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Abstract: In this study, we aimed to associate the molecular typing of Legionella isolates with a culture
technique during routine Legionella hospital environmental surveillance in hot water distribution
systems (HWDSs) to develop a risk map able to be used to prevent nosocomial infections and
formulate appropriate preventive measures. Hot water samples were cultured according to ISO
11731:2017. The isolates were serotyped using an agglutination test and genotyped by sequence-based
typing (SBT) for Legionella pneumophila or macrophage infectivity potentiator (mip) gene sequencing
for non-pneumophila Legionella species. The isolates’ relationship was phylogenetically analyzed.
The Legionella distribution and level of contamination were studied in relation to temperature
and disinfectant residues. The culture technique detected 62.21% of Legionella positive samples,
characterized by L. pneumophila serogroup 1, Legionella non-pneumophila, or both simultaneously.
The SBT assigned two sequence types (STs): ST1, the most prevalent in Italy, and ST104, which
had never been isolated before. The mip gene sequencing detected L. anisa and L. rubrilucens.
The phylogenetic analysis showed distinct clusters for each species. The distribution of Legionella
isolates showed significant differences between buildings, with a negative correlation between the
measured level of contamination, disinfectant, and temperature. The Legionella molecular approach
introduced in HWDSs environmental surveillance permits (i) a risk map to be outlined that can help
formulate appropriate disinfection strategies and (ii) rapid epidemiological investigations to quickly
identify the source of Legionella infections.

Keywords: Legionella pneumophila; non-pneumophila Legionella species; culture technique;
sequence-based typing (SBT); macrophage infectivity potentiator (mip) sequencing; sequence types
(STs); disinfection treatment; water safety plan

1. Introduction

Legionnaires’ disease (LD) is caused by Legionella spp., which are environmental Gram-negative
bacteria that colonize and persist in moist environments, particularly in water distribution systems [1].
Examples of water systems that might spread Legionella include hot and cold water tanks, heaters,
large plumbing systems, cooling towers (air-conditioning systems for large buildings), medical devices
(e.g., dental unit waterlines), and hot tubs, and unconventional sources such as decorative fountains,
spray irrigation systems, and car washes [2,3]. The infection is acquired via inhalation of contaminated
aerosol or, less commonly, by aspiration of drinking water [4].
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The increasing incidence of both nosocomial and community-acquired Legionella infections has
been a major public health concern. In 2018 in Italy, 2964 cases were reported to the National Surveillance
System (2876 confirmed and 88 probable), with an incidence of 48.9 cases per million inhabitants, with a
lethality rate for community and healthcare cases of 10.9% and 51.7%, respectively [5]. Among the
62 species of Legionella described to date, Legionella pneumophila serogroup 1 (SG1) is responsible for
75% of culture-confirmed LD cases [3].

The real risk of other sources of infection still remains somewhat underestimated. For this reason,
appropriate Legionella risk assessment plans must be designed for water systems, as suggested by the
Italian Guidelines [6], which will help minimize the risk of colonization, since eradication by water
networks is impossible, particularly in the long term [7].

Many factors can enhance the risk of Legionella infection, such as the design, construction,
and maintenance of water distribution systems, in addition to the presence of people who may
be exposed, their vulnerability to infection, the degree of water system colonization (number of
Legionella colonies, percentage of Legionella positive samples), and the pathogenicity of Legionella
strains [8]. Each water distribution system should be assessed individually considering the building’s
characteristics, the susceptibility of the population, and the modality of transmission from water
sources. This assessment can be performed with the application of a water safety plan (WSP) approach
that describes the most effective method to minimize the risk from poor water quality from the
source to the point of use. This approach includes: (i) continuously updating the management
plan to control risk; (ii) identifying a monitoring program; (iii) reviewing governance procedures
including the management structure, responsibilities, and accountabilities of the individuals involved;
(iv) establishing training requirements and measures of competence; and (v) constructing plans to deal
with predictable events such as adverse results or cases associated with critical failures in the system
(e.g., failure of major equipment such as a biocide dosing pump) [9].

Many studies have demonstrated the utility of performing Legionella typing to conduct
epidemiological investigation, which is useful for establishing a link between environmental sources of
infection and clinical cases, and for implementing appropriate risk control measures. Therefore,
for epidemiological investigations, two properties of Legionella strains are usually determined:
serological group (especially SG1) and genotype [8,10].

Molecular techniques can rapidly obtain information for identifying and genotyping the various
species and serogroups of Legionella. Currently, there is no ideal genotyping method that is universally
valid, since each organism appears to be better differentiated by one method over another. Legionella
molecular typing is currently performed by sequence-based typing (SBT) for L. pneumophila strains
and macrophage infectivity potentiator (mip) gene amplification for non-pneumophila Legionella species.
These are useful tools during investigations of LD cases, clusters, or outbreaks [11,12].

The SBT technique is a variant of the multilocus sequence typing (MLST) schemes used to identify
bacterial lineages and was first described for Streptococcus pneumoniae by Enright and Spratt [13],
who used seven housekeeping genes. The SBT technique was developed by members of the European
Legionnaires’ Disease Surveillance Network (ELDSNet) and has been described as a simple, rapid,
discriminatory, and portable method for typing L. pneumophila strains [14]. The SBT technique is based
on a scheme developed with a combination of seven housekeeping and virulence genes (flaA, pilE,
asd, mip, mompS, proA, and neuA). The technique is now considered the gold standard for genotyping
and is useful for identifying the sources of L. pneumophila infections, demonstrating the link between
clinical and environmental isolates [15], although several studies have demonstrated its limitations.
Generally, this approach is performed only during epidemiological investigations undertaken after the
notice of a single case, cluster, or epidemic event. In contrast, environmental surveillance of Legionella
is conducted using the culture technique, and in recent years, as suggested by Italian Guidelines [6],
real-time polymerase chain reaction (RT-PCR) was introduced to confirm negative results or to rapidly
screen water samples during epidemic events.
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Regarding non-pneumophila Legionella species, mip gene sequencing is useful in typing these
species. The mip gene encodes a protein involved in the virulence of Legionella [16]. The mip gene
sequence has been extensively studied, as it is extremely useful in typing studies; its presence in a
single copy and its difference in species with a cut-off of 98% of homology helps to establish diversity
between species, as suggested by the protocol and database of the European Working Group for
Legionella Infections (EWGLI) [17], leading to unique identification.

The purpose of this study was to apply a genotyping approach during routine Legionella surveillance
in a hospital hot water distribution system to assess Legionella contamination during a seven-year
treatment with hydrogen peroxide (H2O2) and silver (Ag+) salts (H2O2/Ag+). The study focused on
evaluating the changes in terms of positive samples, Legionella concentration, and isolate distribution.
The genotyping approach and the analysis of phylogenetic relationships between strains enabled
the study of the correlations or differences between strains and their response to physical–chemical
parameters involved in Legionella ecology, such as temperature and disinfection treatment. The acquired
knowledge permits a risk map of Legionella to be created for each building, which could support
nosocomial infection control, maintenance and disinfection strategies of water distribution systems,
as well as facilitate rapid response during epidemiological investigation by genomic comparison with
clinical cases.

2. Materials and Methods

2.1. Hospital Characteristics

This study was conducted in an Italian hospital located in the Emilia-Romagna region that has
implemented a WSP involving a Legionella surveillance program according to the Italian Guidelines [6].
The program consists of sampling the hot water distribution system every 3 months for a total of
4 samplings per year, following a risk assessment plan. The hospital structure consists of 3 separate
buildings, buildings A, B, and C, with a total area of 32,194.60 m2 distributed as follows: 20,583.30,
10,111.3, and 1500 m2, respectively. Each building is supplied by the same municipal water, treated by
a general softener to reduce the hardness to between 12–15◦f (moderately hard), which is in line with
Italian and European Council directives [18]. The water distribution system of the hospital complex
consists of 3 heat exchangers that produce hot water with 3 hot water return line networks.

The risk assessment plan to control Legionella contamination applied in all hospital buildings
consisted of sampling 5 sampling points in the technical rooms (aqueduct, tap water output, and 3 hot
water return lines) and some of the 55 sampling points among common areas; consulting, diagnostic,
and operating rooms; and offices, services, and inpatient rooms (located variously in the 3 buildings)
every 3 months. All sampling points were identified in 3 locations: near, intermediate, and far from
technical rooms, following the Italian Guidelines for Legionella prevention [6,7]. Despite the large
number of inpatient rooms, the alternating sampling method enables sampling of almost all inpatient
rooms in the 3 buildings. The layout of the sampling points, their locations on the floors, and their
respective location in relation to the distance from technical rooms are shown in Table 1.
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Table 1. Distribution of sampling points within buildings and in technical rooms.

Hospital Outlet Distribution

Sample ID Sample Point Location

56 Aqueduct Technical room
64 Tap water output Technical room

Building A outlet distribution Building B outlet distribution Building C outlet distribution

Sample ID Sample Point Floor Location Sample ID Sample Point Floor Location Sample ID Sample Point Floor Location

1a Hot water return
line building A - Technical

room 1b Hot water return
line building B - Technical

room 1c Hot water return
line building C - Technical

room
1 Service 0 near 22 Service −1 43 Service −1 near
2 Common area 0 intermediate 23 Common area 0 near 44 Service −1 far
3 Common area 0 far 24 Service 0 intermediate 45 Common area 0 near
4 Common area 0 far 25 Common area 0 intermediate 46 Service 0 far
5 Common area 1 near 26 Service 0 far 47 Service 1 near
6 Common area 1 intermediate 27 Operating room 0 far 48 Service 1 far
7 Service 1 far 28 Inpatient rooms 1 near 49 Common area 2 near
8 Common area 1 far 29 Service 1 intermediate 50 Inpatient rooms 3 near
9 Inpatient rooms 2 near 30 Inpatient rooms 1 intermediate 51 Inpatient rooms 3 intermediate

10 Service 2 intermediate 31 Inpatient rooms 1 far 52 Inpatient rooms 3 far
11 Inpatient rooms 2 far 32 Common area 1 far 53 Inpatient rooms 4 near
12 Operating room 2 far 33 Inpatient rooms 2 near 54 Inpatient rooms 4 intermediate
13 Operating room 2 far 34 Inpatient rooms 2 intermediate 55 Inpatient rooms 4 far
14 Intensive care 4 near 35 Service 2 intermediate
15 Intensive care 4 intermediate 36 Inpatient rooms 2 far
16 Intensive care 4 far 37 Inpatient rooms 2 far
17 Common area 4 far 38 Inpatient rooms 3 near
18 Operating room 5 near 39 Inpatient rooms 3 intermediate
19 Common area 5 intermediate 40 Inpatient rooms 3 far
20 Operating room 5 far 41 Inpatient rooms 4 near
21 Operating room 5 far 42 Service 4 far
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2.2. Hot Water Network Disinfection Treatment

The control of Legionella contamination in the hospital complex started in 2013 with the installation
of disinfection treatment based on a stabilized combination of H2O2 (34%, wt/wt) and Ag+ salts (0.003%,
wt/wt) in demineralized water to increase the power of disinfection, according to Shuval et al. [15]. It is
licensed by European and Italian legislations [19,20] for application to drinking water. The synergistic
action of H2O2 and Ag+ salts makes the biocide more powerful than H2O2 alone [21,22]. The disinfectant
is injected after hot water is output downstream from the heat exchangers (mixed water) and is dosed
in proportion to water consumption. The concentration of disinfectant injected into the water supply
of the 3 buildings is about 30 mg/L to obtain a concentration of about 5–10 mg/L at distal outlets.

2.3. Sample Collection

A total of 307 samples were collected from 2013 to 2019, and the number of samples were increased
in relation to changes in hospital layout and the intended use of outlets. To assess the water quality in
the main distribution system, 2 L samples of hot water were collected in post-flushing mode (running
water for 1 min) in sterile polytetrafluoroethylene (PTFE) bottles containing a sodium thiosulphate
solution (20 mg/L) [23]. The samples were stored in coolers (at about 4 ◦C), transported to the laboratory,
and processed on the same day. During sampling, physical and chemical parameters (temperature and
H2O2/Ag+) measured at outlets, maintenance procedures (e.g., disinfection procedure, thermostatic
radiator valve, faucet replacement), and emergency servicing (e.g., shock disinfection treatment,
increased temperature) performed on the hospital water system were recorded in a special register,
as prescribed by Italian Guidelines.

2.4. Microbiological Analysis

Legionella culture was performed in accordance with ISO 11731:2017 [24]. Each hot water
sample was concentrated using polyethersulfone membrane filters with a porosity of 0.22 µm
(Sartorius, Bedford, MA, USA). To quantify Legionella spp., aliquots of the samples (0.2 mL untreated
and 0.1 mL filtered and heat- and acid-treated) were directly plated onto Legionella selective
medium glycine–polymyxin B-vancomycin–cycloheximide (GVPC) plates (Thermo Fisher Scientific
Diagnostic, Ltd., Basingstoke, UK). All plates were incubated aerobically at 35 ± 2 ◦C with 2.5% of CO2

for up to 15 days. Every 2 days, the plates were examined and presumptive colonies were counted
and subcultured on buffered charcoal yeast extract (BCYE) agar with l-cysteine (cys+) and without
L-cysteine (cys-) supplement (Thermo Fisher Scientific Diagnostic, Ltd., Basingstoke, UK). Legionella
colony growth was observed on BCYE agar cys+, but not in BCYE cys-.

2.5. Serological Identification

Five presumptive colonies for each plate were verified using a serological agglutination test
(Legionella latex test kit, Thermo Fisher Scientific, Ltd., Basingstoke, UK) following the manufacturer’s
instructions. This test allows the separate identification of L. pneumophila SG1 and SG2–14 and detection
of seven other non-pneumophila Legionella species that are involved in human disease (L. longbeachae 1
and 2, L. bozemanii 1 and 2, L. dumoffii, L. gormanii, L. jordani, L. micdadei, and L. anisa). The isolates
identified as L. pneumophila SG2 and 14 were then processed for single serogroup identification using
polyclonal latex reagents (Biolife, Milan, Italy).

The data obtained are expressed as mean concentration ± SD and colony forming units (CFU)/L.
According to the Italian Guidelines, the absence of Legionella in culture is expressed in relation to the
volume of filtered water; therefore, the detection limit of the technique for 2 L samples is 50 CFU/L.

2.6. SBT Typing and Sequencing

Colonies identified by the agglutination test as belonging to the genus Legionella were subsequently
analyzed by DNA sequencing. Genomic DNA was extracted from cultures using an InstaGene
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Purification Matrix (Bio-Rad, Hercules, CA, USA), and DNA concentrations were determined using
a Qubit fluorometer (Thermo Fisher Scientific, Paisley, UK). We selected 26 strains identified as
L. pneumophila as representative of all samples and these were analyzed by SBT to determine the
sequence type (ST). SBT using flaA, pilE, asd, mip, mompS, pro, and neuA loci was performed according
to the ELDSNet protocol (Appendix 1) [25].

Genotype analysis was based on the sequencing of all 7 genes. PCR products were visualized
by electrophoresis on 2% agarose gel and staining with ethidium bromide. Amplicons obtained for
each of the seven genes after purification were subjected to a sequencing reaction cycle. Each purified
PCR fragment was subjected to two cyclic linear polymerization reactions (one for sequencing
the filament forward (Fw) and one for the filament reverse (Rw)) using tailed primers Fw-M13
and Rw-M13. Following purification, the product of cycle sequencing was subjected to capillary
electrophoresis in an automated system for fluorescence (ABI PRISM 3100 Genetic Analyzer, Applied
Biosystems, Foster City, CA, USA) with a laser beam that is capable of exciting the four fluorophores.
The nucleotide sequences obtained were confirmed by the SBT database, available on the EWGLI
website (http://www.ewgli.org/), and the sequences were compared with those in the ELDSNet database
to assign the ST allelic profile (http://www.hpa-bioinformatics.org.uk/legionella/legionella_sbt/php/

sbt_query_frontpage.php).

2.7. mip Gene Sequencing

The strains serotyped by agglutination as non-pneumophila Legionella species were identified by
analyzing the mip gene sequence using bacterial DNA purified from isolated colonies. mip was amplified
with PCR using degenerate primers, as described by Ratcliff et al. [26], and modified using M13 tailings
to avoid noise in the DNA sequence [26,27]. Gene amplification was performed in a 50 µL reaction
containing DreamTaq Green PCR Master Mix 2 (Thermo Fisher Scientific Inc., Waltham, MA, USA)
and 40 pM of each primer; 100 ng of DNA extracted from the presumptive colonies of non-pneumophila
Legionella species was added as template. The protocol used for this purpose was developed and
standardized by EWGLI (changed in 2011 by ESGLI), the sequences obtained are comparable to those
available in the database (http://www.hpa.org.uk/cfi/bioinformatics/dbases.htm# EWGLI), and return
the identity for isolates belonging to Legionella species (Appendix 2, Ratcliff protocol). PCR products
were visualized by electrophoresis on 2% agarose gel, staining with ethidium bromide. Following
purification, they were sequenced using BigDye Chemistry and analyzed on an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA). Specifically, mip amplicons were sequenced using
tailed M13 forward and reverse primers (mip-74F-M13F tgtaaaacgacggccagtGCTGCAACCGATGCCAC;
mip-595R-M13R caggaaacagctatgaccCATATGCAAGACCTGAGGGAAC) to obtain complete coverage
of the sequenced region of interest [27].

Raw sequencing data were assembled using CLC Main Workbench 7.6.4 software (Qiagen,
Redwood City, CA, USA). The sequences were compared with the reference ones deposited in the
Legionella mip gene sequence database using a similarity analysis tool (http://bioinformatics.phe.org.uk/

cgi-bin/Legionella/mip/mip_id.cgi).

2.8. Phylogenetic and Allelic Diversity Analysis

Starting from the pherograms obtained by Sanger sequencing, phylogenetic analysis was
performed by a Geneious Prime genome browser (Geneious Prime 2020.1.2; http://www.geneious.
com) [28] for both L. pneumophila species (SBT sequences) and non-pneumophila Legionella species
(mip gene). Multiple sequence alignments were carried out with the Geneious algorithm, which is a
progressive pairwise aligner. From the nucleotide alignments, phylogenetic trees were inferred with
FastTree based on heuristic neighbor joining and the Jukes–Cantor distance model. To quickly estimate
the reliability of each split in the tree, FastTree uses the Shimodaira–Hasegawa test on three alternate
topologies (nearest-neighbor interchanges (NNIs)) around that split. FastTree uses 1000 resamples and

http://www.ewgli.org/
http://www.hpa-bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_query_frontpage.php
http://www.hpa-bioinformatics.org.uk/legionella/legionella_sbt/php/sbt_query_frontpage.php
http://www.hpa.org.uk/cfi/bioinformatics/dbases.htm#
http://bioinformatics.phe.org.uk/cgi-bin/Legionella/mip/mip_id.cgi
http://bioinformatics.phe.org.uk/cgi-bin/Legionella/mip/mip_id.cgi
http://www.geneious.com
http://www.geneious.com
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does not reoptimize the branch lengths for resampled alignments [29]. The sequences were trimmed to
the correct length using the reference sequence specific to each allele, provided by EWGLI.

Regarding the SBT analysis, the seven genes were subsequently assembled to obtain a concatenated
sequence with a length of 2501 bp. The concatenated SBT sequences were used for phylogenetic analysis.

2.9. Statistical Analysis

Statistical analysis was performed using R Statistical Software (version 3.6.3, “Holding the
Windsock” R Foundation for Statistical Computing, Vienna, Austria). The normality of variables
was assessed using the Shapiro–Wilk test. The data were evaluated using Kruskal–Wallis and
Mann–Whitney tests. Spearman’s rho rank correlation was calculated for all possible pairwise
combinations. The significance of all statistical tests was set at p ≤ 0.05.

3. Results

3.1. Microbiological, Physical, and Chemical Results

Hot water samples (n = 307) were analyzed for detection and enumeration of Legionella spp.
The hospital complex showed different distributions of Legionella regarding the percentage of

positive samples and mean Legionella level. The water reservoir and water output outlets were always
Legionella-free (under the limit of the culture technique of <50 CFU/L of water).

The samples were distributed in the buildings as follows: 127 in building A, 122 in building B,
and 58 in building C. The culture method identified 191/307 (62.2%) positive samples with a mean
concentration ± standard deviation (SD) of 3562.43 ± 20,648.43 CFU/L. The percentage of positive
samples with mean Legionella concentration was distributed in the three buildings as follows: 102/127
(80.31%) with a mean concentration of 7434.23 ± 31,459.66 CFU/L in building A, 48/122 (39.34%) with
a mean concentration of 1066.80 ± 4520.13 CFU/L in building B, and 41/58 (70.69%) with a mean
concentration of 333.93 ± 613.4 CFU/L in building C.

During the study, temperature and disinfectant residues were measured for all outlets sampled.
The mean temperature was 49.36 ± 2.61 ◦C, while the mean amount of the disinfectant was
12.32 ± 5.35 mg/L. In addition, the chemical water characteristics of the main cold and hot water
distribution systems outlets such as the water reservoir, water output outlets, and hot water return
lines of each building were measured during the study. The results are provided in Table S1.

3.2. Legionella Serotyping and Genotyping Results

According to ISO 11731:2017 [24], at least five representative colonies of each type of subculture
were confirmed by the agglutination test and were identified as L. pneumophila SG1 in 67/191 samples
(35%) and non-pneumophila Legionella species in 41/191 samples (21.4%). In other samples, they were
found together (83/191, 43.4%).

The SBT analysis performed on isolates already identified as L. pneumophila SG1 assigned two STs,
ST1 and ST104, with the following profiles: ST1 (1, 4, 3, 1, 1, 1, 1) and ST104 (3, 10, 1, 1, 14, 9, 1). ST1
is the most frequent isolate in Italy [30]. The ST104 isolate has not been previously reported in Italy;
therefore, its profile was submitted to the EWGLI database with accession number EULV13742.

The mip gene sequencing identified, within non-pneumophila Legionella species, L. anisa
and L. rubrilucens.

Multiple sequence alignment (MSA) and phylogenetic tree analysis for the strains subjected to
SBT (L. pneumophila) distinguished the isolates in two groups, characterized by 97.7% nucleotide
identity between them and 100% intracluster homology, with the same allelic profile for all seven
genes (Figure 1A). The scale bars and values shown in Figure 1 indicate branch length in number of
substitutions per site.
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Figure 1. Phylogenetic trees of L. pneumophila (A) and non-pneumophila Legionella species (B) strains.

Phylogenetic analysis of the mip gene for non-pneumophila Legionella species determined the
creation of a tree that clearly shows the genetic distance between L. anisa and L. rubrilucens, forming a
distinct cluster for each species (Figure 1B). The two clusters shared 70.1% identity.

3.3. Legionella Contamination in the Hospital

The contamination analysis resulted in finding 191 positive samples within the total 307 samples.
These data showed significant differences in terms of mean Legionella contamination between buildings,
with building A being more contaminated than B and C. The differences found between buildings are
presented in Table 2.

Table 2. Comparison of mean Legionella concentration between buildings.

Legionella Species
Isolated

Building
Comparisons

Kruskal–Wallis Test
p-Values

Type of
Comparison

Mann–Whitney Test
p-Values

Total Legionella
A , B 2 × 10−11 A > B 3.26 × 10−12 *
A , C 6.32 × 10−3 A > C 3.16 × 10−3 *
B , C 2.20 × 10−4 B < C 7.45 × 10−5 *

L. pneumophila
(SG1)

A , B 2.60 × 10−5 A > B 4.36 × 10−6 *
A , C 0.535
B , C 2.00 × 10−3 B < C 6.71 × 10−4 *

Non-pneumophila
Legionella species

A , B 5.10 × 10−10 A > B 8.56 × 10−11 *
A , C 1.60 × 10−3 A > C 5.27 × 10−4 *
B , C 8.50 × 10−3 B < C 4.27 × 10−3 *

* p ≤ 0.05.

Building A had the highest levels of contamination, which were significantly different compared
to buildings B and C. Building B was the least contaminated in terms of both L. pneumophila and
non-pneumophila Legionella species.

The previous results were also analyzed considering mean concentration of Legionella isolates in
the entire hospital complex and successively within each building. The results of comparison and the
statistical analysis are summarized in Table 3.
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Table 3. Comparison of means between L. pneumophila and non-pneumophila Legionella species
in buildings.

Building Legionella
Comparison

Mann–Whitney Test
p-Value

Legionella
Comparison

Mann–Whitney Test
p-Value

Hospital complex

L. pneumophila
,

non-pneumophila
Legionella species

0.011 *

L. pneumophila
>

non-pneumophila
Legionella species

5.67 × 10−3 *

A

L. pneumophila
,

non-pneumophila
Legionella species

0.64

B

L. pneumophila
,

non-pneumophila
Legionella species

0.027 *

L. pneumophila
>

non-pneumophila
Legionella species

0.014 *

C

L. pneumophila
,

non-pneumophila
Legionella species

5.70 × 10−3 *

L. pneumophila
>

non-pneumophila
Legionella species

2.90 × 10−3 *

* p ≤ 0.05.

Considering Legionella contamination in the hospital complex, we found a significant difference
between L. pneumophila and non-pneumophila Legionella species (p = 5.67 × 10−3). The same trend was
found in buildings B and C (p = 0.014 and p = 2.90 × 10−3, respectively).

A different Legionella strain distribution was found in each building regarding the percentage
of positive samples and mean concentration throughout the observation period. From 191 positive
samples, some samples were contaminated only by L. pneumophila or non-pneumophila Legionella species.
In some cases, both species were present in the same sample; in this case, the contamination was
labelled “both species”. The percentage of positive samples with mean Legionella contamination,
temperature, and disinfectant residues measured are reported in Table 4.
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Table 4. Isolate distribution between buildings and physical–chemical parameters measured.

Building Sample Contamination

Number of
Positive

Samples, n
(%)

Legionella
Contamination,

Mean ± SD
(Log CFU/L)

Temperature,
Mean ± SD

(Minimum–Maximum)
(◦C)

H2O2 Residues,
Mean ± SD
(Min–Max)

(mg/L)

Hospital
complex

Total Legionella 191/307
(62.21%) 3562.43 ± 20,648.43

49.36 ± 2.61
(32.5–65.0)

12.24 ± 5.18
(0–25)

Only L. pneumophila (SG1) 67/191
(35.08%) 1457.06 ± 12,969.76

Only non-pneumophila
Legionella species

41/191
(21.47%) 132.87 ± 584.01

Both species 83/191
(43.46%) 4136.19 ± 22,787.28

A

Total Legionella 102/127
(80.31%) 7434.23 ± 31,459.66

49.16 ± 2.49
(33.27–54.10)

13.23 ± 4.84
(1.00–25.00)

Only L. pneumophila (SG1) 26/102
(25.49%) 2550.13 ± 17,709.16

Only non-pneumophila
Legionella species

26/102
(25.49%) 229.60 ± 783.67

Both species 50/102
(49.02%) 6476.85 ± 30,675.22

B

Total Legionella 48/122
(39.34%) 1066.80 ± 4520.13

49.40 ± 2.48
(39.85–65.00)

11.85 ± 4.56
(0–25.00)

Only L. pneumophila (SG1) 23/48
(47.92%) 153.75 ± 340.35

Only non-pneumophila
Legionella species

9/48
(18.75%) 11.64 ± 39.15

Both species 16/48
(33.33%) 2546.06 ± 6985.17

C

Total Legionella 41/58
(70.69%) 333.93 ± 613.4

49.72 ± 3.07
(32.50–57.00)

10.89 ± 6.60
(0–22.50)

Only L. pneumophila (SG1) 18/41
(43.90%) 263.54 ± 679.57

Only non-pneumophila
Legionella species

6/41
(14.63%) 34.15 ± 126.99

Both species 17/41
(41.46%) 174.70 ± 340.95

The data show that building A was more contaminated than the other buildings, especially
regarding samples where both species were found. A comparison among all species typed in the
hospital complex and in each building is shown in Table 5.

The results obtained regarding the typing and distribution of Legionella isolates were used to
elaborate a risk map for each floor of the hospital complex. For each floor, the buildings are represented
as follows: building A, blue square; building B, yellow square; and building C, green square. The map
is shown in the Supplementary File (Figures S1 and S2).
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Table 5. Legionella mean concentration comparison in hospital complex and within buildings.

Building Legionella Comparisons Mann–Whitney Test
p–Value Legionella Comparisons Mann–Whitney Test

p-Value

Hospital complex

Both species
,

only L. pneumophila
7.48 × 10−3 *

Both species
>

only L. pneumophila
3.74 × 10−3 *

Both species
,

only non-pneumophila
Legionella species

4.28 × 10−8 *

Both species
>

only non-pneumophila
Legionella species

2.14 × 10−8 *

only L. pneumophila
,

only non-pneumophila
Legionella species

1.54 × 10−3 *

Only L. pneumophila
>

only non-pneumophila
Legionella species

7.71 × 10−4 *

A

Both species
,

only L. pneumophila
1.95 × 10−4 *

Both species
>

only L. pneumophila
9.74 × 10−5 *

Both species
,

only non-pneumophila
Legionella species

3.47 × 10−5 *

Both species
>

only non-pneumophila
Legionella species

1.74 × 10−5 *

only L. pneumophila
,

only non-pneumophila
Legionella species

0.8696

B

Both species
,

only L. pneumophila
0.6593

Both species
,

only non-pneumophila
Legionella species

0.03 *

Both species
>

only non-pneumophila
Legionella species

0.015 *

only L. pneumophila
,

only non-pneumophila
Legionella species

8.07 × 10−4 *

Only L. pneumophila
>

only non-pneumophila
Legionella species

0.015 *

C

Both species
,

only L. pneumophila
0.97

Both species
,

only non-pneumophila
Legionella species

3.70 × 10−3 *

Both species
>

only non-pneumophila
Legionella species

1.85 × 10−3 *

only L. pneumophila
,

only non-pneumophila
Legionella species

2.75 × 10−3 *

only L. pneumophila
>

only non-pneumophila
Legionella species

1.85 × 10−3 *

* p ≤ 0.05.

3.4. Correlation between Legionella and Physical–Chemical Parameters

To correlate the microbiological results with other measured parameters, such as temperature and
disinfectant residues, Spearman’s rho correlation tests were used for all possible pairwise combinations
(L. pneumophila, non-pneumophila Legionella species, temperature, and disinfectant).

In the 191 positive samples, a significant direct correlation was found between L. pneumophila
and non-pneumophila Legionella species (p = 1 × 10−5). In contrast, a significant inverse correlation
was found for both species and temperature; an increase in temperature led to a decrease in mean
Legionella concentration (p = 1 × 10−5). Both species indirectly responded to temperature, and increased
temperature has a negative impact on bacteria, according to previous findings [31]. Regarding the
effect of disinfectant on Legionella, we found a significant inverse correlation (p = 4 × 10−4) with
L. pneumophila where increased disinfectant dosage caused a decrease of L. pneumophila concentration.
The same trend was found for non-pneumophila Legionella species, although non-significant data were
obtained (p = 0.22).
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We also studied the correlation between Legionella contamination, temperature, and disinfectant
for the hospital complex and within each building. The trend observed mimicked the general trend
described above, although with a lack of significant data in a few cases. Table 6 summarizes all
correlations between Legionella, temperature, and disinfectant. The correlation matrices obtained are
shown in Supplementary Figures S3–S6.

Table 6. Matrix correlation between L. pneumophila, non-pneumophila Legionella species, temperature,
and disinfectant (Spearman’s rho test).

Building

L. Pneumophila
vs.

Non-Pneumophila
Legionella Species

L. Pneumophila
vs.

Temperature

L. Pneumophila
vs.

Disinfectant

Non-Pneumophila
Legionella Species

vs.
Temperature

Non-Pneumophila
Legionella Species

vs.
Disinfectant

Hospital
complex

rs = 0.33
p = 1 × 10−5 *

rs = −0.29
p = 1 × 10−5 *

rs = −0.20
p = 4 × 10−4 *

rs = −0.33
p = 1 × 10−5 *

rs = −0.07
p = 0.22

A rs = 0.19
p = 0.031 *

rs = −0.36
p = 1 × 10−5 *

rs = −0.10
p = 0.25

rs = −0.45
p = 1 × 10−5 *

rs = −0.096
p = 0.28

B rs = 0.42
p = 1 × 10−5 *

rs = −0.27
p = 2.80 × 10−3 *

rs = −0.35
p = 1 × 10−5 *

rs = −0.28
p = 2.10 × 10−3 *

rs = −0.14
p = 0.12

C rs = 0.14
p = 0.31

rs = −0.35
p = 6.50 × 10−3 *

rs = −0.24
p = 0.075

rs = −0.30
p = 0.024 *

rs = −0.15
p = 0.25

* p ≤ 0.05.

4. Discussion

In this study, Legionella was environmentally surveilled by combining the standard culture
method with molecular techniques, and innovative results were obtained, especially with regards to
changes in the dynamics of colonization and the construction of a phylogenetic map that can support
epidemiological investigations.

The culture technique is still considered the gold standard for quantification of Legionella, although
it has several drawbacks, including long incubation time and poor sensitivity, causing delays in
response times, especially during outbreaks of LD. Furthermore, it is unable to detect viable but
nonculturable cells (VBNCs) [32], and the discrepant results between the culture method and PCR are
most pronounced for non-pneumophila Legionella species [33].

The ability of public health organizations to respond rapidly to LD outbreaks is thus hampered
due to the time required for culture. The aim of the microbiological technique during epidemiological
investigation is to correlate the source of the outbreak with the cases, comparing Legionella isolates
from patients with those from environmental samples. The identification of cases with a common
source of infection is possible with accurate discrimination of Legionella isolates [34].

In this study, a molecular approach was combined with a culture technique in an Italian hospital
during routine environmental monitoring. The hospital that was the subject of this study is organized
in three separate buildings that use the same municipal water supply and three hot water return lines,
which allowed a simultaneous and comparative study among the buildings. The introduction of a new
disinfectant based on H2O2/Ag+ in 2013 enabled the control of the level of contamination in relation to
disinfectant dosage and creating a new water safety plan compliant with directives, as demonstrated
by our previous data [35].

Monitoring the hospital for seven years provided detailed insight into Legionella communities
in addition to differences in the numbers of positive samples and contamination levels within each
building. The results observed in each building included the percentage of positive samples and
the level of Legionella contamination. Considering the percentage of positive samples, building A
was more contaminated, followed by C and B. Regarding the mean level of contamination, building
A remained the most contaminated, followed by B and C. Significant differences in Legionella types
were found, with L. pneumophila being the predominant species. According to the Italian Guidelines,
considering these two aspects (mean and percentage of positive samples) is important for controlling
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contamination, following the reference risk levels shown in the Guideline’s Table 11 [6]. These data can
be explained by building A having a larger surface area and lower water demand compared with the
other buildings, as indicated by water consumption (938.98 m3/year for building A, 1745.44 m3/year for
building B, and 450.62 m3/year for building C). The low water demand of building A is due to work
areas such as offices and consulting rooms being closed during weekends and holidays, so daily water
flushing is low, which can influence water stagnation and the biofilm community [35,36].

The genotyping approach is usually applied only during epidemiological investigations. The SBT
technique allowed us to infer the population structure of L. pneumophila, to study genetic diversity and
clonal expansion, and to undertake long-term epidemiological analyses of microbial populations [37].
This approach was developed to compare clinical and environmental isolates, but in our study,
we applied it to the environmental isolates that we found.

The results showed that all strains belonging to L. pneumophila SG1 were typed as ST1 and
ST104, with 100% homology in seven allelic gene profiles. ST104 has never been documented in Italy;
therefore, our study proves its presence in Italy for the first time, and demonstrates how genotyping
can identify the presence of new STs in the hospital environment, despite its occurrence during
environmental surveillance.

Regarding Legionella non-pneumophila species, the isolates were typed as L. anisa and L. rubrilucens.
L. anisa is well documented in the literature as a causative agent of different cases or epidemic
events [38–40]. L. rubrilucens has been less studied, with few clinical cases reported and its pathogenicity
has not been fully demonstrated [41].

The sequences of non-pneumophila Legionella species underwent phylogenetic analysis, showing the
presence of two clusters, one formed by L. rubrilucens and one by L. anisa, confirming the genetic diversity
of the two species. Genotyping data are useful for understanding the relationship between Legionella
species in a hospital complex and in buildings, contributing to rapid epidemiological investigations,
where matching clinical and environmental isolates is the critical step in identifying the reservoir of
infection. The knowledge of strain characteristics could support preventive technical and maintenance
procedures to control the risk of Legionella proliferation, including the choice of disinfectant, managing
a developed strain’s resistance, controlling bacteria proliferation through temperature, and planned
maintenance procedures (e.g., flushing of water pipelines to reduce dead branches).

We found that L. pneumophila was significantly predominant in the hospital hot water distribution
system compared to non-pneumophila Legionella species. This trend was observed in the entire hospital
complex and in buildings B and C, but not in building A. The direct correlation (p = 1 × 10−5)
between L. pneumophila and non-pneumophila Legionella species in the same samples indicates their
cohabitation in the hospital environment, in line with the findings of Van Der Mee-Marquet [42].
To better understand the relationships between Legionella species, we correlated the mean contamination
found with the physical and chemical parameters measured (temperature and disinfectant residues).
Our data confirmed that Legionella is negatively controlled by temperature; increased temperature
decreases Legionella concentration according to previous studies [36,43]. The mean temperature of
the hot water in the hospital complex is close to 50 ◦C, and although some oscillations of 2–3 ◦C
occur in the buildings, the water temperature seems to be the discriminant factor regarding the level
of contamination, having a significant impact on Legionella control within buildings, irrespective of
Legionella species. The correlation of disinfectant with Legionella species was significant and negative
only for L. pneumophila in the hospital complex. This correlation was maintained in building B;
in contrast, it lost significance in buildings A and C, although the trend was maintained. It seems
that disinfectant works well to control L. pneumophila, but no significant correlation was found with
non-pneumophila Legionella species, despite the negative correlation.

Consulting the hospital maintenance register, we found two shock treatments performed in
buildings A and C during the study, where H2O2/Ag+ increased up to 50 mg/L. This treatment may
have influenced L. pneumophila more than non-pneumophila Legionella species, leading to an increase in
non-pneumophila Legionella species alone or in samples with both species.
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These data are supported by those reported by Perrin et al., who demonstrated that some
physical–chemical parameters have a different impact on bacteria [44]. In water distribution systems,
in addition to ecological parameters (e.g., nutrients, the presence of protozoa or bacteriophages),
disinfectants play an important role as abiotic regulators [45]. Non-pneumophila Legionella species could
develop resistance to the disinfection treatment in line with the antibiotic effect and antibiotic resistance
developed by other bacteria. Changes to the disinfectant dosage must consider these observations,
especially in hospitals where immunocompromised patients may be exposed to other species that
can be selected by the treatment, but are less associated with human disease. The focus of our future
research will involve studying the response of Legionella species to different disinfectant concentrations
and temperatures to find differences in terms of the sensitivity or resistance developed in a hot water
distribution system.

We want to underline that serological identification, as a routine approach, provides a definition
of Legionella with a limit of differentiation only between L. pneumophila (some serogroups) and
non-pneumophila Legionella species (present in the agglutination latex test). This limit does not support
the study of the dynamics of colonization and microbial diversity, especially in the presence of
disinfection treatment, with underestimation occurring during culture.

The approach used in this study is innovative for routine environmental monitoring as the
directives require implementation of corrective measures based on the percentage of positive outlets
and the level of contamination, regardless of the type of Legionella species found.

Based on epidemiological data, the common opinion is that L. pneumophila SG1 is the main
organism responsible for clinical cases, not non-pneumophila Legionella species. For this reason,
preventive strategies or extraordinary measures are usually only undertaken when microbiological
data indicates contamination by L. pneumophila [46]. Our approach promotes the study of the role of
other Legionella species, which are often considered less important in terms of infection, although they
may play a minor or unknown pathogenic role. We think that other species of Legionella that usually
are less often detected than L. pneumophila and without clinical evidence could, in some conditions
(e.g., absence of competition, changes in disinfectant dosage or water characteristics), develop a new
pathogenic pattern, especially given our poor knowledge of all genes and protein effectors involved in
Legionella pathways.

Our results show that the molecular approach could provide relevant data on species isolated
by techniques other than culture: (i) by identifying the presence of a new ST, ST104, for the first
time in Italy and (ii) by discriminating species within non-pneumophila Legionella species, also helping
to understand (iii) the interaction between L. pneumophila and non-pneumophila Legionella species
and (iv) the interaction between Legionella species and temperature and disinfectant. Our method
allows (v) the possibility of constructing a map of Legionella contamination for each outlet monitored,
providing complete knowledge of the Legionella distribution.

5. Conclusions

Knowledge of Legionella strains can help health authorities, engineers, and technical staff to
implement the correct measures to formulate preventative strategies. Our study confirms the role of the
SBT technique and mip sequencing in studying the distribution of Legionella strains in environmental as
well as in clinical surveillance to correctly establish the epidemic sources of infection, plan a long-term
prevention strategy, and establish the correlations between isolates.

One of the future goals could be to improve studies and techniques for typing non-pneumophila
Legionella species that are less known and less associated with human disease through a whole genome
sequence (WGS) approach. This would improve the knowledge of the pathogenicity, resistance,
and ecological status of Legionella isolates that are often difficult to isolate and recognize during routine
culture techniques, leading to an underestimation of the real risk of Legionella infection.

In conclusion, in our opinion, good knowledge of species and strains that colonize water
distribution systems is epidemiologically relevant as it supports the rapid implementation of
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interventions by hospitals or other facilities in clinical cases and avoids the waste of time and
economic resources.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/22/8662/s1,
Figure S1: Risk map of Legionella spp. distribution in the Hospital: Building A (blue square), B (yellow square) and
C (green square) (floors from −1 to 2), Figure S2: Risk map of Legionella spp. distribution in the Hospital: Building
A (blue square), B (yellow square) and C (green square) (floors from −1 to 2), Figure S3: Correlation matrix of
Hospital Complex: Legionella mean concentration vs temperature and disinfectant (*** p value < 0.0001), Figure S4:
Correlation matrix of Building A: study of relationship between L. pneumophila, Legionella non-pneumophila species,
temperature and disinfectant (* p value < 0.05, *** p value < 0.0001), Figure S5: Correlation matrix of Building B:
study of relationship between L. pneumophila, Legionella non-pneumophila species, temperature and disinfectant
(** p value < 0.01, *** p value < 0.0001), Figure S6: Correlation matrix of Building C: study of relationship between
L. pneumophila, Legionella non-pneumophila species, temperature and disinfectant (* p value 0.05–0.1, * p value < 0.05,
** p value < 0.01), Table S1: Physical and chemical parameters of water in Hospital aqueduct, tap water output and
hot water return lines.

Author Contributions: Conceptualization, L.G. and S.C.; methodology, S.C. and T.P.; software, L.G. and S.S.;
formal analysis, J.L., M.M., and M.R.P.; data curation, L.G. and S.S.; writing—original draft preparation, L.G., S.C.
and S.S.; writing—review and editing, L.G., S.S., and S.C.; supervision, S.C.; project administration, S.C.; funding
acquisition, S.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was partially supported by a research grant (RFO 2019) from the University of
Bologna, Italy. The authors would like to thank the GVM engineering staff for technical assistance, and Graziella
Ciani for microbiological analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bianchi, A.; Pregliasco, F.; Consonni, M.; Tesauro, M.; Galli, M.G. New sequence types of Legionella pneumophila
circulating in northern Italy and comparison with other regions of the world. J. Hosp. Infect. 2010, 76, 365–367.
[CrossRef] [PubMed]

2. Tesauro, M.; Bianchi, A.; Consonni, M.; Pregliasco, F.; Galli, M.G. Environmental surveillance of
Legionella pneumophila in two Italian hospitals. Ann. Dell’Istituto Super SanitÃ 2010, 46, 274–278. [CrossRef]

3. Papadakis, A.; Chochlakis, D.; Sandalakis, V.; Keramarou, M.; Tselentis, Y.; Psaroulaki, A. Legionella spp.
Risk assessment in recreational and garden areas of hotels. Int. J. Environ. Res. Public Health 2018, 15, 598.
[CrossRef]

4. Centers for Disease Control and Prevention (CDC) Legionella (Legionnaires’ Disease and Pontiac
Fever). Available online: https://www.cdc.gov/legionella/clinicians/diagnostic-testing.html (accessed on
25 September 2020).

5. Rota, M.C.; Caporali, M.G.; Bella, A.; Scaturro, M.; Giannitelli, S.; Ricci, M.L. Annual Report of Legionellosis
in Italy—2018. Available online: http://www.legionellaonline.it/Not%20ISS%20nov%202019.pdf (accessed
on 30 August 2020).

6. Italian Health Ministry. Guidelines for Prevention and Control of Legionellosis; Approvate in Conferenza
Stato-Regioni Seduta Del 7 Maggio 2015; Italian Health Ministry: Rome, Italy, 2015.

7. Mancini, B.; Scurti, M.; Dormi, A.; Grottola, A.; Zanotti, A.; Cristino, S. Effect of monochloramine treatment
on colonization of a hospital water distribution system by Legionella spp.: A 1 year experience study.
Environ. Sci. Technol. 2015, 49, 4551–4558. [CrossRef]

8. Pancer, K. Sequence-based typing of Legionella pneumophila strains isolated from hospital water distribution
systems as a complementary element of risk assessment of legionellosis in Poland. Ann. Agric. Environ. Med.
2013, 20, 436–440.

9. Cunliffe, D.; Bartram, J.; Briand, E.; Chartier, Y.; Colbourne, J.; Drury, D.; Lee, J.; Schaefer, B.; Surman-Lee, S.;
WHO. Water Safety in Buildings; World Health Organization: Geneva, Switzerland, 2011; ISBN 9789241548106.

10. Chasqueira, M.J.; Rodrigues, L.; Nascimento, M.; Marques, T. Sequence-based and monoclonal antibody
typing of Legionella pneumophila isolated from patients in Portugal during 1987–2008. Eurosurveillance 2009,
14, 19271. [CrossRef]

http://www.mdpi.com/1660-4601/17/22/8662/s1
http://dx.doi.org/10.1016/j.jhin.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20832142
http://dx.doi.org/10.4415/ANN_10_03_08
http://dx.doi.org/10.3390/ijerph15040598
https://www.cdc.gov/legionella/clinicians/diagnostic-testing.html
http://www.legionellaonline.it/Not%20ISS%20nov%202019.pdf
http://dx.doi.org/10.1021/es506118e
http://dx.doi.org/10.2807/ese.14.28.19271-en


Int. J. Environ. Res. Public Health 2020, 17, 8662 16 of 17

11. Scaturro, M.; Losardo, M.; De Ponte, G.; Ricci, M.L. Comparison of three molecular methods used for subtyping
of Legionella pneumophila strains isolated during an epidemic of legionellosis in Rome. J. Clin. Microbiol. 2005,
43, 5348–5350. [CrossRef]

12. Katsiaflaka, A.; Pournaras, S.; Kristo, I.; Mouchtouri, V.A.; Kyritsi, M.; Velonakis, E.; Vatopoulos, A.C.;
Hadjichristodoulou, C. Epidemiological Investigation of Legionella pneumophila Serogroup 2 to 14 Isolates from
Water Samples by Amplified Fragment Length Polymorphism and Sequence-Based Typing and Detection of
Virulence Traits. Appl. Environ. Microbiol. 2016, 82, 6102–6108. [CrossRef]

13. Enright, M.; Spratt, B. A multilocus sequence typing scheme for Streptococcus pneumoniae: Identification of
clones associated with serious invasive disease. Microbiology 1998, 144, 3049–3060. [CrossRef]

14. Gaia, V.; Fry, N.K.; Harrison, T.G.; Peduzzi, R. The Potential for True Portability in Legionellosis Outbreak
Investigation. Society 2003, 41, 2932–2939. [CrossRef]

15. Shuval, H.; Yarom, R.; Shenman, R. An Innovative Method for the Control of Legionella Infections in the
Hospital Hot Water Systems with a Stabilized Hydrogen Peroxide-Silver Formulation. Int. J. Infect. Control
2009, 5. [CrossRef]

16. Burillo, A.; Pedro-Botet, M.L.; Bouza, E. Microbiology and Epidemiology of Legionnaire’s Disease. Infect. Dis.
Clin. N. Am. 2017, 31, 7–27. [CrossRef]

17. Fry, N.K.; Afshar, B.; Bellamy, W.; Underwood, A.P.; Ratcliff, R.M.; Harrison, T.G.; Bangsborg, J.; Blanco, S.;
Etienne, J.; Fendukly, F.; et al. Identification of Legionella spp. by 19 European reference laboratories: Results
of the European Working Group for Legionella Infections External Quality Assessment Scheme using DNA
sequencing of the macrophage infectivity potentiator gene and dedi. Clin. Microbiol. Infect. 2007, 13,
1119–1124. [CrossRef] [PubMed]

18. D.Lgs.31. Legislative Decree 02.02.2001, n.31. Implementation of theWater Quality Directive 98/83/EC
Relative to Water Quality Intended for Human Consumption. OJ. of the Italian Republic n. 52, 3.03.2001.
Available online: http://www.camera.it/parlam/leggi/deleghe/01031dl.htm (accessed on 30 August 2020).

19. Council of the European Union. Regulation (EU) No 528/2012 of the European Parliament and of the Council of
22 May 2012 Concerning the Making Available on the Market and Use of Biocide Products; Council of the European
Union: Brussels, Belgium, 2012; pp. 1–123.

20. Council of the European Union. European Council Directive 98/83/EC of 3 November 1998 on the Quality ofWater
Intended for Human Consumption; Council of the European Union: Brussels, Belgium, 1998; pp. 32–54.

21. Imlay, J. The molecular mechanisms and physiological consequences of oxidative stress: Lessons from a
model bacterium. Nat. Rev. Microbiol. 2013, 11, 443–454. [CrossRef]

22. Vatansever, F.; de Melo, W.C.M.A.; Avci, P.; Vecchio, D.; Sadasivam, M.; Gupta, A.; Chandran, R.; Karimi, M.;
Parizotto, N.A.; Yin, R.; et al. Antimicrobial strategies centered around reactive oxygen specie—bactericidal
antibiotics, photodynamic therapy, and beyond. FEMS Microbiol. Rev. 2013, 37, 955–989. [CrossRef]

23. UNI EN ISO 19458:2006—Water Quality—Sampling for Microbiological Analysis. Available
online: http://store.uni.com/catalogo/index.php/unieniso194582006.html?josso_back_to=http://store.uni.com/

josso-securitycheck.php&josso_cmd=login_optional&josso_partnerapp_host=store.uni.com (accessed on
30 August 2020).

24. ISO. ISO 11731:2017 Water Quality—Enumeration of Legionella 2017; ISO: Geneva, Switzerland, 2017; Available
online: https://www.iso.org/standard/61782.html (accessed on 30 August 2020).

25. Hutchinson, E.J.; Joseph, C.; Bartlett, C.L. A European surveillance scheme for travel associated legionnaires
disease. Euro Surveill. 1996, 1, 33–39. [CrossRef]

26. Ratcliff, R.M.; Lanser, J.A.; Manning, P.A.; Heuzenroeder, M.W. Sequence-based classification scheme for the
genus Legionella targeting the mip gene. J. Clin. Microbiol. 1998, 36, 1560–1567. [CrossRef]

27. Mentasti, M.; Fry, N.K.; Afshar, B.; Palepou-Foxley, C.; Naik, F.C.; Harrison, T.G. Application of
Legionella pneumophila-specific quantitative real-time PCR combined with direct amplification and
sequence-based typing in the diagnosis and epidemiological investigation of Legionnaires’ disease. Eur. J.
Clin. Microbiol. Infect. Dis. 2012, 31, 2017–2028. [CrossRef]

28. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.;
Markowitz, S.; Duran, C.; et al. Geneious Basic: An integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics 2012, 28, 1647–1649. [CrossRef]

29. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large
alignments. PLoS ONE 2010, 5, e9490. [CrossRef]

http://dx.doi.org/10.1128/JCM.43.10.5348-4350.2005
http://dx.doi.org/10.1128/AEM.01672-16.Editor
http://dx.doi.org/10.1099/00221287-144-11-3049
http://dx.doi.org/10.1128/JCM.41.7.2932
http://dx.doi.org/10.3396/ijic.v5i1.006.09
http://dx.doi.org/10.1016/j.idc.2016.10.002
http://dx.doi.org/10.1111/j.1469-0691.2007.01808.x
http://www.ncbi.nlm.nih.gov/pubmed/17725649
http://www.camera.it/parlam/leggi/deleghe/01031dl.htm
http://dx.doi.org/10.1038/nrmicro3032
http://dx.doi.org/10.1111/1574-6976.12026
http://store.uni.com/catalogo/index.php/unieniso194582006.html?josso_back_to=http://store.uni.com/josso-securitycheck.php&josso_cmd=login_optional&josso_partnerapp_host=store.uni.com
http://store.uni.com/catalogo/index.php/unieniso194582006.html?josso_back_to=http://store.uni.com/josso-securitycheck.php&josso_cmd=login_optional&josso_partnerapp_host=store.uni.com
https://www.iso.org/standard/61782.html
http://dx.doi.org/10.2807/esm.01.05.00169-en
http://dx.doi.org/10.1128/jcm.36.6.1560-1567.1998
http://dx.doi.org/10.1007/s10096-011-1535-0
http://dx.doi.org/10.1093/bioinformatics/bts199
http://dx.doi.org/10.1371/journal.pone.0009490


Int. J. Environ. Res. Public Health 2020, 17, 8662 17 of 17

30. Fontana, S.; Scaturro, M.; Rota, M.C.; Caporali, M.G.; Ricci, M.L. Molecular typing of Legionella pneumophila
serogroup 1 clinical strains isolated in Italy. Int. J. Med. Microbiol. 2014, 304, 597–602. [CrossRef] [PubMed]

31. Ohno, A.; Kato, N.; Yamada, K.; Yamaguchi, K. Factors Influencing Survival of Legionella pneumophila Serotype
1 in Hot Spring Water and Tap Water. Appl. Environ. Microbiol. Environ. Microbiol. 2003, 69, 2540–2547.
[CrossRef]

32. Shih, H.Y.; Lin, Y.E. Caution on interpretation of Legionella results obtained using real-time PCR for
environmental water samples. Appl. Environ. Microbiol. 2006, 72, 6859. [CrossRef] [PubMed]

33. Whiley, H.; Taylor, M. Legionella detection by culture and qPCR: Comparing apples and oranges.
Crit. Rev. Microbiol. 2014, 42, 65–74. [CrossRef] [PubMed]

34. Lévesque, S.; Lalancette, C.; Bernard, K.; Pacheco, A.L.; Dion, R.; Longtin, J.; Tremblay, C. Molecular typing
of Legionella pneumophila isolates in the province of Quebec from 2005 to 2015. PLoS ONE 2016, 11, e0163818.
[CrossRef]

35. Girolamini, L.; Dormi, A.; Pellati, T.; Somaroli, P.; Montanari, D.; Costa, A.; Savelli, F.; Martelli, A.; Grottola, A.;
Fregni Serpini, G.; et al. Advances in Legionella control by a new formulation of hydrogen peroxide and
silver salts in a hospital hot water network. Pathogens 2019, 8, 209. [CrossRef]

36. Gamage, S.D.; Ambrose, M.; Kralovic, S.M.; Roselle, G.A. Water Safety and Legionella in Health Care:
Priorities, Policy, and Practice. Infect. Dis. Clin. N. Am. 2016, 30, 689–712. [CrossRef]

37. Gomez-Valero, L.; Rusniok, C.; Buchrieser, C. Legionella pneumophila: Population genetics, phylogeny and
genomics. Infect. Genet. Evol. 2009, 9, 727–739. [CrossRef]

38. Vaccaro, L.; Izquierdo, F.; Magnet, A.; Hurtado, C.; Salinas, M.A.; Gomes, T.S.; Angulo, S.; Salso, S.; Pelaez, J.;
Tejeda, M.I.; et al. First case of legionnaire’s disease caused by Legionella anisa in Spain and the limitations on
the diagnosis of Legionella non-pneumophila infections. PLoS ONE 2016, 11, e0159726. [CrossRef]

39. Compain, F.; Bruneval, P.; Jarraud, S.; Perrot, S.; Aubert, S.; Napoly, V.; Ramahefasolo, A.; Mainardi, J.L.;
Podglajen, I. Chronic endocarditis due to Legionella anisa: A first case difficult to diagnose. New Microbes
New Infect. 2015, 8, 113–115. [CrossRef]

40. Head, B.M.; Trajtman, A.; Bernard, K.; Burdz, T.; Vélez, L.; Herrera, M.; Rueda, Z.V.; Keynan, Y. Legionella
co-infection in HIV-associated pneumonia. Diagn. Microbiol. Infect. Dis. 2019, 95, 71–76. [CrossRef]
[PubMed]

41. Matsui, M.; Fujii, S.I.; Shiroiwa, R.; Amemura-Maekawa, J.; Chang, B.; Kura, F.; Yamauchi, K. Isolation of
Legionella rubrilucens from a pneumonia patient co-infected with Legionella pneumophila. J. Med. Microbiol.
2010, 59, 1242–1246. [CrossRef] [PubMed]

42. Van Der Mee-Marquet, N.; Domelier, A.S.; Arnault, L.; Bloc, D.; Laudat, P.; Hartemann, P.; Quentin, R.
Legionella anisa, a possible indicator of water contamination by Legionella pneumophila. J. Clin. Microbiol. 2006,
44, 56–59. [CrossRef] [PubMed]

43. Boppe, I.; Bédard, E.; Taillandier, C.; Lecellier, D.; Nantel-Gauvin, M.A.; Villion, M.; Laferrière, C.; Prévost, M.
Investigative approach to improve hot water system hydraulics through temperature monitoring to reduce
building environmental quality hazard associated to Legionella. Build. Environ. 2016, 108, 230–239. [CrossRef]

44. Perrin, Y.; Bouchon, D.; Héchard, Y.; Moulin, L. Spatio-temporal survey of opportunistic premise plumbing
pathogens in the Paris drinking water distribution system. Int. J. Hyg. Environ. Health 2019, 222, 687–694.
[CrossRef]

45. Lesnik, R.; Brettar, I.; Höfle, M.G. Legionella species diversity and dynamics from surface reservoir to tap
water: From cold adaptation to thermophily. ISME J. 2016, 10, 1064–1080. [CrossRef]

46. Graham, F.F.; Hales, S.; White, P.S.; Baker, M.G. Review Global seroprevalence of legionellosis—A systematic
review and meta-analysis. Sci. Rep. 2020, 10, 1–11. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijmm.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24881962
http://dx.doi.org/10.1128/AEM.69.5.2540
http://dx.doi.org/10.1128/AEM.00968-06
http://www.ncbi.nlm.nih.gov/pubmed/17021243
http://dx.doi.org/10.3109/1040841X.2014.885930
http://www.ncbi.nlm.nih.gov/pubmed/24580080
http://dx.doi.org/10.1371/journal.pone.0163818
http://dx.doi.org/10.3390/pathogens8040209
http://dx.doi.org/10.1016/j.idc.2016.04.004
http://dx.doi.org/10.1016/j.meegid.2009.05.004
http://dx.doi.org/10.1371/journal.pone.0159726
http://dx.doi.org/10.1016/j.nmni.2015.10.003
http://dx.doi.org/10.1016/j.diagmicrobio.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/31072645
http://dx.doi.org/10.1099/jmm.0.016089-0
http://www.ncbi.nlm.nih.gov/pubmed/20558588
http://dx.doi.org/10.1128/JCM.44.1.56-59.2006
http://www.ncbi.nlm.nih.gov/pubmed/16390948
http://dx.doi.org/10.1016/j.buildenv.2016.08.038
http://dx.doi.org/10.1016/j.ijheh.2019.04.010
http://dx.doi.org/10.1038/ismej.2015.199
http://dx.doi.org/10.1038/s41598-020-63740-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Hospital Characteristics 
	Hot Water Network Disinfection Treatment 
	Sample Collection 
	Microbiological Analysis 
	Serological Identification 
	SBT Typing and Sequencing 
	mip Gene Sequencing 
	Phylogenetic and Allelic Diversity Analysis 
	Statistical Analysis 

	Results 
	Microbiological, Physical, and Chemical Results 
	Legionella Serotyping and Genotyping Results 
	Legionella Contamination in the Hospital 
	Correlation between Legionella and Physical–Chemical Parameters 

	Discussion 
	Conclusions 
	References

