and 8), which almost corresponded to the results
obtained by real-time PCR (Table 3). More than 2 log,, CFU/
100 ml of Legionella cells, estimated by real-time PCR, existed
in the remained 16 water samples (Table 3). The numbers of
Legionella cells in nine samples (samples 3, 4, and 14 to 20),

estimated by the combined EMA and real-time PCR assay,
were similar to those determined by plating when EMA treat-
ment was performed at 1 or 5 ug/ml (Table 3). When these
samples were treated with EMA at 10 and 20 pg/ml, the num-
bers of Legionella cells estimated by real-time PCR were
smaller than those determined by plating. Meanwhile, 10 or 20
pg/ml of EMA treatment was needed for the remaining six
samples (samples 1 and 21 to 25) in order to obtain similar
results between the numbers of Legionella cells estimated by
real-time PCR and those determined by plating (Table 3). The
numbers of Legionella cells, estimated by real-time PCR, in the
water samples (samples 19 to 25) without EMA treatment
were gradually decreased after the addition of chlorine (Table
3). Although the precise cause has not yet been elucidated, it
may be attributed to breaking of the genomic DNA from the
uncultivable Legionella cells by chlorine.

Taking all of these results together, EMA treatment could
selectively amplify the genomic DNA of the culturable Legio-
nella cells in the water samples by real-time PCR assay. How-
ever, EMA concentrations that were effective were different
among environmental samples and seemed to be related to the
sensitivity of Legionella cells to EMA or the chlorine concen-
trations of the samples. A low concentration of EMA (1 or 5
pg/ml) was enough for eight samples (samples 3, 4, and 14 to
19) in which chlorine was not detected or detected at a low
concentration (=0.5 ppm). On the other hand, a high concen-
tration of EMA (10 or 20 pg/ml) was needed for six samples
(samples 1 and 21 to 25) in which chlorine was detected at high
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concentrations (=1.0 ppm). A large number of uncultivable
cells killed by chlorine in the six samples may be one of the
reasons that EMA must be used at high concentrations for the
number of Legionella cells determined by plating to match that
estimated by real-time PCR. All of the results suggested that a
high concentration of EMA is nceded to cleave genomic DNA
of uncultivable Legionella cells treated with chlorine at high
concentrations. In the case of sample 20, the water sample was
collected immediately after chlorine treatment, so 5 ug/ml of
EMA was probably sufficient.

DISCUSSION

In the present study, we demonstrate the combined use of
EMA and PCR/real-time PCR for rapid detection of viable
Legionella cells. The results reveal that EMA can specially
enter and cleave the genomic DNA of heat- and chlorine-
treated Legionella cells. After treatment with EMA, PCR could
not detect the DNA present in the dead cells and the amount
of DNA significantly decreased compared to that for the viable
cells in the real-time PCR assay. The assay was also useful for
detection of culturable Legionella in water samples. These re-
sults show that the combined use of EMA and PCR/real-time
PCR is sufficient to detect viable Legionella cells.

Approximately 1 X 10° to 1 X 107 CFU/ml of Legionella
strains was used in the EMA real-time PCR assay. The de-
tected decrease of DNA in the dead cells by EMA treatment
was approximately 4 to 5 log,, at 20 wg/ml EMA (Fig. 3);
therefore, part of the genomic DNA, corresponding to approx-
imately 10 CFU/ml, still remained. However, the number of
uncultivable Legionella cells estimated by real-time PCR with
68 environmental samples was <10° CFU/100 ml, and that
with 66 samples (97%) was <10* CFU/100 ml in our prelimi-
nary experiment (unpublished data). In Japan, the guideline by
the Ministry of Health, Labor, and Welfare for prevention of
Legionnaires’ disease specifies that the detection limit of cul-
turable Legionella from bath water must be <10 CFU/100 ml.
Therefore, the decrease of 4 to 5 log,, CFU with EMA treat-
ment is theoretically sufficient to place environmental samples
with low levels of putative viable but uncultivable Legionella in
a low-risk category according to Japanese guidelines. However,
plating for detection of viable Legionella cells should be per-
formed at the same time because the possibility of false-posi-
tive results cannot entirely be eliminated.

Part of the genomic DNA, corresponding to approximately
102 CFU/ml, of the heat- and chlorine-treated Legionella cells
still remained when the combined EMA (20 pg/ml) and real-
time PCR assay was performed (sce above) (Fig. 2 and 3),
which may be due to the limit of EMA activity at that concen-
tration. When the EMA concentration was increased, the in-
tensity of PCR-amplified fragments in the viable Legionella
cells became lower, which would be due to the damage of
viable cells caused by EMA. The concentration of EMA used
seems to be critical for the maximum discrimination of viable
cells from dead cells. The 58 rRNA, 16S rRNA, and mip genes
could be amplified by PCR as fragments of 108 bp, 406 bp, and
649 bp, respectively, in our experiment. If EMA randomly
binds and cleaves the DNA sequence, a smaller DNA region
would not be affected after EMA treatment and could be
amplified by PCR. Amplification of the 16S rRNA gene was
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most effective for the discrimination of viable Legionella cells
from dead cells, although we do not know the exact reason that
amplification of the 168 rRNA gene was most available in our
experiment. EMA might recognize the DNA region of the 16S
rRNA gene most effectively, but the problems with amplifica-
tion should be resolved in the future.

Twenty-five water samples were tested in this study, and the
combined EMA-real-time PCR assay was confirmed to be
useful {or specific detection of viable Legionella cells in these
environmental samples. In order to avoid false-positive or
-negative results by combined use of EMA and real-time PCR,
the concentration of EMA used for water samples may be most
critical. The concentration of EMA needed was shown to be
related to the residual chlorine concentration in the water
samples in this study. Because the investigation in this study
was done on a small number of water samples, further confir-
mation will be required by the use of a large number of water
samples from public spas. It is probable that EMA at the high
concentration used in some water samples (samples 3, 4, and
14 to 19) (Table 3) could also enter viable Legionella cells and
cleave their genomic DNA. It was recently shown that pro-
pidium monoazide (PMA) is superior to EMA for avoiding
entrance into and/or cleavage of genomic DNA of viable bac-
terial cells (20). We are planning to compare the effects of
EMA and PMA on detection of viable Legionella cells in water
samples in our next experiment,

After the first outbreak of legionellosis caused by L. pneu-
mophila in Philadelphia (7), much research was conducted on
the behavior and life cycle of Legionella. It is now clear that
monitoring and removal of Legionella from waters that come
into contact with humans, particularly water from distribution
systems, are an effective way to prevent infections caused by
Legionella. In recent years, disinfection and cleaning of man-
made water systems have been strictly observed in Japan. Sur-
veillance investigations on the water systems in the Kanto area
of Japan showed that the number of Legionella-positive sam-
ples and the number of Legionella isolates from such samples
have been decreasing annually since 2003 (12, 30). We hope
that the rapid detection method described here is useful for the
control and monitoring of water systems, especially for contin-
uous environmental surveillance at certain points.
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An Improved Protocol for the Preparation and Restriction Enzyme Digestion
of Pulsed-Field Gel Electrophoresis Agarose Plugs for
the Analysis of Legionella Isolates

Bin Chang, Junko Amemura-Maekawa, and Haruo Watanabe*

Department of Bacteriology, National Institute of Infectious Diseases, Tokyo 162-8640, Japan
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SUMMARY: Pulsed-field gel electrophoresis (PFGE), which determines the genomic relatedness of isolates, is
currently used for the epidemiological investigation of infectious agents such as bacteria. In particular, this
method has been used for the epidemiological investigation of Legionella outbreaks. However, it takes 4 days
to complete a Legionella-PFGE analysis. Due to partial digestion and DNA damage, the reproducibility of the
obtained fragment digestion patterns is poor for this pathogen. In this study, we report an improved protocol
that takes only 2 days to complete and that allows clear discrimination of the restriction profile with higher

reproducibility than that previously achieved.

Each bacterial strain has genomic diversity in its nucleotide
sequence. Restriction enzyme digestion of genomic DNA
produces a distinctive restriction profile that is useful for
epidemiological analyses. The standard gel electrophoresis
protocol was improved by introducing an alternating voltage
gradient to obtain better resolution of larger DNA fragments;
this technique is known as pulsed-field gel electrophoresis
(PFGE) (1). The PFGE method is very useful for discrimi-
nating between bacterial genomes.

Legionella are ubiquitous inhabitants of aquatic environ-
ments and moist soil, and they replicate as intracellular para-
sites of protozoa (2,3). Hot springs, public baths, and cooling
towers are the most common sources of legionellosis in hu-
mans. PFGE has been used to identify sources and routes of
Legionella infections (4,5). The conventional PFGE protocol
was modified by De Zoysa and Harrison; according to this
modification, no lysozyme treatment was performed, and the
concentrations of proteinase K (2 mg/ml) and Sfil (60 U/plug)
were increased (6). However, that protocol required at least 4
days to yield results, and reproducibility remained poor (4,6).
Given these disadvantages associated with this method, we
conducted the present study to improve the PFGE protocol.

A total of 16 Legionella strains belonging to 6 species were
used in this study (Table 1). We collected 10 L. pneumophila
strains isolated from patients, bath water, and cooling tower
water, and these strains belonged to serogroups 1, 5, 6, and
7. Strain K6 possessed a Km' Laz* cassette gene on the chro-
mosome of strain Philadelphia-1 (8). Five non-L. pneumophila
strains isolated from patients were also collected, and these
belonged to different Legionella spp. (Table 1). All strains
were grown at 37°C on buffered charcoal yeast extract
(BCYE) agar (Becton Dickinson, Sparks, Md., USA). After
a 2-day incubation period, Legionella cells were suspended
in sterile water at an optical density at 600 nm (ODyy) of 0.5.
The suspensions were then mixed with the same volume of
1% SeaKem® Gold Agarose (Cambrex Bio Science Rockland,

*Corresponding author: Mailing address: Department of Bacteri-
ology, National Institute of Infectious Diseases, Toyama 1-23-1,
Shinjuku-ku, Tokyo 162-8640, Japan. Tel: +81-3-5285-1171, Fax:
+81-3-5285-1171, E-mail: haruwata@nih.go.jp
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Table 1. Summary of Legionella strains used in the study

Strain, source

Strains no. Species Serogroup or reference
80-045 L. pneumophila 1 Clinical isolate (7)
K6 L. pneumophila 1 8)
Philadelphila-1 L. pneumophila 1 ATCC33152Y,

Clinical isolate
NIIB0733» L. pneumophila 1 Bathtub
NIIB080S L. pneumophila I Bathtub
NIIB0744 L. pneumophila 1 Cooling tower
NIIB0802 L. pneumophila 1 Cooling tower
NIIB0784 L. pneumophila 5 Bathtub
NIIB0792 L. pneumophila 6 Bathtub
NIIB0794 L. pneumophila 7 Cooling tower
NIIB0806 L. pneumophila 7 Cooling tower
NIIB0008 L. micdadei - ATCC33218,
Clinical isolate
NIIB0009 L. bozemanii 1 ATCC33217,
Clinical isolate
NIIB0010 L. dumoffii - ATCC33343,
Clinical isolate
NIIB0012 L. longbeachae 2 ATCC33484,
Clinical isolate
NIIB0052 L. feeleii 2 ATCC35849,

Clinical isolate

Y ATCC, American Type Culture Collection.
»: NIIB, National Institute of Infectious Diseases, Department of Bac-
teriology.

Maine, USA) and were used for casting plugs. A conven-
tional protocol (4,9) and the improved protocol discussed
below were both used to process the agarose plugs for PFGE.

The conventional protocol is shown in Fig. 1; Legionella
cells in the agarose plugs were first lysed with lysozyme
(Wako Pure Chemical Industries, Osaka, Japan). Subse-
quently, the plugs were treated overnight with 1 mg/ml of
proteinase K (Roche Diagnostics, Mannheim, Germany) and
1% N-lauroylsarcosine (Sigma-Aldrich, St. Louis, Mo., USA)
in 0.5 M EDTA (pH 8.0) at 50°C. After washing the plugs
with Pefabloc SC (Roche Diagnostics), TE Buffer (10 mM
Tris: 1 mM EDTA, pH 8.0), and 1 X M buffer (TaKaRa Bio,
Otsu, Japan), DNA in the plugs were digested overnight with
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Suspension of Legionellu cells in sterile water
Add the same volume of 1% SeaKemR®
—
Gold Agarose

Casting plugs

Conventional protocol l

l

Lyse with | mg/ml lysozyme
for at least 3 hours at 37°C

l

Treat with | mg/ml proteinase K
overnight at 50°C

Improved protocol

Treat with 1 mg/ml proteinase K
for 1 hour at 50°C

‘Wash twice with 4 mM Pctabloc SC,
once with TE buffer,
once with 1 xM bufter

Digest with 20 units of Sfil Digest with 50 units of Sfil
overnight at 50°C for 4 hours at 50°C

l |

1

Load plugs into wells, perform electrophoresis at 6 V/iem for 21 b,
with the pulse time ranging from 5 to 50 s using a CHEF DRIII System

Stain gel with ethidium bromide, wash twice with distilled water, and photograph

Fig. 1. Experimental overview of the conventional and improved PFGE
protocols for Legionella strains. The main modified steps are shown
in bold.

2425

2425 —

20 units of Sfil (10 U/ul; TaKaRa Bio). Subsequently, elec-
trophoresis was carried out using a CHEF DRIII System (Bio-
Rad Laboratories, Richmond, Calif., USA). Thereafter, the
gels were stained and photographed. This conventional PFGE
protocol took 4 days to complete. The electrophoresis pro-
files of 16 Legionella strains yielded by the conventional
protocol are shown in Fig. 2A. A white smeary band at the
bottom of the gel (e.g., lanes 3, 5, 9, and 10) was observed,
suggesting that some damage to the DNA had occurred.
Furthermore, some faint bands possibly attributable to in-
complete restriction enzyme digestion were visible in the pro-
files of all strains. As the incompletely digested bands appeared
at different positions in various experiments (data not shown),
it was difficult to obtain reproducible profiles and to compare
sample data between gels. Similar observations have also been
reported by De Zoysa and Harrison (6).

In order to overcome these disadvantages, we modified
the conventional protocol for the preparation and restriction
enzyme digestion of agarose plugs. To reduce plug prepara-
tion time and decrease damage to the genomic DNA, the
lysozyme treatment was eliminated. Furthermore, the time re-
quired for treatment with proteinase K and N-lauroylsarcosine
at 50°C was reduced from overnight to 1 h. Next, a high con-
centration of Sfil (40 U/ 1£1; Roche Diagnostics) of 50 units/
plug was used in order to complete the digestion of Legionella
DNA. The electrophoresis profiles of the 16 strains analyzed
by this improved method are shown in Figs. 2B and 2C. With
the improved protocol, no white smeary band was obtained,
and the bands of digested DNA fragments were significantly
clearer than those shown in Fig. 2A. Fewer digested DNA
fragments from Legionella strains were seen as compared to
the number of those from the corresponding strains presented
in Fig. 2A; this difference may be attributed to the disap-

E
F
-
E ]

Fig. 2. PFGE profiles obtained with the conventional (A) and improved (B and C) protocols for Legionella strains. Lambda
ladder marker (Bio-Rad) was used as a DNA size standard and molecular sizes are indicated on the left. Lane I, 80-045; lane 2,
K6; lane 3, Philadelphila-1; lane 4, NIIB0733; lane 5, NIIB0805; lane 6, NIIB0744; lane 7, NIIB0802; lane 8, NIIB0784; lane
9, NIIB0792; lane 10, NIIB0794; lane 11, NIIB0806; lane 12, NIIB0O0S; lane 13, NIIB0009; lane 14, NIIB00O10; lane 15,
NIIB0012; lane 16, NIIB0052; M: lambda ladder marker. A white smeary band at the bottom of the gel A (e.g., in lanes 3, 5, 9,

and 10) indicates DNA damage.
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pearance of incompletely digested fragments (Fig. 2B). The
modified protocol of PFGE took only 2 days, as compared to
the 4 days required to cairy out the original protocol. A time
saving of 2 days would exert a significant positive impact on
the genotyping of Legionella infections in the context of medi-
cal diagnostics services.

To examine the reproducibility of the profiles obtained by
the improved treatment, PFGE of these Legionella strains was
separately performed at least 3 times. Figures 2B and 2C show
two profiles of independently prepared plugs of Legionella
isolates produced using different CHEF DRIII System ma-
chines. The profiles of the respective strains, with the excep-
tion of NIIB0010 (lane 14), were the identical between
agarose gels run on different CHEF DRIIT System machines.
The 3 bands located at the top of lane 14 were separated in
Fig. 2B, whereas only imperfect separation is shown in Fig,
2C. When the same machine was used, no differences were
observed between the profiles of NIIB0010 (data not shown).
Therefore, the difference noted above might be attributable
to the different conditions required for the use of different
machines. The present results demonstrated that reproducible
profiles could be obtained with the improved PFGE method.

In this study, we attempted to overcome some of the disad-
vantages associated with the conventional PFGE method used
for the analysis of Legionella strains. The improved protocol
was found to be quicker and easier than the former approach.
Lysozyme treatment for the preparation of PFGE plugs of
Gram-negative bacteria (Campylobacter jejuni, Escherichia
coli O15T:H7, Salmonella, Shigella, Vibrio cholerae, and
Yersinia pestis) has already been omitted from the protocols
recommended by Centers for Disease Control and Preven-
tion (CDC) (http://www.cdc.gov/PULSENET/protocols.htm).
De Zoysa and Harrison also demonstrated that the use of
lysozyme is not necessary for treating Legionella plugs (6).
Therefore, lysozyme treatment was omitted in the present
study as well. The profiles of the isolates examined were
identical with and without lysozyme treatment (data not
shown). In addition, the duration of proteinase K treatment
was reduced in the present study. No differences between
profiles of corresponding samples treated with proteinase K
for 1, 8, and 24 h (data not shown) were observed. Treatment
with 0.5 mg/ml of proteinase K for 1 h was sufficient to pro-
duce the same results (data not shown). Thus, the present
results demonstrated that Legionella cells in plugs can be
efficiently lysed by treatment with 0.5- 1 mg/ml of proteinase
K for I h. Overnight digestion with Sfil at 50°C gave a white
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smeary band at the bottom of the gel (data not shown), which
was suggestive of damage to the Legionella DNA due to
extended digestion with the restriction enzyme. Use of the
improved protocol described in this study rendered the frag-
ment bands more clearly visible, and thus comparison of the
profiles between different isolates was facilitated, as was
analysis of the linkage between environmental isolates and
the clinical isolates of Legionella. This new protocol will
therefore be recommended for use in epidemiological inves-
tigations of Legionella isolates.

This article appeared in part in the Infectious Agents
Surveillance Report (TASR), vol. 29, p. 333-334, 2008 in Japa-
nese.
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1. BEERICLDRR

1) #HEEK

588D GIFU strain (Legionells pneumophila GTC
296 (ATCC 33152), GTC 297 (ATCC 33216), L. mic-
dadei GTC 299 (ATCC 33218), L. oakrigensis GTC 319
(ATCC 33761), L. spiritensis GTC 401 (ATCC 35249))
wEEEK L.

2) SERSBHEH

BELSERL TOAHRSBEREBTH S, 6
CRUHMEZEW, BRBETEW, BUFEWESTER,
OXOID, BD, BIOMERIEUX) ™ BCYEa X 4524, 5
tCEEMETE®R, AFEYEXEWERR, 0XOID,
BIOMERIEUX, MERCK) @ GVPC XK 4 K21, 3:F
L8 WYOo R4 $2H, OXOID #:0) MWY %X
A FER L. 7, OXOID o Ric >\l
fitic, oA %5 CYE BREBREICY T A+ %
A D B, EmU SR UT HSHER) L /- BCYEq,
BMPAo, MWY X5 (FH L /2.

3 TEEEROBR

SEHOMARM Y, &5 HEICEREHKL, 37C
TREELL. BEEROSIHEROBEL, FEHEME
(= 2/ SMZ-10, SMZ-1000) TfT» 7=, BEBrhiCE &K
ERMETREL, FEEMTEMEO T —VICEY,
HF(Z vV U RABa— L F 54 b RE
L, SEESERICAIE R M CHT LIk » THBEEDOE
BT 7o (UFRDEER) . REOMBZR 1 IR .
B 10 A, BHT- 72

R1 et FOKEHEGLLE  BRATTS)
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2. BHREHCHT 3%

1 MHREHR

B 764 3R, SEITEK 17 3k, BEL 2RO
783N L, VI RS BEBREYT- .

2) BEXL

BRI LU BAE AT, FREMERE 2 100 2B
RS T/, AR OBHEIR, SRBHEETT <. 5
WEREEDT, DToss) THs. AK500mL %, B
F47mm, LBRO2um ORYH—REr— A TS
V7 42— (ADVANTEC) %l L /c A% 7 5 A
fFERYFNT 3+ /RO 5% (NALGENE) TH5| A
WL PBRTH, AVIS5V 740 F—%50mL
OEHRERLERTE mL DARICUL, 10 3HFET
MAURDBEG L. CORGBHRE 100 fSBERAR &L
7o, FRIRAEIs XU AR I GRRL L 2o e,
ThZh 1mL #RBAEK, BABRKICHERL . B
BEXIL, BEfERUEE 50°C, 20 4EIABE L TAH S 100 uL
%, BMAERXIL 0.2M HCl - KCl buffer (pH2.2) # % &
Mz, BRICTLSHEKEEBL TS5 200ul %, X5
12, RABK L L CEERR 1004l %, FhENHEE
FAEL - MWY ZEXEH (OXOID) k@1 v S — Vg
TEBMAL., Tho® 37°C T 10 HRERERL -, BE
Wi, BESEES AL CEEL, BEERK
BT, VUFRTEHE L MOME & OISR
A Tl RIREBIUREERICL-T, VYT RS
BREE LA L-E%YSIEL, RELLZHFARD
BCYEwx R £ (OXOID) & iy 58K B 1o i 41 s 3%
L7z, BE#E, BCYEa BEIGHIIKDOARE LA 0%
VUFRSBREEELL. LY RSBEOBE,
PCR WD, Ly RS hEmE MWL LA Rs
Z7 v 7 A7 A (0XO0ID), DDH VA4 %5 (BH) I
&£ %5 DNA-DNA N4 Ty F 4 ¥— 3, 165 rRNA
EEFOBEERFIOFERDIZ L 0T - 7.

BELL, MEYRELE MIH  EEREDICK-
THRBE AP 7o, §IREBL LT, VIFRTORE
BT I THESPEMEE T VW5 T L2 8EL,
50°C 20 & D hn#EAt:, HALEE (0.2M HCI - KCI buffer
pH22 # S B2 BE T4~30 SRIKE) L b Dr
REEKH L L7 SEERSERITGIHROBBEKOBRICEL T
ﬁ’) 7z

# 7

1. BERICL DR

MBI L ABEOKR, SEHEOL I S HER
DEEL, SEFRLZTXTOL VA RS BH5HEFEH
ET, My P SABRET A 7)), ERAEEOTS
WA v bS5 A THOIHBREE &\ - BB it
BEEXRELAE2). Col i, fREIL - TH



