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Legionella spp. are common in various natural and man-made aquatic environments. Recreational hot
spring is frequently reported as an infection hotspot because of various factors such as temperature
and humidity. Although polymerase chain reaction (PCR) had been used for detecting Legionella, several
inhibitors such as humic substances, calcium, and melanin in the recreational spring water may interfere
with the reaction thus resulting in risk underestimation. The purpose of this study was to compare the
efficiencies of conventional and Taqman quantitative PCR (qPCR) on detecting Legionella pneumophila
in spring facilities and in receiving water. In the results, Taqman PCR had much better efficiency on
specifying the pathogen in both river and spring samples. L. pneumophila was detected in all of the
27 river water samples and 45 of the 48 hot spring water samples. The estimated L. pneumophela
concentrations ranged between 1.0|102 and 3.3|105 cells/l in river water and 72.1–5.7|106 cells/l
in hot spring water. Total coliforms and turbidity were significantly correlated with concentrations of
L. pneumophila in positive water samples. Significant difference was also found in water temperature
between the presence/absence of L. pneumophila. Our results suggest that conventional PCR may be
not enough for detecting L. pneumophila particularly in the aquatic environments full of reaction inhibitors.
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Introduction
Legionella spp. was first isolated from guinea pigs in

1934, but its potential hazards were not recognized

until the first large-scale pneumonia outbreak in

Philadelphia, USA in 1976.1,2 At least 59 Legionella

species have been identified since, and 26 species are

associated with human illness, including Legionnaires’

disease and Pontiac fever.3 Legionella pneumophila is

the most common pathogenic Legionella species,

accounting for 80–90% of Legionnaires’ disease cases.4,5

Legionella spp. can be found in natural and

man-made water environments such as rivers, hot

springs, lakes, cooling towers, and swimming pools.

Until recently, many of the Legionella monitoring

studies were performed in response to legionellosis

outbreaks.6–8 According to previous studies, the

detection rate of Legionella spp. ranged between 25.8

and 64% inman-made water facilities,9–12 and the con-

centration varied from 940 to 1.5|106 genome units

(GU)/l.12,13 For natural water environment, the

detection rate of Legionella spp. was 8.7–100%, and

concentrations ranged between 7.4|103 and

9.4|105 GU/l,14 and 104–108 cells/l.15,16

Polymerase chain reaction assay has been widely

used for detection of microbes in environmental

samples. Compared to conventional incubation

method, PCR is less time-consuming and more
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sensitive in detecting and identifying specific microor-

ganisms. Although highly specific, PCR is more vul-

nerable to aquatic pollutants since concentration of

bacteria by membrane filtration usually comes with

residues of miscellaneous PCR inhibitors including

humic substances, metal ions, polysaccharides, and

insoluble debris.17–21 Such inhibitors interfere with

PCR via inactivating DNA polymerase or sequester-

ing/degrading DNA templates.21 In the recreational

spring water, higher concentration of calcium and

the impurities such as the melanin from hair and

skin, and the urea from human discharges are all

potential PCR inhibitors.22 Hot spring facility is a

known hotspot of Legionella infection owing to the

warmer temperature and humidity, which provides

an ideal environment for the bacterial growth.

Water swirling and shower nozzles may further

increase the pathogens in aerosol which could further

increase the infection possibility. However, PCR

inhibitors in the recreational spring water may

result in underestimation of the Legionella risk.

In this study, qPCR (Taqman) was used for detecting

and quantifying L. pneumophila in hot spring and river

samples. The efficiencies between the conventional

PCR and Taqman qPCR were compared. In addition,

relationship between the presence of L. pneumophila

and various water quality parameters were evaluated.

Materials and Methods
Sampling sites, samples collection, and water
quality analysis
Water samples were collected from along Puzih River

(23̊289N, 120̊139E) in southern Taiwan and from three

hot spring recreational areas. The three hot spring

areas included K.-K. (24̊209N, 121̊019E), P.-L.

(22̊419N, 121̊009E), and Z.-P. (22̊059N, 120̊449E), and

all are with weak alkaline-carbonated hot springs. The

sampling campaign was carried out between August

2011 and July 2012. For each sample, 2,000 ml of water

was collected into two sterile 1 lbottles and stored at

4uuC before transferring to the laboratory. Three water

quality parameters were measured for each water

sample at the time of sample collection, including pH

level with a portable pH meter (D-24E, Horiba Co.,

Japan), water temperature with a thermometer, and tur-

bidity with a turbidimeter (HACH Co., Loveland, CO).

In addition, microbial water quality was assessed within

24 hours of sample collection, including heterotrophic

bacteria by spreadmethod, and total coliforms bymem-

brane filtration and incubation with a differential

medium as prescribed in the Standard Method for the

Examination of Water and Wastewater (Methods 9215

Cand9222B).23 Statistical analyses (differences and cor-

relation) onpresence andamount ofL. pneumophilawith

the water quality parameters were performed using the

STATISTICAH software (StatSoft, Inc., Tulsa, USA).

Sample pretreatment
One liter of each water sample was filtered through

0.22 mm pore size, 47-mm diameter cellulose nitrate

membranes (Pall, New York, USA). The number of

membranes used for each sample depended on the

water turbidity. After filtration, the membranes

were collected and swirled with 100 ml of Page’s

saline solution for 5 min to elute the microbes from

the membranes for each sample. Page’s saline sol-

ution has prepare in 1 l of de-ionized water contained

120 mg of NaCl, 4 mg of MgSO4.7H2O, 4 mg of

CaCl2.6H2O, 142 mg of Na2HPO4, and 136 mg of

KH2PO4. The resulting eluent was transferred into

two conical centrifuge tubes (50 ml each) and centri-

fuged at 5,800| g for 30 min. For each centrifuged

solution, the top supernatant fluid (about 47.5 ml)

was aspirated and discarded. The pellet in the

remaining 2.5 ml solution was resuspended by vor-

texing in a disinfected tube. For each water sample,

two tubes of 2.5 ml concentrate were produced.

DNA extraction was done with MagNA Pure LC

System (Roche, Basel, Switzerland) and MagNA

Pure LC DNA Isolation Kit III (Roche). The derived

DNA was used for all the PCRs.

Detection and quantification of L. pneumophila
with qPCR (Taqman) assay
In this study, mip was used as the target gene for

identifying L. pneumophila. The operation conditions

of qPCR for L. pneumophila are summarized in

Table 1. The qPCR mixtures contained 5 ml template

DNA, 0.5 ml of each primer, 0.5 ml of probe, 10 ml of

probe mix, and sterile water to 20 ml volume. After

qPCR, the reaction product was examined for the

presence of specific target genes using electrophoresis

separation. Nuclease-free water (Qiagen) was used in

all experiments as negative controls. Each qPCR run

was conducted using positive control DNA for

L. pneumophila ATCC 33823, sample DNA, and

negative control.

Calibration for quantification outcome by qPCR
(Taqman) assay
The positive control, L. pneumophila ATCC 33823,

was transferred onto a BCYE agar plate (buffered

charcoal yeast extract with alpha-ketoglutarate,

L-cysteine, and ferric pyrophosphate). The inoculated

plates were then incubated in a 5% CO2 incubator at

37uuC. DNA was extracted from a 5-day culture of

L. pneumophila by heating method (heating at 95uuC
for 10 min, followed by centrifuge at 9,700|g for

10 min) for qPCR (Taqman) assay. The qPCR

products were identified with gel electrophoresis on

a 2% agarose gel (Biobasic Inc., New York, USA)

with 5 ml reaction solution from qPCR (Taqman)

assay. The band of gel in target gene site (66 bp)

was cut carefully before gel dissociation. The DNA
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was purified by Gel/PCR DNA fragments extraction

kit (Geneaid, New Taipei City, Taiwan). Sub-

sequently, yT&A clone vector kit (Yeasterm Biotech

Corporation, Taipei, Taiwan) was used and the

vector will ligate with the insert DNA after overnight

reaction at 4uuC. The transformed cells were incu-

bated overnight at 37uuC for blue/white screening,

with white colonies chosen after competent cell trans-

formation. The recombinant plasmid DNA was pur-

ified by HiYield2 plasmid mini kit (Real Biotech

Corporation, Taipei, Taiwan), and the plasmid

DNA amount was determined by Micro-spectropho-

tometer (CLUBIO CB-4500, Taiwan) at 260 nm in

triplicates. The corresponding copy number was

calculated using the following equation27

DNA ðcopy numberÞ ¼
6:02 £ 1023ðcopy=molÞ £ plasmid DNA amountðgÞ

DNA length ðbpÞ £ 660 ðg=mol=dpÞ

Quantification of L. pneumophila was determined

with threshold cycle value (Ct) by which the

threshold fluorescence level was detected by the

ABI StepOne2 Real-Time PCR Systems (Applied

Biosystems, Singapore). A detected L. pneumophila

cell would be counted as one copy number,28

thus the calculated Ct may be converted to L. pneu-

mophila concentration in cells/l. Plasmid DNA of

L. pneumophila from positive control was used

with serial 10-fold dilutions by sterile water for

qPCR(Taqman) assay, and the resulting copy num-

bers were compared with observed Ct to construct

the calibration curve for quantifying L. pneumophila

in the water sample.

PCR analysis
In this study, the PCR method was used for compari-

son with detection outcomes by qPCR. The PCR sol-

ution was prepared with 5 ml of the DNA templates

and PCR mixture to a total volume of 50 ml. The

PCR mixture contained 5 ml 10| PCR buffer

(20 mM MgCl2), 1 ml dNTP mix (10 mM of each

dNTP), 200 pmol each of the oligonucleotide primers

and 0.3 ml VioTaqTM DNA Polymerase

(Viogene, New Taipei City, Taiwan, 5 U/ml), and

DNase-free deionized water. The primer sets and

reaction settings for Legionella spp. and L. pneumo-

phila are summarized in Table 1. The target genes

(leg and mip) were used to confirm the detection of

L. pneumophila. The PCR product was confirmed for

the presence of specific target genes using electrophor-

esis separation. L. pneumophilaATCC 33823 was used

as positive control in this study, and negative controls

were also included by replacing the DNA template

with distilled water for subsequent analyses.

Gel electrophoresis
All positive samples, whether detected by qPCR or

PCR method, were subject to gel electrophoresis for

species confirmation on a 2% agarose gel (Biobasic

Inc.) with 5 ml reaction solution. The DNA fragments

were confirmed with ethidium bromide staining

(0.5 mg/ml, 10 min). A 100-bp DNA ladder was

used as a DNA size marker for image production

under UV light.

Table 1 Summary of primer sequences of polymerase chain reaction (PCR) and quantitative PCR (qPCR) assays for
Legionella spp. and L. pneumophila.

PCR assay Primer sequences

Predenaturation,
denaturation,
annealing and

extension
temperature

Cycling
Number

Amplicon
size (bp) Reference

PCR leg225 59-AAGATTAGCCTGCGTCCGAT-39 – 95 62 72 40 654 Miyamoto et al.24

leg858 59-GTCAACTTATCGCGTTTGCT-39
mip920 59-GCTACAGACAAGGATAAGTTG-39 – 95 62 72 40 648 Bej et al.25

mip1548 59-GTTTTGTATGACTTTAATTCA-39
qPCR mip F 59-TTCATTTGYTGYTCGGTTAAAGC-39 95 95 60 72 40 66 Behets et al.26

mip R 59-AWTGGCTAAAGGCATGCAAGAC-39
probe 59(FAM)-AGCGCCACTCATAG-(BHQ1) 39

leg: Legionella eukaryotic-like genes; leg 225/858 is specific for Legionella species; mip: macrophage infectivity potentiator;

mip 920/1548 and mip F/R is specific for Legionella pneumophila.

Figure 1 The calibration curve of quantitative L. pneumophila

mip polymerase chain reaction (PCR).
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Results and Discussion
Calibration outcome for qPCR (Taqman) assay
The calibration outcome for qPCR (Taqman) assay

is presented in Fig. 1. A linear relationship was

observed between Ct values and the logarithmic

values of the mip gene copy numbers, and the

calibration equation was Ct5–1.39 log10 [copy

number] z39.33. The coefficient of determination

(r 2) was 0.998, with range of detection from 34.3 to

3.5|108 cells/l. The calibration results showed

that this method would allow a wide range for

L. pneumophila concentration.

L. pneumophila monitoring outcomes
A total of 75 water samples were collected from a

river and three hot spring recreation areas in this

study. Each sample was evaluated with PCR and

qPCR, and the detection outcomes are summarized

in Table 2. Of the 75 samples analyzed, 72 (96.0%)

were found to contain L. pneumophila by qPCR.

In contrast, 41 positive samples were detected with

leg PCR and 19 samples with mip PCR. As all

positive detections were confirmed by electrophor-

esis, the likelihood of false-positive detection by

qPCR was minimized. The estimated concentrations

of L. pneumophila in the positive samples ranged

between 72.1 and 5.7|106 cells/l.

Of the 75 water samples, 27 were collected from

the same river and 48 were taken from three hot

spring recreation areas. The detection rates also

varied greatly by type of water source and detection

method used (Table 2). With qPCR method,

L. pneumophila was detected in all (27/27) river

samples and 93.8% (45/48) of the samples from hot

spring areas. In the results, L. pneumophila was

detected in all river samples, suggesting that the

potential human pathogen may be highly prevalent

in the natural environment. Further assessment is

warranted with respect to potential infection risks

associated with recreational use of the water

environment. However, it should not be ruled out

that qPCR might overestimate cell counts due to

nonspecific signals near the detection limits.29,30

In comparison, the detection rates of conventional

PCR are consistently lower than qPCR outcomes.

Interestingly, the detection rate of mip PCR is

lower than leg PCR especially in the river samples

possibly because the primers with higher A/T ratio

were more sensitive to PCR inhibitors in receiving

waters. On the other hand, evaluation of PCR and

TaqMan PCR in artificial samples that inhibitor

(Urea) was tested. The results are shown in Fig. 2.

TaqMan PCR had much better efficiency on specify-

ing the pathogen in artificial samples. In both Puzih

River and hot spring facilities, Taqman qPCR signifi-

cantly has better efficiency on detecting L. pneumo-

phila. These results suggested that Taqman qPCR is

less vulnerable to the environmental PCR inhibitors

and may be more suitable for evaluation of the

pathogens in recreational spring waters.

Quantitative assessment L. pneumophila in hot
springs
As shown in Table 2, 45 (93.8%) of the 48 water

samples from three hot spring recreation areas were

found to contain L. pneumophila and the concen-

trations ranged from 72.1 to 5.7|106 cells/l. Within

each hot spring recreation area, separate samples

Table 2 L. pneumophila monitoring for molecular techniques in various types of water samples.

Detection rate (%)*

Type of water sample leg PCR mip PCR mip qPCR
Range of L. pneumophila concentration
(cells/l, average concentration)þ

Overall 54.7 (41/75) 26.7 (19/75) 96.0 (72/75) 72.1–5.7 £ 106 (1.5 £ 104)
Puzih river 70.4 (19/27) 7.4 (2/27) 100.0 (27/27) 1.0 £ 102–3.3 £ 105 (1.2 £ 104)
Hot spring 45.8 (22/48) 35.4 (17/48) 93.8 (45/48) 72.1–5.7 £ 106 (2.5 £ 104)

Source water 58.3 (7/12) 41.7 (5/12) 100.0 (12/12) 1.7 £ 102–5.7 £ 106 (8.4 £ 105)
Hot spring water 50.0 (5/10) 40.0 (4/10) 100.0 (10/10) 1.7 £ 102–5.7 £ 106 (1.0 £ 106)
Cold water 100.0 (2/2) 50.0 (1/2) 100.0 (2/2) 3.6 £ 102–8.0 £ 102 (5.8 £ 102)

Facility water 42.4 (14/33) 33.3 (11/33) 90.9 (30/33) 72.1–6.5 £ 105(4.1 £ 104)
Public hot tub 38.9 (7/18) 33.3 (6/18) 94.4 (17/18) 72.1–6.5 £ 105 (6.1 £ 104)
Spa 66.7 (6/9) 55.6 (5/9) 88.9 (8/9) 1.4 £ 102–1.3 £ 105 (1.7 £ 104)
Personal hot tub 16.7 (1/6) 0.0 (0/6) 83.3 (5/6) 1.6 £ 102–6.6 £ 104 (1.4 £ 104)

Wastewater 33.3 (1/3) 33.3 (1/3) 100.0 (3/3) 2.3 £ 103–3.6 £ 105 (1.2 £ 105)

*Numbers in parentheses indicate positive and total samples, respectively. þQuantitative assessment outcomes from positive

samples only.

Figure 2 The evaluation of PCR and qPCR inhibitors in arti-

ficial samples. DNA concentration: 40 ng/ml, PCR inhibitor:

urea. Lane 1:640mM/ml, lane 2: 320mM/ml, lane 3: 160mM/ml,

lane 4: 80mM/ml, lane 5: 40mM/ml, lane 6: 20mM/ml, lane

7: 10mM/ml, lane 8: positive, lane 9: negative.
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were collected from source water, facilities water, and

wastewater. The detection rates ranged from 90.9% in

facility water to 100% in source water and wastewater.

In addition, the concentrations of L. pneumophila also

varied widely by sample source, which ranged up to

four orders of magnitude in source and facility water

samples. The highest concentration was found

among source water samples, but the average concen-

trations were not significantly different by water type,

probably due to large variations and small sample size

of the source water (n512) and wastewater (n53).

The source waters used in hot spring recreation

areas include cool stream water and hot spring

water. The average concentration of L. pneumophila

in positive hot spring samples (1.0|106 cells/l) was

higher than that in cool stream water (5.8|102

cells/l). Legionella spp. is known to thrive in hot

environment and L. pneumophila has been found to

grow in pipelines for hot spring waters. It is likely

that L. pneumophila found in the source water

samples may have come from soil or other sources

during hot spring collection process (Wallis and

Robinson 2005).

Typical facilities in the hot spring recreation areas

include public hot tubs, spas, and personal hot tubs.

According to qPCR results, the average concen-

tration of L. pneumophila in positive samples from

public hot tubs (6.1|104 cells/l) was slightly higher

than those in spas (1.7|104 cells/l) and personal

hot tubs (1.4|104 cells/l). The lower concentrations

in water samples from personal hot tubs may have

been a result of frequent draining, which

prevented proliferation within the facility. For waste-

water, only one sample was collected from each hot

spring recreational area, and all were found to

contain L. pneumophila, with concentrations between

2.3|103–3.6|105 and averaged 1.2|105 cells/l.

Relationships between occurrence of L.
pneumophila and water quality parameters
Several water quality parameters were measured at

each sampling location during sample collection,

including heterotrophic plate counts (HPCs), total

coliforms, temperature, pH, and turbidity. The

average and standard deviation of these water quality

parameters are summarized in Table 3. Significant

difference was found between the presence and

absence of L. pneumophila for water temperature

(P50.041, Mann–Whitney U test). The finding was

consistent with that reported by Zanetti.31

Correlation between concentration of L. pneumophila

and the five water quality parameters were also eval-

uated using Spearman’s rank-order correlation coef-

ficient test. Significant correlations were found

between concentration of L. pneumophila and total

coliforms and turbidity. The results in this study

were in good agreement with those of our previous

report, which indicated that total coliforms in the

aquatic environment may be from the soil or fecal

contamination.32 A previous study also suggested

that organic contents in sediment might support

microbial growth in the aquatic environment,

which may in turn increase water turbidity (Valster

et al., 2011).

In this study, the qPCR (Taqman) combined with

electrophoresis is a rapid and highly sensitive pro-

cedure for quantitative assessment of L. pneumophila

in natural and man-made water environment. The

high prevalence and concentration of L. pneumophila

in hot spring water may pose a significant health risk.

Further assessment is necessary to determine poten-

tial health risks associated with recreational water

contact. To reduce the infection risk, the devices

should be completely disinfected regularly and

the hot spring could be mixed with chlorinated

water for temperature adjustment. Visitors should

avoid getting choked with the hot spring water.

Frequent drainage and cleaning of the recreational

facility were also required to reduce potential

health risks.
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*Significant difference at alpha ¼ 0.05
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