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Abstract

We developed a single tube multiplex real-time PCR assay that allows for the rapid detection and
typing of 9 nonpneumophila Legionellaspp. isolates that are clinically relevant. The multiplex
assay is capable of simultaneously detecting and discriminating L. micdadei, L. bozemanii, L.
aumoffii, L. longbeachae, L. feelefi, L. anisa, L. parisiensis, L. fucsonensis serogroup (sg) 1

and 3, and L. sainthelensis sg 1 and 2 isolates. Evaluation of the assay with nucleic acid from
each of these species derived from both clinical and environmental isolates and typing strains
demonstrated 100% sensitivity and 100% specificity when tested against 43 other Legionella spp.
Typing of L. anisa, L. parisiensis, and L. tucsonensis sg 1 and 3 isolates was accomplished by
developing a real-time PCR assay followed by high-resolution melt (HRM) analysis targeting the
$srA gene. Further typing of L. bozemanii, L. longbeachae, and L. feeleiiisolates to the serogroup
level was accomplished by developing a real-time PCR assay followed by HRM analysis targeting
the mip gene. When used in conjunction with other currently available diagnostic tests, these
assays may aid in rapidly identifying specific etiologies associated with Legionella outbreaks,
clusters, sporadic cases, and potential environmental sources.
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1. Introduction

Legionellae are facultative intracellular gram-negative bacteria found ubiquitously in water
and soil environments (Fields et al., 2002; Mercante and Winchell, 2015). Being an
intracellular organism, Legionellae are capable of replicating in environmental protozoa

as well as within alveolar macrophages and epithelial cells (Cianciotto et al., 1990; Fields,
1996; Newton et al., 2010). Legionellae are common contaminates of natural and man-
made water systems, including cooling towers, air conditioning systems, fountains, and
whirlpools, where conditions may be ideal for growth and propagation (Kozak et al., 2013;
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Steinert et al., 2002). Once aerosolized, the bacteria can enter the human respiratory tract
and cause disease manifesting as Legionnaires' disease, a severe form of pneumonia, or
Pontiac fever, a self-limiting flu-like illness (Fields et al., 2002).

Over 60 Legionella spp. comprising 70 distinct serogroups have been identified to

date (http://www.bacterio.cict.fr/l/legionella.html). Although the majority of cases of
Legionnaires' disease are caused by Legionella pneumophila, nearly one-half of all
Legionella spp. have been associated with human disease. It is possible that under

the appropriate conditions, immunocompromised individuals can be infected with any
Legionellaspp. (Fields et al., 2002). Infections caused by Legionella spp. other than L.
pneumaophila are probably not diagnosed regularly due to limitations of current diagnostic
methods which are biased toward the detection of L. pneumophila. L. pneumophilais the
species most frequently isolated from water distribution systems, but Legionella micdadei,
Legionella bozemanii, Legionella dumoffii, Legionella anisa, and Legionella feeleiiare also
isolated relatively frequently (Best et al., 1983; Bornstein et al., 1985; Joly et al., 1986;
Lowry et al., 1991; Palutke et al., 1986; Parry et al., 1985). Worldwide, of the reported
nonpneumophila infections, L. micdaderaccounts for 60% of the cases; L. bozemanii, for
15%; L. dumoffii, for 10%; Legionella longbeachae, for 5%; and other species, for 10%
(Amodeo et al., 2010; Benson et al., 1990; Fang et al., 1989; Herwaldt et al., 1984; Lee et
al., 2009; Reingold et al., 1984; Yu et al., 2002). However, global incidence of Legionella
infection surveillance data should be interpreted carefully as it is underrecognized in many
countries because of the lack of diagnostics and surveillance systems.

The current gold standard for typing of isolated Legionellaspp. is based on PCR
amplification followed by sequencing of the macrophage infectivity potentiator gene

(mip) (Ratcliff et al., 1998). Although reliable, this method is time consuming and

requires specialized training. In this study, we developed a rapid, single-tube real-time
multiplex PCR assay capable of identifying 9 nonpneumophila Legionellaspp.: L. micdadei,
L. bozemanii, L. dumoffii, L. longbeachae, L. feeleii, L. anisa, Legionella parisiensis,
Legionella tucsonensissg 1 and 3, and Legionella sainthelensis sg 1 and 2 isolates.

The assay was designed to identify 5 of the most prevalent nonpneumophila species
involved in human disease (L. micdadei, L. bozemanii, L. dumoffii, L. longbeachae, and

L. feeleii). However, we were able to exploit primer/probe cross-reactivity to identify an
additional 4 nonpneumophila species (L. anisa, L. parisiensis, L. tucsonensissg 1 and 3,
and L. sainthelensis sg 1 and 2) that, although rare, have also been identified as cause of
human disease. Additional follow-up high-resolution melt (HRM) assays were developed to
discriminate nucleotide polymorphisms within specific targets to differentiate L. anisa, L.
parisiensis, and L tucsonensis sg 1 and sg 3 isolates and serogroups for L. bozemanii, L.
longbeachae, and L. feeleiiisolates. Identification of specific serogroups could be valuable
when trying to pinpoint the source of infection during outbreak investigations.

Materials and methods

Primer and probe design

PrimerQuest® Software (Integrated DNA Technologies, Coralville, 1A, USA) was used
to design multiple TagMan® primer-probe sets targeting gyrB (L. bozemanii), legS2 (L.
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aumoffir), figA (L. feeleii), ligB (L. longbeachae), and the migB genes (L. micdadei).
Primer sets for real-time PCR-HRM typing assays were designed to target the mip gene (L.
bozemanii, L. feeleii, and L. longbeachae) and the ssrA gene (L. anisa, L. parisiensis, and
L. tucsonensis sg 1 and 3). Primer and probe sequences, GenBank accession number, final
concentrations, and the distinct fluorophores for each probe used in the multiplex and HRM
assays are listed in Table 1. Primers and probe sets were initially tested and optimized in
singleplex format (data not shown).

2.2. Multiplex real-time PCR assay

The multiplex reaction contained 12.5 uL of Quanta PerfeCTa™ Multiplex qPCR SuperMix
(Quanta Biosciences, Gaithersburg, MD, USA), 0.5 pL of each primer and probe (Table 1), 5
ng of template, and nuclease-free water to a final volume of 25 L. The assay was performed
on the Rotor-Gene Q (Rotor-Gene 6000) (Qiagen, Valencia, CA, USA) instrument with the
following thermocycling conditions: 95 °C for 5 minutes followed by 45 cycles of 95 °C

for 15 seconds and 60 °C for 1 minute (data acquisition in all 5 channels). Channel gain
settings were set at green (Fields, 1996), yellow (Cianciotto et al., 1990), orange (Newton

et al., 2010), red (Mercante and Winchell, 2015), and crimson (Cianciotto et al., 1990). All
samples were tested in duplicate. Primers and probe sets were initially tested and optimized
in singleplex format (data not shown).

2.3. Real-time PCR-HRM assay

The ssrA and mip real-time PCR-HRM assays were prepared using the Universal SYBR
GreenER gPCR kit (Life Technologies, Grand Island, NY, USA), containing the following
components per reaction: 12.5 pL of 2x master mix, 0.5 L of each primer (Table 1), 1

pL 10 mmol/L dNTP mix, 0.25 pL of Platimun Taqg polymerase, 5 ng of template, and
nuclease-free water to a total final volume of 25 pL. All HRM assays were performed on the
Rotor-Gene Q instrument with the following thermocycling conditions: 95 °C for 5 minutes
followed by 35 cycles of 95 °C for 15 seconds and 60 °C for 1 minute (data acquisition

in green channel). Following amplification, HRM was performed between 74 °C and 84

°C (ssrA) and 68 °C and 82 °C (mip) at a rate of 0.03 °C per step. HRM normalizing
regions for each assay were as follows: ssrA 77 °C-78 °C/81 °C-82 °C, L. bozemanii (mip)
70.5 °C-71.5 °C/79 °C-80 °C, L. feeleii (mip) 71.5 °C-72.5 °C/78.5 °C-79.5 °C., and L.
longbeachae (mip) 73.5 °C-74.5 °C/78.5 °C-79.5 °C. All samples were tested in duplicate.
Direct fluorescent antibody (DFA) and mip sequencing procedures to confirm HRM results
were performed as previously described (Katz, 1985; Ratcliff et al., 1998).

2.4. Analytical specificity, sensitivity, isolates, and nucleic acid extraction

Analytical specificity was verified using a comprehensive panel of 52 Legionella spp.
type strains representing most species and serogroups along with 21 L. micdadei, 28 L.
bozemanii, 21 L. dumoffii, 80 L. longbeachae, 11 L. feeleil, 43 L. anisa, 2 L. parisiensis,
2 L. tucsonensissg 1 and sg 3, and 20 L. sainthelensis sg 1 and sg 2 clinical and
environmental isolates (Table 2) previously identified by serological methods and/or mip
sequencing following previously described methods (Katz, 1985; Ratcliff et al., 1998).
Analytical sensitivity was established by testing 10-fold DNA dilutions from 100 pg/uL
down to 1 fg/uL from each of the 9 Legionella spp. detected by the assay. Each dilution
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was tested in 10 replicates, and limits of detection (LODs) were established for each assay,
defined as the lowest dilution in which =50% of replicates had positive crossing threshold
(Ct) values. The Ct values were plotted against nucleic acid concentration to determine slope
and assay efficiencies (%). This was calculated by determining the percentage of difference
either above or below the perfect slope of —3.3 and efficiency of 100%. Isolates were
selected from the CDC reference diagnostics library and grown on buffered charcoal yeast
extract agar plates at 35 °C with 2.5% CO, for 48-72 h. Total nucleic acid was extracted
using the Roche MagNA Pure Compact and/or the MagNA Pure LC instruments (Roche
Applied Science, Indianapolis, IN, USA) and normalized to 1 ng/uL using the NanoDrop®
ND-1000 V3.5.2 Spectrophotometer (NanoDrop products, Wilmington, DE, USA).

3. Results

3.1. Multiplex real-time PCR analysis

Real-time PCR amplification curves for detection of 9 pathogenic nonpneumophila
Legionella spp. typing strain isolates are shown in Fig. 1. Specific amplification of L.
micdadei (Fig. 1A), L. dumoffii (Fig. 1B), and L. feeleii (Fig. 1C) typing strains is displayed
in the green (FAM), yellow (HEX), and orange (TX-RED 615) channels, respectively. Fig.
1D displays amplification curves for L. Jongbeachae and L. sainthelensis sg 1 and sg 2 type
strains in the red (Quasar670) channel. Ct values of 17-20 are observed for L. longbeachae
isolates, whereas L. sainthelensissg 1 and L. sainthelensis sg 2 isolates display Ct values of
32-35 and 24-27, respectively. Fig. 1E displays amplification curves for L. bozemanii (Ct
17-20), L. anisa, L. pansiensis, and L. tucsonensissg 1 and sg 3 (Ct 24-27) in the crimson
(Quasar705) channel. The multiplex assay achieved 100% analytical specificity when tested
against a panel composed of 300 Legionella spp. type strains and clinical/environmental
isolates (data not shown) (Table 2). An LOD of 50 fg per reaction was established for the

L. micdadei, L. dumoffii, L. feeleii, L. longbeachae, and L. bozemanii targets. An LOD of
500 fg/reaction was established for the L. anisa, L. pansiensis, and L. tucsonensissg 1 and
sg 3 targets and 500 pg and 5 pg for L. sainthelensissg 1 and L. sainthelensis sg 2 targets,
respectively. The LODs were equivalent for the singleplex and multiplex Legionella spp.—
specific assays (data not shown). Assay efficiencies ranged from 80% to 110% depending on
the target (data not shown).

3.2. Real-time PCR and HRM analysis

Speciation of L. anisa, L. parisiensis, and L. tucsonensissg 1 and sg 3 isolates is shown in
Fig. 2. HRM analysis allows for detection of each species based on the melting pattern of
the 101-bp amplicon targeting the ssrA gene. Specific nucleotide differences at 4 different
positions within the ssrA amplicon dictate the specific melting pattern of each species.

L. anisaisolates displayed nucleotide bases T, T, C, and A; L. tucsonensissg 1 and 3
displayed A, A, A, and A; and L. parisiensis displayed A, T, and C and a base pair deletion
at positions 50, 67, 68, and 77 within the amplicon, respectively. A total of 43 L. anisa,

2 L. parisiensis, 1 L. tucsonensissg 1, and 1 L. tucsonensis sg 3 isolates were tested

with 100% specificity. Fig. 3A displays HRM analysis of the 112-bp amplicon targeting
the mip gene of 26 L. bozemaniiisolates previously serotyped. The curve melting pattern
shows clear discrimination between 1 sg 1 and 13 sg 2 isolates which targets a 2-bp
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difference at positions 22 and 81 within the amplicon, G and C (sg1) and A and T (sg2),
respectively. An additional distinct melting pattern was observed in 12/26 isolates (sg 1
variant) previously typed by DFA as sg 1, and nucleotides A and C were identified after mip
sequencing analysis at positions 22 and 81 within the amplicon (data not shown). Typing of
L. longbeachae serogroups was accomplished by targeting a 2-bp difference within a 180-bp
region in the mip gene. L. longbeachae sg 1 displayed nucleotide bases C and C at positions
139 and 145 within the amplicon, whereas sg 2 isolates displayed nucleotide bases A and T,
respectively. Fig. 3B displays HRM analysis of 77 L. longbeachae isolates [sg 1 (73), sg 2
(Cianciotto et al., 1990), and sg 2 variant (Fields et al., 2002)]. Results were confirmed by
DFA and mip sequencing analysis (data not shown). HRM analysis of a 100-bp amplicon
within the mip gene region of 11 L. feeleiiisolates is displayed in Fig. 3C. A single base pair
nucleotide difference was targeted, and clear discrimination between 1 L. feeleiisg 1 isolate
with nucleotide G at position 24 and 10 sg 2 isolates with nucleotide T at position 24 within
the amplicon was observed. Results were confirmed by mip sequencing analysis (data not
shown).

4. Discussion

Although L. pneumophila causes the majority of cases of Legionnaires' disease, the number
of cases caused by other Legionella spp. is not well established, as the infections are
difficult to diagnose due to limitations of the current diagnostic methods, which are biased
toward the detection of L. pneumophila (Svarrer and Uldum, 2012). A study of community-
acquired Legionnaires' disease identified culture-confirmed cases where L. pneumophila
was responsible for the greatest percentage of cases (91.5%), followed by L. longbeachae
(3.9%) and L. bozemanii (2.4%). The remainder of cases were due to L. micdadei, L. feeleii,
L. dumoffii, Legionella wadsworthii, and L. anisa (Yu et al., 2002). Due to the lack of
molecular detection diagnostics for nonpneumophila Legionella, we developed a multiplex
real-time PCR assay for detection of 9 clinically relevant nonpneumophila Legionella spp.
isolates, as well as real-time HRM assays to rapidly subtype L. fongbeachae, L bozemanii,
and L. feeleiiisolates to the serogroup level. Detection of L. longbeachae is of particular
importance outside of the United States. In Australia and New Zealand, L. /ongbeachae

has been reported to be more prevalent in clinical cases than in other parts of the world
(Murdoch, 2003; Whiley and Bentham, 2011). In addition to its detection capabilities, the
assay allows for a time and cost-efficient alternative to mip sequencing, which can often take
8+ hours to complete and requires specialized equipment and training.

The current multiplex assay uses hydrolysis probe-based chemistry and targets distinct
regions within the L. dumoffii, L. feeleii, and L. micdadei genomes, allowing for specific
identification of these species. Primers and probes were designed to be specific for both
L. longbeachae and L. bozemaniitargets. Mismatches of primers and/or probes to target
sequences of other Legionella spp. were exploited to enable additional identification.

The lower assay efficiency due to primer and/or probe mismatches, along with the use

of normalized nucleic acid, allows for successful discrimination of the cross-reactive
species within each assay based on a differential Ct value and fluorescence levels of the
amplification curve. Lower efficiency in oligo binding in the L. Jongbeachae assay allows
for detection of L. sainthelensissg 1 and sg 2 isolates, while the L. bozemanii assay can

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Benitez and Winchell Page 6

also detect L. anisa, L. parisiensis, and L. tucsonensissg 1 and sg 3 isolates. Although rarely
isolated from clinical cases, L. anisa, L. parisiensis, and L. tucsonensis have been identified
in the past as direct causes of human disease, including pneumonia and Pontiac fever (Fallon
and Stack, 1990; Fenstersheib et al., 1990; Jones et al., 2003; Lo Presti et al., 1997; Thacker
etal., 1989). In addition, L. anisais the most frequently isolated species from hospital water
systems, in conjunction with L. pneumophila (van der Mee-Marquet et al., 2006).

Although widely used for subtyping of Legionella spp., DFA assay analysis is limited

by cross-reactions among Legionella spp. and serogroups (Mercante and Winchell, 2015;
Thacker et al., 1985). Since L. anisa, L. parisiensis, and L. tucsonensissg 1 and sg 3
amplification curves fall within the same Ct value, a follow-up real-time PCR-HRM assay
was developed in order to discriminate these species based on nucleotide differences within
a 101-bp amplicon in the ssrA gene, as seen in Fig. 2. We were able to rapidly distinguish L.
longbeachae-, L. bozemanii—, and L. feelei-specific serogroups by designing an additional
real-time PCR assay followed by HRM analysis targeting a specific region of the mip

gene (Fig. 3). This increased resolution methodology has also been used to detect single-
nucleotide polymorphisms in human genes (Gundry et al., 2003; Herrmann et al., 2006) and
to subtype and identify antibiotic resistance in other bacteria (Bidet et al., 2012; Mitchell et
al., 2009; Wolff et al., 2008).

Although limited to detection of isolates, this assay complements existing methods for
detection and could serve as a tool for identification of clinically relevant nonpneumophila
Legionellaspp. in a clinical microbiology lab. The assay allows for rapid identification of

9 Legionellaspp., along with subtyping of L. longbeachae, L. bozemanii, and L. feeleii
isolates using HRM. The assay builds upon our recently developed multiplex assay (Benitez
and Winchell, 2013), thus expanding the field of molecular diagnostics for Legionella
detection. These assays can be used to complement bacteriological culture and antigen
detection, allowing rapid and specific diagnosis, especially during outbreak investigations.
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Fig. 1.

Multiplex assay for detection and identification of 9 clinically relevant nonpneumophila
Legionellaisolates. (A) L. micdadei, (B) L. dumoffii, (C) L. feeleii, (D) L. longbeachae, L.
sainthelensissg 1 and sg 2, and (E) L. bozemanii, L. anisa, L. parisiensis, and L. tucsonensis

sg 1 and sg 3. All samples were run in duplicate.
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Fig. 2.

Real-time PCR-HRM assay for discrimination of L. anisa, L. parisiensis, and L. tucsonensis

sg 1 and sg 3 isolates targeting the ssrA gene.
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HRM profiles for subtyping of Legionella spp., targeting nucleotide differences in the mip
gene. (A) Subtyping of 26 L. bozemaniiisolates, (B) subtyping of 77 L. longbeachae
isolates, and (C) subtyping of 11 L. feeleiiisolates.
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Strains used for evaluating specificity and sensitivity of the real-time PCR multiplex assay.

Strains

No. of isolates tested

L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L
L

. pneumophila sg. 1-17

. adelaidensis

. anisa

. beliardensis

. birmighamensis

. bozemanii

. brunensis

. busanensis

. cherrii

. cinannatiensis

. drozanskii

. dumoffii

. erythra

. fairfieldensis

. fallonii

. feeleii

. geestiana

. genomo species
gormanii
gratiana

gresilensis

. hackleliae
. impletisoli

. [sraelensis

. Jamestowniensis
. jordanis

. lansingensis

. longbeachae

. londiniensis

. Iytica

. maceachernii

. micdadei

. moravica

. nagasakiensis

. nautarum

. oakridgensis

. parisiensis

. quateirensis

. quinlavanii

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2022 April 01.

22
1
43

e T e o

o}
o

N P NN PN

Table 2

Page 13



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Benitez and Winchell

Strains

No. of isolates tested

. rowbowthamii
. rubriluscens

. sainthelensis

. santicrucis

. Shakespearei

. Spiritensis

. Steigerwaltii

. taurinensis

. tucsonensis

. wadsworthii

~N ~~NN~NMN~MNMNMNM~SS

. waltersii

L. worsleiensis
L. yabuchiae
Total

1

N
o

L N N = T = T S S N}

300
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