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Abstract: Legionella species distribution in the Emilia-Romagna region, involving hospital (H) and
community (C) environments, was conducted. Legionella culture, agglutination test, and mip-gene
sequencing were applied on 240 isolates. The analysis showed a higher prevalence of non-Legionella
pneumophila (n-Lp) species (84.1%) compared with L. pneumophila (Lp) (15.9%), with a higher frequency
of n-Lp with respect to Lp species in both environments (77.6% and 96.4%, in H and C, respectively).
The Shannon index showed a significant difference in Legionella distribution (p = 0.00017), with a
significant abundance of Lp in the H compared with C environment (p = 0.00028). The continuous
disinfection treatment in H could contribute to adaptive survival of the Lp species. Phylogenetic
analysis revealed a conservative clade distribution between H and C: L. feeleii clade with three
subclades in C and the Lp clade with five subclades in H and two in C, respectively. Our findings
suggest the importance of Legionella surveillance both in H and C, with a focus on n-Lp species
less connected to human disease. The Legionella prevalence and diversity found here indicate that
geographical and temporal isolate evolution should be considered during surveillance, particularly
in the light of global warming and changes in population risk factors.

Keywords: hospitals and communities; Legionella spp. distribution; agglutination test; mip-gene
sequencing; phylogenetic analysis

1. Introduction

Legionella is a Gram-negative bacterium belonging to the Legionellaceae family associ-
ated with respiratory pathologies [1]. The family Legionellaceae consists of a single genus
Legionella with more than 60 known species currently [2]. Legionella is widespread in natural
aqueous environments and in man-made water systems such as potable water systems,
cooling towers, air-conditioning units, and various water plumbing fixtures [3–5]. From
these different sources, Legionella can be transmitted to humans through the inhalation
of contaminated water aerosols. This results in the colonization of human lung alveolar
macrophages, where the microorganisms replicate. Legionella infection is called legionel-
losis [6]. The term legionellosis commonly indicates both a mild flu-like illness, i.e., Pontiac
fever, and a potentially fatal form of pneumonia, i.e., Legionnaires’ disease (LD) [4,7]. The
risk of legionellosis is related to various factors, such as smoking, old age, and underlying
diseases [8].

Although many Legionella species are considered potentially pathogenic to humans,
the epidemiological data suggest that Legionella pneumophila (Lp) is the most common cause
of LD. At present, 16 different serogroups (sgs) have been identified, and Lp sg1 accounts
for over 90% of the cases worldwide [9,10]. In Europe, the number of reported LD cases
increased by 65% between 2014 and 2018, with 85% of these cases attributed to Lp sg1.
Of the 8974 cases with known outcomes, 8% were reported to be fatal. Most cases (72%)
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were community-acquired, 20% were travel-associated, 6% were associated with healthcare
facilities, and 2% were associated with other settings [11].

Similarly, in Italy, in 2018, the incidence of legionellosis was 48.9 cases per million
inhabitants, which was a significant increase compared with the previous year. In 99.9% of
the reported cases, Lp was considered the agent responsible for the disease. The fatality
recorded for the community and nosocomial cases is 10.9% and 51.7%, respectively [12].

These data are in contrast with the real environmental distribution of the genus
Legionella, although standard serotyping of isolates is inadequate in epidemiological inves-
tigations, because Lp sg1 is considered predominant in several cases. The high incidence of
human-reported disease caused by Lp sg1 is not due to its predominance in the environ-
ment, but is rather connected with the higher virulence of this strain; it is also influenced by
the fact that the diagnostic technique is focused particularly on Lp sg1, as demonstrated by
the urinary antigen test. At the time of reporting, it represented the first approach used in
LD clinical diagnosis [3,13]. Further research is required to establish methods for the typing
and classification of other potentially pathogenic Legionella species. The remaining Lp sgs
identified include Lp sg3, sg6, and sg9, and especially non-Legionella pneumophila (n-Lp)
species, such as L. longbeachae, L. micdadei, L. bozemanii, L. feeleii, L. rubrilucens, L. londiniensis,
L. anisa, and L. jordanis; moreover, although these have already been described as etiological
agents of Legionella diseases, with approximately 2–7% cases that can be attributed to them,
the risk related to these species is underestimated [9,14–16]. However, the prevalence and
geographical distribution vary greatly depending on the state or territory; for example,
L. longbeachae constitutes 30.4% of the community-acquired Legionella isolates in Australia
and New Zealand [4,10].

Several of the n-Lp species mentioned above are not well known, and some of them
are less-studied, even though they are frequently isolated in the water distribution system;
representing, in addition to Lp, a serious problem for public health [5,9,17]. To identify
and trace strains causing legionellosis, it is important to correctly identify and type the
Legionella strains in the patient, but even more in the environment, with a particular focus
on elucidating the potential pathogenic role of n-Lp species. Legionella spp. environmental
surveillance in generally performed in the presence of single, cluster, or epidemic events,
other than as part of regular surveillance programs [18,19]. The subtyping of clinical
and environmental isolates of Legionella is a powerful epidemiological tool for identifying
clinical cases and linking them to environmental sources [20]. Cases of community-acquired
legionellosis, for example, have been studied and linked to hotel water systems, where
the risk may be linked to the intermittent use of water that is probably stagnated and
has the consequent presence of biofilm forming microbes [21,22]. There is also evidence
of the diffusion of Legionella in hot water distribution systems in private apartments and
residences, spas, and swimming pools [23–26]. Many of these Legionella infections fall into
the category of travel-associated diseases [27–29].

According to the scientific literature and the European and Italian Guidelines for the
Prevention and Control of Legionellosis [18,19], the culture technique represents the “gold
standard” method for the isolation of Legionella strains, followed by serological agglutina-
tion testing and molecular techniques, such as sequence-based typing (SBT) for the geno-
typing of Lp strains and mip-gene sequences for the genotyping of n-Lp species [30–33]. Un-
fortunately, these methods are used only during epidemiological investigations [32,34,35],
and in routine Legionella environmental monitoring programs, as prescribed particularly
for hospitals and healthcare facilities, they have not been applied. The test applied for
Legionella identification includes serological methods such as the agglutination test, which
is widely used by laboratories involved in clinical routine and environmental surveillance,
with documented limits that lead to the misidentification or misagglutination of the circu-
lating Legionella strains [36,37]. However, it can be asserted that in recent years, with the
introduction of the new Italian Guidelines, the detection rate of environmental Legionella
species has gradually increased in Italy.
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The principal objective of this study was to assess the prevalence and distribution
of Legionella spp. isolates from environmental water sources from several water distribu-
tion systems in the Emilia-Romagna region, Italy, as part of a Legionella environmental
surveillance program. The water distribution systems were categorized into two main
groups—hospitals (including hospitals, healthcare facilities, and long-term staying facili-
ties) and communities (including spas, private apartments, bathhouses, companies, hotels,
and gyms)—in order to compare the type of distribution and the phylogenetic relationship
between the strains. Additionally, the molecular typing of Legionella spp. was conducted
using mip-gene sequencing to assess the genetic diversity among the isolates. Our findings
permit the elaboration of a map of Legionella distribution, to study the variability in terms of
strain diversity between the two different environments. The focus on Legionella belonging
to n-Lp species could improve the knowledge on less documented species in hospitals
and communities that are less involved in surveillance programs. Moreover, the regional
map of Legionella will help to control Legionella strain evolution (mutations, resistance, and
pathogenicity) and, in the future, allow us to monitor and enforce preventive strategies
with a focus on species evolution over time.

2. Results
2.1. Legionella Strains Environmental Distribution

All 240 isolates showed selective growth on Legionella Buffered Charcoal Yeast Ex-
tract (BCYE) cys+ agar. The agglutination test for Legionella identification showed that
38 (15.9%) isolates belonged to Lp species, all showing a positive agglutination reaction to
sg1, and 202 (84.1%) isolates belonged to n-Lp species. Moreover, all of the isolates (n = 240)
showed positive results in the mip-gene sequencing analysis, confirming the identification
of Legionella spp. In particular, we identified several strains of Lp sg1: Lp sg1 strain Paris
(11.7%), Lp sg1 strain Corby (1.7%), Lp sg1 strain Edelstein (1.3%), Lp sg1 strain Lens (0.8%),
and Lp sg1 strain Alcoy (0.4%).

Within the n-Lp, several species were identified, with a high frequency of L. taurinensis
(30.8%), followed by L. anisa (23.3%), L. rubrilucens (15.4%), L. nautarum (6.3%), L. feeleii
(4.2%), L. londiniensis (3.3%), L. jordanis (0.4%), and L. steelei (0.4%).

In Figure 1, we report the distribution frequency of the total Legionella spp. isolates.
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Using pie charts (Figure 2), we observed the type of strains and the relative frequency
of isolation of Legionella isolates within hospitals (labeled as the H category) and com-
munities (labeled as the C category), respectively. In general, the H category included
156 isolates and displayed a frequency of 77.6% and 22.4% for n-Lp species and Lp species,
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respectively. Similarly, in category C, we found 84 isolates, with a frequency of 96.4% and
3.6% for n-Lp species and Lp species, respectively.
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2.2. Phylogenetic and Statistical Relationship

The genetic relationships among isolates were evaluated by aligning mip-gene sequences.
A phylogenetic analysis was carried out on all 240 isolates and their respective Ameri-

can Type Culture Collection (ATCC) reference strains, as displayed in Figure 3.
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An analysis of the population showed the presence of nine main clades represented
by the following Legionella species: eight clades of n-Lp species represented by L. steelei, L.
anisa, L. jordanis, L. feeleii, L. nautarum, L. rubrilucens, L. taurinensis, and L. londiniensis, and
one clade represented by Lp sg1. Interestingly, five subclades were found within Lp sg1
represented by Lp sg1 strain Paris, strain Corby, strain Edelstein, strain Lens, and strain
Alcoy; inside L. feeleii, we found three different subclades showing differences with respect
to the ATCC 35072 reference strain. In particular, only one isolate of L. feeleii (labeled as
L159) showed a match of 99.4% with the reference strain. In contrast, the L157 isolate
showed ten mismatches (98.4%) and the remaining eight isolates, labeled as L207, L183,
L182, L181, L180, L178, L160, and L169, showed 11 mismatches with the ATCC 35072
reference strain, with a percentage of similarity of 98.2%. The relationship between the
genetic Legionella isolates in the two categories considered in this study (H vs. C) is shown
in Figure 4.
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The scale bar represents six substitutions/100 nucleotides in phylogenetic trees.
The genetic trees show how the two environmental categories were widely colonized

by different Legionella species. In particular, the H and C environments displayed eight and
seven different clades, respectively. In general, all strains belonging to the corresponding
clade were conserved, and no genetic differences were found. An exception is the cluster
of Lp sg1, as previously described. The H category displayed five clades related to different
Lp sg1 strains Lens, Corby, Edelstein, Alcoy, and Paris, whereas in the C category, it was
possible to discriminate only two Lp sg1 strains, Corby and Paris. The L. feeleii clade in
both categories showed different subclades—three clades in C and one clade in H. In order
to evaluate the diversity of the bacteria in H and C environmental categories, in terms of
variety and total number of Legionella isolates (species) observed, the Shannon’s index (H’)
test was performed. As shown in Table 1, the H’ values obtained were 1.98 and 1.14 for
the H and C categories, respectively. The Hutcheson t-test showed a highly significant
difference in terms of community composition of Legionella species (p-value (p) = 0.00017),
in the two categories (H vs. C).

Table 1. Evaluation of Legionella diversity between the hospital (H) and community (C) environmental
categories according to the Shannon’s index (H’) and Hutcheson t-test.

Legionella Population
Hospital

Category (H)
No. of Isolates (n)

Community
Category (C)

No. of Isolates (n)

L. anisa 39 17

L. feeleii 6 4

L. jordanis 0 1

L. londiniensis 7 1

L. nautarum 15 0

L. pneumophila (Lp) Alcoy 1 0

Lp Corby 2 2

Lp Edelstein 3 0

Lp Lens 2 0

Lp Paris 27 1

L. rubrilucens 33 4

L. steelei 1 0

L. taurinensis 20 54

Shannon’s index (H’) 1.98 1.14

Hutcheson t-test p-value (p) = 0.00017 *
* Values are statistically significant at p ≤ 0.05.

The analysis of the diversity in each environmental category was studied by comparing
Lp and n-Lp populations. A χ2 test was carried out to investigate the diversity observed
between categories, with significant differences regarding Lp distribution (p = 0.00028)
(Table 2).

The graphical representation of Pearson residuals (Figure 5) indicated a significant
association of Lp with the H category.
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Table 2. The analysis of Legionella species (L. pneumophila (Lp) vs. non-L. pneumophila (n-Lp) species)
between hospitals (H) and communities (C) according to the χ2 test.

Environmental Category L. pneumophila
(Lp)

Non-L. pneumophila
(n-Lp)

Hospitals
(H) 35 121

Communities
(C) 3 81

χ2 test p-value (p) = 0.00028 *
* Values are statistically significant at p ≤ 0.05.
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3. Discussion

Environmental Legionella surveillance is complicated, considering the diffusion of
bacteria in the natural environment, often with a persistent rate in some geographical areas
(e.g., L. longbeachae) [10,22,38]. The common outcome of environmental prevalence studies
of Legionella spp. is the widespread diffusion of this microorganism in artificial water
systems, despite the overall rarity of the most severe form of the disease. Moreover, a low
level of environmental contamination does not guarantee the absence of clinical cases [39].
This is because the risk of contracting legionellosis is as a result of the environmental level
of colonization, host receptivity, and pathogen factors (bacterial concentrations, virulence
factors, and antimicrobial resistance). Being able to precisely detect the type of strain and
assessing their characteristics so as to link them with the source of infection are the main
objectives of this epidemiological investigation. Therefore, obtaining more information
about both the clinical and environmental isolates during routine and epidemiological
investigations could contribute to the refinement of the notification system of the disease
and improve the diagnostic approach. Some of the difficulties in correctly identifying
Legionella include the long culture time and the low isolation rate for some Legionella
species; these species are not able to grow in the laboratory, but persist in environmental
reservoirs in “non-culturable” forms [40–42].
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The role of routine environmental monitoring, as suggested by the International
and National Guidelines, remains the best approach to prevent epidemic events, such
as improving the knowledge of circulating strains in the water distribution systems of a
territory. This approach has been established considerably well in hospitals over the years,
with the implementation of a risk assessment plan for Legionella prevention. However,
in the community environments (e.g., apartments, companies, schools, swimming pools,
and spas), this has not been applied yet. Legionella monitoring is undertaken after the
notification of cases, as occurs during epidemiological investigations, or after the provision
by Public Health Authorities, following the accommodation works, seasonal opening, or
long closure, implementing a self-control plan.

The results reported in this study are in line with Legionella prevalence data regarding
the wide colonization in both H and C water distribution systems [38]. Despite the high
rate of cases attributed to Lp sg1, as reported by the Italian Legionella Epidemiological
Annual Report [12] and several studies, our data show that in a hospital and community
surveillance study, environmental predominance was related to n-Lp species, as described
by other studies [43–45]. The analysis of Legionella frequency within the H and C categories
showed that n-Lp are the major strains isolated in both categories: 77.6% in H and 96.4% in
C, compared with Lp species that showed values of 22.4% in H and 3.6% in C. Interestingly,
data were obtained for the n-Lp species found between the two categories. In H, the
predominant strain was L. anisa, followed by L. rubrilucens, L. taurinensis, and L. nautarum,
among others, most of which were less associated with human cases and are poorly
understood from an ecological and pathogenic point of view. In C, the main strain identified
was L. taurinensis, followed by L. anisa, L. rubrilucens, and L. nautarum. The presence of
a high number of n-Lp species in both categories proves the importance of their correct
identification and study, especially with respect to their potential pathogenic impact in
the etiology of community-acquired pneumonia, as epidemiological data represent the
primary source of information for Legionella infection [12]. Moreover, these findings suggest
the role of implementing diagnostic studies, culture, serology, urinary antigen tests, and
gene studies for Legionella species other than Lp species [46]. The study of diversity using
Shannon’s index within H and C environments points out the differences in Legionella
populations. The values of 1.98 found in the H category with respect to 1.14 in the C
category show how the H environment contains significant Legionella population diversity,
and in line with previous considerations, highlight that during environmental surveillance,
one should consider not only the level of contamination, but also the Legionella species.

The hospitals involved in this study had carried out a Legionella water safety plan,
with a frequency of one to a maximum of four times/year, while the communities involved
in this study were not routinely monitored—sometimes Legionella monitoring was per-
formed only once a year, or when cases or clusters were reported. This difference in the
frequency of monitoring, as in the Legionella surveillance program, could contribute to the
reporting of incorrect data about the real prevalence of Legionella, especially with respect to
communities. In addition, hospitals enforce a continuous disinfection treatment protocol to
control bacterial proliferation, based on chemical agents well studied for Legionella treat-
ment, such as chloride-dioxide (ClO2) and hydrogen peroxide/Ag+ (H2O2/Ag+). Both
of them control Legionella contamination, but, as demonstrated in several studies, they
show some limitations, especially with respect to the changes in the oxidative–reduction
potential of water, with changes in the water chemistry/microbiology, as well as the ox-
idation and destabilization of inorganic contaminants that are released in water, with a
significant health-safety impact [47,48]. Moreover, disinfection treatment often leads to
a transient Legionella control with a rapid re-colonization of water distribution systems
and the development of persistent Legionella strains that have become more tolerant to
biocides, independent of the disinfection strategies applied [49–51]. These considerations
are supported by the analyses of Legionella populations in each category, where the χ2 test
revealed a higher association of Lp population in H than that in C, as was clearly evident
from the Pearson residual analysis results.
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In contrast, although disinfection strategies are enforced to control Legionella in the
community water distribution system, the presence of a highly diverse population in
terms of the frequency of isolation and variety suggests their high potential for causing
disease, as reported by the Italian Legionella Epidemiological Annual Report, where, in
2018, community-acquired cases represented 10.1% of the total cases. Considering that
the domestic water distribution system in facilities such as spas, hotels, bathhouses, and
gyms, involved in this study do not carry out systematic Legionella surveillance, this
study demonstrates how the risk of exposure to Legionella is underestimated, especially in
communities where people stay for a longer time for work or recreation activities. These
findings suggest that understanding the ecology of Legionella populations in both H and C
environments could aid water system management and disinfection strategies.

We believe that during surveillance programs, the study of the relationship among
the strains has an important role in understanding the dynamics of contamination and
evaluating the efficacy of the preventive strategies applied (e.g., disinfection treatment and
maintenance measures). With this aim, a phylogenetic comparison among the Legionella
isolates was performed. The analysis of data considering all 240 isolates, collected at
different periods from the same sites (H or C), showed that both environments were
colonized by Legionella, but interestingly, the species found were not only related to the
common Lp species.

In the H environment, the mip-gene tree showed eight clades that were highly con-
served, with exceptions in two species—Lp, where five subclades relating to the different
strains were identified, and one clade represented by L. feeleii with 98.2% similarity to the
ATCC 35072 reference strains, which could represent a misidentification. It is clear that
this difference requires more research by studying more genes, as demonstrated in several
studies [52–55]. Similarly, in the C population, it is possible to find seven clades, with two
subclades in Lp (two different strains of Corby and Paris) and three in L. feeleii, with a
percentage of similarity from 99.4% to 98.4%.

However, with the currently available data, we cannot assign this genetic diversity
to spatial or temporal causes, considering that these isolates have been collected from
different hospitals or communities located in the same region and isolated at different
times. It is clear that these findings, in any case, could represent a first step in evaluating
diversity during environmental surveillance. Our data demonstrate that the ecology and
the population of Legionella species are more complex considering the incidence of disease
(especially considering their high presence in the water distribution system) caused by a
species that is poorly understood, and that this complexity could change their virulence or
their pathogenic pathway in response to environmental stress, disinfection treatment, or in
response to chemical-physical water characteristic changes [56,57]. The data reported are of
great value, considering that Legionella has recently been mentioned in the new European
Drinking Water Directive; it is included in the list of microbiological parameters to be
evaluated for measuring water quality, even in the absence of cases [58].

Our study has some limitations. First, the study focused on the identification of
Legionella using only the mip-gene sequencing approach [30,33]. Although the use of this
approach has led to improved Legionella identification in comparison with the previous
16SrRNA gene approach, especially the identification of n-Lp species, in some cases, it
can provide unsatisfactory results. This limitation is more evident when considering the
isolates that exhibit differences within the same clade, which could lead to a probable
misidentification of isolates; for example, the identification of different L. feeleii isolates
belonging to the same clade could be improved by using an extensive approach such as
whole genome sequencing. Second, the spread of bacteria in the environments monitored
(H and C) does not permit the linking of geographical isolates, and prevents the study
of geographical differences with respect to the water sources. In addition, the different
Legionella surveillance programs limit the availability of data regarding the isolates coming
from communities.



Pathogens 2021, 10, 552 10 of 15

This limitation could be overcome by increasing the routine monitoring of Legionella
in different environments and by comparing the isolates collected by hospitals and com-
munities over a longer period of time and in a geographical distribution that can better
represent the regional environment (mountains, hills, and plains). It will be helpful to
discover isolates with spatial-temporal variations in the region and better manage the risk
associated with Legionella exposure within water distribution systems, especially in the
context of global climate change, due to the high impact of global warming on the ecology
and genotyping of microorganisms, as demonstrated for other microorganisms (e.g., E. coli
and Salmonella) [38,59].

4. Materials and Methods

The sites involved in the study are located in the Emilia-Romagna region, and we
focused especially on the Bologna province. These sites were chosen because according
to Italian Guidelines [18]; some of these sites, which are hospitals and companies, have a
specific Legionella monitoring program, while several other communities were occasionally
monitored, for either a self-control plan or following their involvement in epidemiological
investigation. According to their specific Legionella risk assessment plan, sampling was
performed at different periods (e.g., years) for the same structures and/or after specific
treatment (e.g., disinfection treatments). The names of the sites have been kept anonymous
for privacy reasons; all of them have been classified into two main environmental categories:
hospitals (H), which included hospitals (n = 95), healthcare facilities, and long-term staying
(n = 61), and communities (C), which included spas (n = 5), private apartments (n = 35),
bathhouses (n = 5), companies (n = 17), hotels (n = 19), and gyms (n = 3). Considering
only the positive samples of the 240 isolates involved in this study, they were divided in
156 and 84 isolates for H and C, respectively.

4.1. Samples Collection and Microbiological Analysis

Two liters of hot water were sampled using 1-liter sterile polytetrafluoroethylene
(PTFE) bottles containing sodium thiosulfate (20 mg/L), following the standard procedure
suggested by the International Standard Organization (ISO) 19458:2006 [60]. Microbiologi-
cal analysis was conducted within 24 h of environmental sampling. Legionella isolation was
performed using a culture technique according to ISO 11731:2017 [61].

Two liters of hot water samples were processed with a membrane filtration technique
using polyethersulfone membrane filters with a porosity of 0.22 µm (Sartorius, Bedford,
MA, USA). Aliquots of 0.2 mL of untreated and 0.1 mL of concentrated, heated, and
acid-treated samples were cultured on Glycine–Vancomycin–Polymyxin B-Cycloheximide
(GVPC) plates (Thermo Fisher Diagnostic, Basingstoke, UK) and were subsequently in-
cubated at 36 ± 1 ◦C with 2.5% CO2. The Legionella growth was evaluated every 2 days
for 15 days. After the incubation period, colonies with morphologies associated with the
Legionella genus were enumerated and five suspected colonies for each morphology, as indi-
cated by ISO 11731:2017, were subcultured on Buffered Charcoal Yeast Extract (BCYE) agar
with L-cysteine (cys+) and without L-cysteine (cys−) as a supplement, which is a selective
medium used for Legionella isolation. The positive Legionella colonies were those that grew
on the Legionella BCYE cys+ agar, but failed to grow on Legionella BCYE cys− agar.

Isolated colonies grown on BCYE cys+ were serologically typed using an agglutination
test (Legionella latex test kit, Thermo Fisher Diagnostic, Basingstoke, UK). The test allowed
for the identification of Lp sg1, Lp sg2–14, and n-Lp species. The isolates identified as
Lp sg2–14 were then processed for single serogroup identification using polyclonal latex
reagents (Biolife, Milan, Italy).

Regarding the n-Lp species group, the pool of antibodies provided by the manufacturer
recognizes only a few species commonly associated with clinical cases, such as L. anisa, L.
bozemanii 1 and 2, L. gormanii, L. longbeachae 1 and 2, L. dumoffii, and L. jordanis; therefore,
their identification was performed with a mip-gene sequencing analysis, as required by
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the European Working Group for Legionella Infections (EWGLI), according to the protocol
described by Ratcliff et al. [30].

4.2. Molecular Analysis: DNA Extraction, PCR, and Mip-Gene Sequencing

Legionella DNA was purified and extracted using the InstaGene Purification Matrix
(Bio-Rad, Hercules, CA). All of the isolates were processed and genotyped with mip-gene
sequencing. Polymerase chain reaction (PCR) was performed using degenerate primers
and was modified by M13 tailing to avoid noise in the DNA sequence. Specifically, mip
amplicons (661–715 bp) were sequenced using M13 forward and reverse primers (mip-595R-
M13R caggaaacagctatgaccCATATGCAAGACCTGAGGGAAC; mip-74F-M13F tgtaaaac-
gacggccagtGCTGCAACCGATGCCAC) to obtain complete coverage of the sequenced
region of interest [62]. Gene amplification was carried out in a 50 µL reaction containing
DreamTaq Green PCR Master Mix 2X (Thermo Fisher Diagnostic) and 40 picomoles of each
primer; 100 ng of DNA extracted from the presumptive colonies of Legionella was added
as a template. The same amounts of DNA from Lp type strain EUL00137, provided by
EWGLI [63], and fetal bovine serum were used as positive and negative controls, respec-
tively. Amplification was performed in a thermocycler under the following conditions:
three min at 96 ◦C for pre-denaturation, followed by 35 cycles consisting of one min at
94 ◦C for denaturation, two min at 58 ◦C for annealing, and two min at 72 ◦C for extension,
followed by five minutes at 72 ◦C for a final extension Then, the reaction mixtures were
held at 4 ◦C.

The PCR products were visualized by electrophoresis on 2% agarose gel and were
stained with ethidium bromide. Following purification, DNA was sequenced using BigDye
Chemistry and was analyzed on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). Raw sequencing data were assembled using CLC Main Workbench
7.6.4 software (QIAGEN, Redwood City, CA, USA). The sequences were compared with
those deposited in the Legionella mip-gene sequence database using a similarity analysis tool.

EWGLI has established an accessible web database (http://bioinformatics.phe.org.uk/
cgi-bin/Legionella/mip/mip_id.cgi accessed on 16 February 2021) that contains sequence
data from described species and allows for the identification of n-Lp species. Species-
level identification was performed on the basis of ≥98% similarity to sequences in the
database [33]. Lp sequences were identified at a strain level with a Basic Local Alignment
Search Tool (BLAST) search [64]. The 240-nucleotide mip sequences generated for this study
were submitted to the GenBank database. The provided accession numbers were as fol-
lows: MW524753-MW524817, MW021138, MW021138, MW052864, MW052865, MW052867,
MW052869, MW052870, MW052873, MW052874, MW052876-MW052881, MW052883-
MW052910, MW052912, MW052914, MW052915, MW052917-MW052922, MW052924-
MW052942, MW052944, MW052953, MW052958-MW052972, MW052975-MW052977,
MW052979-MW052994, MW052997-MW053005, and MW053007-MW053066.

4.3. Phylogenetic Analysis

Phylogenetic analyses were performed in Geneious Prime genome browser ["Geneious
Prime 2020.2.4 (https://www.geneious.com accessed on 16 February 2021)"], over the
240 mip-gene sequences, both totally and individually in the H and C environmental
categories. Multiple sequence alignments were carried out with MUSCLE v.3.8.425 [65],
retaining the default settings. The phylogenetic trees were constructed using the Geneious
Tree Builder, using Tamura-Nei [66] as a genetic distant model and the Unweighted Pair
Group Method with Arithmetic mean (UPGMA) method [67] as a tree building method,
and they were then bootstrapped using 100 replicates.

The reference strains for each Legionella species were included in the analysis, as
follows: IMVS-3376 L. steelei, ATCC 35292 L. anisa, ATCC 33623 L. jordanis, ATCC 35072
L. feeleii, ATCC 49506 L. nautarum, ATCC 35304 L. rubrilucens, ATCC 700508 L. taurinensis,
ATCC 49505 L. londiniensis, and ATCC 33152 L. pneumophila.

http://bioinformatics.phe.org.uk/cgi-bin/Legionella/mip/mip_id.cgi
http://bioinformatics.phe.org.uk/cgi-bin/Legionella/mip/mip_id.cgi
https://www.geneious.com
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4.4. Statistical Analysis

Statistical analysis was performed using R version 4.0.2 (2020-06-22) (R Foundation
for Statistical Computing, Vienna, Austria). The collected Legionella isolates were used
to evaluate the species diversity in the two categories (H and C). The Shannon diversity
index (H) [68] was used for this purpose, taking into consideration both the presence and
absence of species and their abundance. The Hutcheson test was performed to calculate the
significance of similarity between the H and C environmental categories. The Hutcheson
test is a modified version of the classic Student’s t-test (t-test) that allows for a comparison
of the diversity in two community samples using the Shannon diversity index [69]. A
chi-square test (χ2) was used to determine a possible significant relationship between
species and their habitats.

5. Conclusions

This study has demonstrated that both hospital and community environments are
widely colonized by Legionella species, including the species most frequently to clinical
cases and unknown relevant species. Communities are an important reservoir of Legionella
and are often underestimated, whereas hospitals could be the best environment for Lp sg1.
Moreover, our data suggest that the information on the relationship among the isolates
over time and during the disinfection stages could be useful to understand the dynamics of
contamination, changes in the Legionella population, and for the identification of effective
corrective actions.

Understanding the prevalence and distribution of Legionella not only in the hospital
distribution system, but also in the domestic environment, should be the aim for future
research in the light of the increasing amount of environmental (e.g., climate change) and
population susceptibility (e.g., elderly people and underlying diseases) risk factors.

Author Contributions: S.C. and M.M. conceived the study, designed the experiments, and wrote
the paper. M.R.P. and L.G. performed the sample collection and experiments. S.S. performed the
statistical and phylogenetic analyses. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in NCBI GenBank
with the following accesion numbers: MW524753-MW524817, MW021138, MW052864, MW052865,
MW052867, MW052869, MW052870, MW052873, MW052874, MW052876-MW052881, MW052883-
MW052910, MW052912, MW052914, MW052915, MW052917-MW052922, MW052924-MW052942,
MW052944, MW052953, MW052958-MW052972, MW052975-MW052977, MW052979-MW052994,
MW052997-MW053005, and MW053007-MW053066.

Acknowledgments: The authors thank the staff of the hospitals for technical assistance.

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

References
1. Diederen, B.M.W. Legionella spp. and Legionnaires’ disease. J. Infect. 2008, 56, 1–12. [CrossRef]
2. LPSN Bacterio.net LPSN. List of prokaryotic Names with Standing in Nomenclature Legionella. Available online: https:

//www.bacterio.net/genus/legionella (accessed on 16 February 2021).
3. Fields, S.B.; Benson, R.F.; Besser, R.E. Legionella and Legionnaires’ Disease: 25 Years of Investigation. Clin. Microbiol. Rev. 2002, 15,

506–526. [CrossRef]
4. Mercante, J.W.; Winchell, J.M. Current and emerging Legionella diagnostics for laboratory and outbreak investigations. Clin.

Microbiol. Rev. 2015, 28, 95–133. [CrossRef]
5. Mondino, S.; Schmidt, S.; Rolando, M.; Escoll, P.; Gomez-Valero, L.; Buchrieser, C. Legionnaires’ Disease: State of the Art

Knowledge of Pathogenesis Mechanisms of Legionella. Annu. Rev. Pathol. Mech. Dis. 2020, 15, 439–466. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jinf.2007.09.010
https://www.bacterio.net/genus/legionella
https://www.bacterio.net/genus/legionella
http://doi.org/10.1128/CMR.15.3.506-526.2002
http://doi.org/10.1128/CMR.00029-14
http://doi.org/10.1146/annurev-pathmechdis-012419-032742
http://www.ncbi.nlm.nih.gov/pubmed/31657966


Pathogens 2021, 10, 552 13 of 15

6. Oliva, G.; Sahr, T.; Buchrieser, C. The life cycle of L. pneumophila: Cellular differentiation is linked to virulence and metabolism.
Front. Cell. Infect. Microbiol. 2018, 8, 1–12. [CrossRef]

7. Cunha, B.A.; Burillo, A.; Bouza, E. Legionnaires’ disease. Lancet 2016, 387, 376–385. [CrossRef]
8. Burillo, A.; Pedro-Botet, M.L.; Bouza, E. Microbiology and Epidemiology of Legionnaire’s Disease. Infect. Dis. Clin. North Am.

2017, 31, 7–27. [CrossRef]
9. Muder, R.R.; Yu, V.L. Infection due to Legionella species other than L. pneumophila. Clin. Infect. Dis. 2002, 35, 990–998. [CrossRef]

[PubMed]
10. Yu, V.L.; Plouffe, J.F.; Pastoris, M.C.; Stout, J.E.; Schousboe, M.; Widmer, A.; Summersgill, J.; File, T.; Heath, C.M.; Paterson,

D.L.; et al. Distribution of Legionella species and serogroups isolated by culture in patients with sporadic community-acquired
legionellosis: An international collaborative survey. J. Infect. Dis. 2002, 186, 127–128. [CrossRef] [PubMed]

11. European Centre for Disease Prevention and Control Legionnaires’ Disease. In ECDC. Annual Epidemiological Report for 2018;
Stockholm, Sweden, 2020; Available online: https://www.ecdc.europa.eu/en/publications-data/legionnaires-disease-annual-
epidemiological-report-2018 (accessed on 16 February 2021).

12. Rota, M.C.; Caporali, M.G.; Bella, A.; Scaturro, M.; Giannitelli, S.; Ricci, M.L. Rapporto annuale sulla legionellosi in Italia nel 2018;
Notiziario Istituto Superiore di Sanità: Rome, Italy, 2019; Volume 32.

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

14. Potts, A.; Donaghy, M.; Marley, M.; Othieno, R.; Stevenson, J.; Hyland, J.; Pollock, K.G.; Lindsay, D.; Edwards, G.; Hanson, M.F.;
et al. Cluster of Legionnaires’ disease cases caused by Legionella longbeachae serogroup 1, Scotland, August to September 2013.
Eurosurveillance 2013, 18, 1–5. [CrossRef]

15. Amemura-maekawa, J.; Kura, F.; Chida, K.; Ohya, H.; Kanatani, J.; Isobe, J.; Tanaka, S.; Nakajima, H.; Hiratsuka, T.; Yoshino, S.;
et al. Legionella pneumophila and Other Legionella Species Isolated from Legionellosis Patients in Japan between 2008 and 2016.
Appl. Environ. Microbiol. 2018, 84, 1–9. [CrossRef] [PubMed]

16. Byrne, B.; Mccolm, S.; Mcelmurry, S.; Swanson, M. Prevalence of Infection-Competent Serogroup 6 Legionella pneumophila within
Premise Plumbing in Southeast Michigan. mBio Am. Soc. Microbil. 2018, 9, 1–17. [CrossRef] [PubMed]

17. Beauté, J. Legionnaires’ disease in Europe, 2011 to 2015. Eurosurveillance 2017, 22, 1–8. [CrossRef]
18. Italian Health Ministry, Guidelines for Prevention and Control of Legionellosis; Approvate in Conferenza Stato-Regioni Seduta del 7

maggio: Rome, Italy, 2015.
19. Prevention, Control and Investigation, of Infections Caused by Legionella species; European Working Group for Legionella Infections:

Solna, Stockholm, Sweden, 2017.
20. Blyth, C.C.; Adams, D.N.; Chen, S.C.A. Diagnostic and typing methods for investigating Legionella infection. N. S. W. Public

Health Bull. 2009, 20, 157–161. [CrossRef]
21. Kyritsi, M.A.; Mouchtouri, V.A.; Katsioulis, A.; Kostara, E.; Nakoulas, V.; Hatzinikou, M.; Hadjichristodoulou, C. Legionella

Colonization of Hotel Water Systems in Touristic Places of Greece: Association with System Characteristics and Physicochemical
Parameters. Int. J. Environ. Res. Public Health 2018, 15, 2707. [CrossRef]

22. Yakunin, E.; Kostyal, E.; Agmon, V.; Grotto, I.; Valinsky, L.; Moran-Gilad, J. A snapshot of the prevalence and molecular diversity
of Legionella pneumophila in the water systems of Israeli hotels. Pathogens 2020, 9, 414. [CrossRef] [PubMed]

23. Stout, J.E.; Yu, V.L.; Yee, Y.C.; Vaccarello, S.; Diven, W.; Lee, T.C. Legionella pneumophila in residential water supplies: Environmental
surveillance with clinical assessment for Legionnaires’ disease. Epidemiol. Infect. 1992, 109, 49–57. [PubMed]

24. Hamilton, K.A.; Hamilton, M.T.; Johnson, W.; Jjemba, P.; Bukhari, Z.; Lechevallier, M.; Haas, C.N.; Gurian, P.L. Risk-Based Critical
Concentrations of Legionella pneumophila for Indoor Residential Water Uses. Environ. Sci. Technol. 2019, 53, 4528–4541. [CrossRef]

25. Dabrera, G.; Naik, F.; Phin, N. Legionellosis incidents associated with spa pools, England, 2002–2018. Public Health 2020, 185,
232–234. [CrossRef]

26. Zeybek, Z.; Türkmen, A. Investigation of the incidence of Legionella and free-living amoebae in swimming pool waters and
biofilm specimens in istanbul by different methods. Mikrobiyol. Bul. 2020, 54, 50–65. [CrossRef]

27. Benin, A.L.; Benson, R.F.; Arnold, K.E.; Fiore, A.E.; Cook, P.G.; Williams, L.K.; Fields, B.; Besser, R.E. An outbreak of travel-
associated legionnaires disease and pontiac fever: The need for enhanced surveillance of travel-associated legionellosis in the
United States. J. Infect. Dis. 2002, 185, 237–243. [CrossRef]

28. Quaranta, G.; Vincenti, S.; Ferriero, A.M.; Boninti, F.; Sezzatini, R.; Turnaturi, C.; Gliubizzi, M.D.; Munafò, E.; Ceccarelli, G.;
Causarano, C.; et al. Legionella on board trains: Effectiveness of environmental surveillance and decontamination. BMC Public
Health 2012, 12, 1–7. [CrossRef] [PubMed]

29. Rota, M.C.; Bella, A.; Caporali, M.G.; Nicolau, A.; Drasar, V.; Ricci, M.L.; Scaturro, M.; Gumá, M.; Crespi, S. Travel-associated
Legionnaires’ disease: Would changing cluster definition lead to the prevention of a larger number of cases? Epidemiol. Infect.
2018, 147. [CrossRef] [PubMed]

30. 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] [PubMed]

31. Haroon, A.; Koide, M.; Higa, F.; Tateyama, M.; Fujita, J. Identification of Legionella pneumophila serogroups and other Legionella
species by mip gene sequencing. J. Infect. Chemother. 2012, 18, 276–281. [CrossRef]

http://doi.org/10.3389/fcimb.2018.00003
http://doi.org/10.1016/S0140-6736(15)60078-2
http://doi.org/10.1016/j.idc.2016.10.002
http://doi.org/10.1086/342884
http://www.ncbi.nlm.nih.gov/pubmed/12355387
http://doi.org/10.1086/341087
http://www.ncbi.nlm.nih.gov/pubmed/12089674
https://www.ecdc.europa.eu/en/publications-data/legionnaires-disease-annual-epidemiological-report-2018
https://www.ecdc.europa.eu/en/publications-data/legionnaires-disease-annual-epidemiological-report-2018
http://doi.org/10.1016/j.meegid.2009.05.004
http://doi.org/10.2807/1560-7917.ES2013.18.50.20656
http://doi.org/10.1128/AEM.00721-18
http://www.ncbi.nlm.nih.gov/pubmed/29980559
http://doi.org/10.1128/mBio.00016-18
http://www.ncbi.nlm.nih.gov/pubmed/29437918
http://doi.org/10.2807/1560-7917.ES.2017.22.27.30566
http://doi.org/10.1071/NB08062
http://doi.org/10.3390/ijerph15122707
http://doi.org/10.3390/pathogens9060414
http://www.ncbi.nlm.nih.gov/pubmed/32471136
http://www.ncbi.nlm.nih.gov/pubmed/1499672
http://doi.org/10.1021/acs.est.8b03000
http://doi.org/10.1016/j.puhe.2020.05.061
http://doi.org/10.5578/mb.68962
http://doi.org/10.1086/338060
http://doi.org/10.1186/1471-2458-12-618
http://www.ncbi.nlm.nih.gov/pubmed/22870945
http://doi.org/10.1017/S0950268818003266
http://www.ncbi.nlm.nih.gov/pubmed/30501676
http://doi.org/10.1128/JCM.36.6.1560-1567.1998
http://www.ncbi.nlm.nih.gov/pubmed/9620377
http://doi.org/10.1007/s10156-011-0324-0


Pathogens 2021, 10, 552 14 of 15

32. Ratzow, S.; Gaia, V.; Helbig, J.H.; Fry, N.K.; Lück, P.C. Addition of neuA, the gene encoding N-acylneuraminate cytidylyl
transferase, increases the discriminatory ability of the consensus sequence-based scheme for typing Legionella pneumophila
serogroup 1 strains. J. Clin. Microbiol. 2007, 45, 1965–1968. [CrossRef]

33. 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 macrophageinfectivity potentiator gene
an. Clin. Microbiol. Infect. 2007, 13, 1119–1124. [CrossRef]

34. Gaia, V.; Fry, N.K.; Harrison, T.G.; Peduzzi, R. Sequence-Based Typing of Legionella pneumophila Serogroup 1 Offers the Potential
for True Portability in Legionellosis Outbreak Investigation. Society 2003, 41, 2932–2939. [CrossRef] [PubMed]

35. Gaia, V.; Fry, N.K.; Afshar, B.; Luck, P.C.; Meugnier, H.; Etienne, J.; Peduzzi, R.; Harrison, T.G. Consensus Sequence-Based Scheme
for Epidemiological Typing of Clinical and Environmental Isolates of Legionella pneumophila. J. Clin. Microbiol. 2005, 43, 2047–2052.
[CrossRef]

36. Veríssimo, A.; Morais, P.V.; Diogo, A.; Gomes, C.; Da Costa, M.S. Characterization of Legionella species by numerical analysis of
whole-cell protein electrophoresis. Int. J. Syst. Bacteriol. 1996, 46, 41–49. [CrossRef] [PubMed]

37. Orsini, M.; Cristino, S.; Grottola, A.; Romano-Spica, V. Bacteria misagglutination in Legionella surveillance programmes. J. Hosp.
Infect. 2011, 79, 179–180. [CrossRef] [PubMed]

38. Prussin, A.J.; Schwake, D.O.; Marr, L.C. Ten questions concerning the aerosolization and transmission of Legionella in the built
environment. Build. Environ. 2017, 123, 684–695. [CrossRef] [PubMed]

39. Bartram, J.; Chartlier, Y.; Lee, J.V.; Pond, K.; Surman-Lee, S. Legionella and the Prevention of Legionellosis; World Health
Organization: Geneva, Switzerland, 2007. Reviewed by Joseph E. Mcdade. Emerg. Infect. Dis. 2008, 14, 1006.

40. Ducret, A.; Chabalier, M.; Dukan, S. Characterization and resuscitation of “non-culturable” cells of Legionella pneumophila. BMC
Microbiol. 2014, 14. [CrossRef]

41. Oliver, J.D. Recent findings on the viable but nonculturable state in pathogenic bacteria. FEMS Microbiol. Rev. 2010, 34, 415–425.
[CrossRef] [PubMed]

42. Kirschner, A.K.T. Determination of viable legionellae in engineered water systems: Do we find what we are looking for? Water
Res. 2016, 93, 276–288. [CrossRef]

43. Lee, H.K.; Shim, J.I.; Kim, H.E.; Yu, J.Y.; Kang, Y.H. Distribution of Legionella species from environmental water sources of public
facilities and genetic diversity of L. pneumophila serogroup 1 in South Korea. Appl. Environ. Microbiol. 2010, 76, 6547–6554.
[CrossRef]

44. Fallon, R.J.; Stack, B.H.R. Legionnaires’ disease due to Legionella anisa. J. Infect. 1990, 20, 227–229. [CrossRef]
45. Fenstersheib, M.D.; Miller, M.; Diggins, C.; Liska, S.; Detwiler, L.; Werner, S.B.; Lindquist, D.; Thacker, W.L.; Benson, R.F. Outbreak

of Pontiac fever due to Legionella anisa. Lancet 1990, 336, 35–37. [CrossRef]
46. McNally, C.; Hackman, B.; Fields, B.S.; Plouffe, J.F. Potential importance of Legionella species as etiologies in community acquired

pneumonia (CAP). Diagn. Microbiol. Infect. Dis. 2000, 38, 79–82. [CrossRef]
47. Lin, Y.E.; Stout, J.E.; Yu, V.L. Controlling Legionella in Hospital Drinking Water: An Evidence-Based Review of Disinfection

Methods. Infect. Control Hosp. Epidemiol. 2011, 32, 166–173. [CrossRef]
48. Rhoads, W.J.; Pruden, A.; Edwards, M.A. Anticipating Challenges with In-Building Disinfection for Control of Opportunistic

Pathogens. Water Environ. Res. 2014, 86, 540–549. [CrossRef]
49. García, M.T.; Baladrón, B.; Gil, V.; Tarancon, M.L.; Vilasau, A.; Ibañez, A.; Elola, C.; Pelaz, C. Persistence of chlorine-sensitive

Legionella pneumophila in hyperchlorinated installations. J. Appl. Microbiol. 2008, 105, 837–847. [CrossRef] [PubMed]
50. Perola, O.; Kauppinen, J.; Kusnetsov, J.; Kärkkäinen, U.M.; Lück, P.C.; Katila, M.L. Persistent Legionella pneumophila colonization of

a hospital water supply: Efficacy of control methods and a molecular epidemiological analysis. Apmis 2005, 113, 45–53. [CrossRef]
[PubMed]

51. Shen, Y.; Huang, C.; Lin, J.; Wu, W.; Ashbolt, N.J.; Liu, W.T.; Nguyen, T.H. Effect of Disinfectant Exposure on Legionella pneumophila
Associated with Simulated Drinking Water Biofilms: Release, Inactivation, and Infectivity. Environ. Sci. Technol. 2017, 51,
2087–2095. [CrossRef]

52. Liu, W.; Li, L.; Khan, M.A.; Zhu, F. Popular molecular markers in bacteria. Mol. Genet. Microbiol. Virol. 2012, 27, 103–107.
[CrossRef]

53. Kozak-Muiznieks, N.A.; Morrison, S.S.; Mercante, J.W.; Ishaq, M.K.; Johnson, T.; Caravas, J.; Lucas, C.E.; Brown, E.; Raphael, B.H.;
Winchell, J.M. Comparative genome analysis reveals a complex population structure of Legionella pneumophila subspecies. Infect.
Genet. Evol. 2018, 59, 172–185. [CrossRef]

54. David, S.; Mentasti, M.; Tewolde, R.; Aslett, M.; Harris, S.R.; Afshar, B.; Underwood, A.; Fry, N.K.; Parkhill, J.; Harrison, T.G.
Evaluation of an optimal epidemiological typing scheme for Legionella pneumophila with whole-genome sequence data using
validation guidelines. J. Clin. Microbiol. 2016, 54, 2135–2148. [CrossRef] [PubMed]

55. Buse, H.Y.; Morris, B.J.; Gomez-Alvarez, V.; Szabo, J.G.; Hall, J.S. Legionella diversity and spatiotemporal variation in the
occurrence of opportunistic pathogens within a large building water system. Pathogens 2020, 9, 567. [CrossRef] [PubMed]

56. Lehtola, M.J.; Laxander, M.; Miettinen, I.T.; Hirvonen, A.; Vartiainen, T.; Martikainen, P.J. The effects of changing water flow
velocity on the formation of biofilms and water quality in pilot distribution system consisting of copper or polyethylene pipes.
Water Res. 2006, 40, 2151–2160. [CrossRef] [PubMed]

http://doi.org/10.1128/JCM.00261-07
http://doi.org/10.1111/j.1469-0691.2007.01808.x
http://doi.org/10.1128/JCM.41.7.2932-2939.2003
http://www.ncbi.nlm.nih.gov/pubmed/12843023
http://doi.org/10.1128/JCM.43.5.2047-2052.2005
http://doi.org/10.1099/00207713-46-1-41
http://www.ncbi.nlm.nih.gov/pubmed/8573522
http://doi.org/10.1016/j.jhin.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21788096
http://doi.org/10.1016/j.buildenv.2017.06.024
http://www.ncbi.nlm.nih.gov/pubmed/29104349
http://doi.org/10.1186/1471-2180-14-3
http://doi.org/10.1111/j.1574-6976.2009.00200.x
http://www.ncbi.nlm.nih.gov/pubmed/20059548
http://doi.org/10.1016/j.watres.2016.02.016
http://doi.org/10.1128/AEM.00422-10
http://doi.org/10.1016/0163-4453(90)91144-3
http://doi.org/10.1016/0140-6736(90)91532-F
http://doi.org/10.1016/S0732-8893(00)00181-4
http://doi.org/10.1086/657934
http://doi.org/10.2175/106143014X13975035524989
http://doi.org/10.1111/j.1365-2672.2008.03804.x
http://www.ncbi.nlm.nih.gov/pubmed/18557962
http://doi.org/10.1111/j.1600-0463.2005.apm1130107.x
http://www.ncbi.nlm.nih.gov/pubmed/15676014
http://doi.org/10.1021/acs.est.6b04754
http://doi.org/10.3103/S0891416812030056
http://doi.org/10.1016/j.meegid.2018.02.008
http://doi.org/10.1128/JCM.00432-16
http://www.ncbi.nlm.nih.gov/pubmed/27280420
http://doi.org/10.3390/pathogens9070567
http://www.ncbi.nlm.nih.gov/pubmed/32668779
http://doi.org/10.1016/j.watres.2006.04.010
http://www.ncbi.nlm.nih.gov/pubmed/16725175


Pathogens 2021, 10, 552 15 of 15

57. Douterelo, I.; Sharpe, R.L.; Boxall, J.B. Influence of hydraulic regimes on bacterial community structure and composition in an
experimental drinking water distribution system. Water Res. 2013, 47, 503–516. [CrossRef] [PubMed]

58. Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the Quality of water intended
for human consumption, Official Journal of the European Union, Bruxelles, Belgium. 2020. Available online: https://eur-lex.
europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32020L2184 (accessed on 16 February 2021).

59. El-Sayed, A.; Kamel, M. Climatic changes and their role in emergence and re-emergence of diseases. Environ. Sci. Pollut. Res.
2020, 27, 22336–22352. [CrossRef]

60. EN ISO 19458:2006. In Water Quality—Sampling for Microbiological Analysis, 1st ed.; Geneva, Switzerland, September 2006;
Available online: https://www.iso.org/obp/ui/#iso:std:iso:19458:ed-1:v1:en (accessed on 16 February 2021).

61. ISO 11731:2017. In Water Quality—Enumeration of Legionella, 2nd ed.; Geneva, Switzerland, May 2017; Available online: https:
//www.iso.org/obp/ui/#iso:std:iso:11731:ed-2:v1:en (accessed on 16 February 2021).

62. 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]

63. Fry, N.K.; Alexiou-Daniel, S.; Bangsborg, J.M.; Bernander, S.; Castellani Pastoris, M.; Etienne, J.; Forsblom, B.; Gaia, V.; Helbig,
J.H.; Lindsay, D.; et al. A multicenter evaluation of genotypic methods for the epidemiologic typing of Legionella pneumophila
serogroup 1: Results of a pan-European study. Clin. Microbiol. Infect. 1999, 5, 462–477. [CrossRef]

64. Boratyn, G.M.; Camacho, C.; Cooper, P.S.; Coulouris, G.; Fong, A.; Ma, N.; Madden, T.L.; Matten, W.T.; McGinnis, S.D.; Merezhuk,
Y.; et al. BLAST: A more efficient report with usability improvements. Nucleic Acids Res. 2013, 41, 29–33. [CrossRef] [PubMed]

65. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792–1797. [CrossRef]

66. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [CrossRef]

67. Michener, C.D.; Sokal, R.R. A Quantitative Approach to a Problem in Classification. Evolution 1957, 11, 130–162. [CrossRef]
68. Shannon, C.E. A Mathematical Theory of Communication. Bell Syst. Tech. J. 1948, 27, 379–423. [CrossRef]
69. Hutcheson, K. A test for comparing diversities based on the shannon formula. J. Theor. Biol. 1970, 29, 151–154. [CrossRef]

http://doi.org/10.1016/j.watres.2012.09.053
http://www.ncbi.nlm.nih.gov/pubmed/23182667
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32020L2184
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32020L2184
http://doi.org/10.1007/s11356-020-08896-w
https://www.iso.org/obp/ui/#iso:std:iso:19458:ed-1:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:11731:ed-2:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:11731:ed-2:v1:en
http://doi.org/10.1007/s10096-011-1535-0
http://doi.org/10.1111/j.1469-0691.1999.tb00176.x
http://doi.org/10.1093/nar/gkt282
http://www.ncbi.nlm.nih.gov/pubmed/23609542
http://doi.org/10.1093/nar/gkh340
http://doi.org/10.1093/oxfordjournals.molbev.a040023
http://doi.org/10.1111/j.1558-5646.1957.tb02884.x
http://doi.org/10.1002/j.1538-7305.1948.tb01338.x
http://doi.org/10.1016/0022-5193(70)90124-4

	Introduction 
	Results 
	Legionella Strains Environmental Distribution 
	Phylogenetic and Statistical Relationship 

	Discussion 
	Materials and Methods 
	Samples Collection and Microbiological Analysis 
	Molecular Analysis: DNA Extraction, PCR, and Mip-Gene Sequencing 
	Phylogenetic Analysis 
	Statistical Analysis 

	Conclusions 
	References

