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Abstract: Legionella pneumophila is the causative agent of Legionnaires’ disease. Due to the hot climate
and intermittent water supply, the West Bank, Palestine, can be considered a high-risk area for
this often fatal atypical pneumonia. L. pneumophila occurs in biofilms of natural and man-made
freshwater environments, where it infects and replicates intracellularly within protozoa. To correlate
the genetic diversity of the bacteria in the environment with their virulence properties for protozoan
and mammalian host cells, 60 genotyped isolates from hospital water systems in the West Bank were
analyzed. The L. pneumophila isolates were previously genotyped by high resolution Multi Locus
Variable Number of Tandem Repeat Analysis (MLVA-8(12)) and sorted according to their relationship
in clonal complexes (VACC). Strains of relevant genotypes and VACCs were compared according
to their capacity to infect Acanthamoeba castellanii and THP-1 macrophages, and to mediate pore-
forming cytotoxicity in sheep red blood cells (sSRBCs). Based on a previous detailed analysis of the
biogeographic distribution and abundance of the MLVA-8(12)-genotypes, the focus of the study was
on the most abundant L. pneumophila- genotypes Gt4(17), Gt6 (18) and Gt10(93) and the four relevant
clonal complexes [VACC1, VACC2, VACC5 and VACC11]. The highly abundant genotypes Gt4(17)
and Gt6(18) are affiliated with VACC1 and sequence type (ST)1 (comprising L. pneumophila str. Paris),
and displayed seroroup (Sg)1. Isolates of these two genotypes exhibited significantly higher virulence
potentials compared to other genotypes and clonal complexes in the West Bank. Endemic for the West
Bank was the clonal complex VACC11 (affiliated with ST461) represented by three relevant genotypes
that all displayed Sgb6. These genotypes unique for the West Bank showed a lower infectivity and
cytotoxicity compared to all other clonal complexes and their affiliated genotypes. Interestingly, the
L. pneumophila serotypes ST1 and ST461 were previously identified by in situ-sequence based typing
(SBT) as main causative agents of Legionnaires’ disease (LD) in the West Bank at a comparable level.
Overall, this study demonstrates the site-specific regional diversity of L. pneumophila genotypes in
the West Bank and suggests that a combination of MLVA, cellular infection assays and hierarchical
agglomerative cluster analysis allows an improved genotype-based risk assessment.

Keywords: Legionella pneumophila; genotype; MLVA; clonal complex; Gt10(93); VACC11; virulence

1. Introduction

Legionella pneumophila, the causative agent of legionellosis, inhabits natural and man-
made freshwater environments [1-3]. The pathogen preferentially thrives in biofilm com-
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munities, where it infects and replicates within protozoan hosts [1,3]. Human infection
with L. pneumophila occurs by inhaling contaminated aerosols [4,5] and affected patients
develop either a severe atypical pneumonia known as Legionnaires” disease (LD), or a
minor flu-like illness called Pontiac fever [6—10].

During human infection L. pneumophila replicates intracellularly within alveolar
macrophages and epithelial cells [11-14]. The involved pathogenicity mechanisms strongly
resemble the infection of protozoan hosts [3,11]. In protozoa and human macrophages L.
pneumophila induces the formation of a replicative-permissive membrane-bound compart-
ment called “Legionella-containing vacuole” (LCV) [14-17].

The most important virulence mechanism of L. pneumophila relies on the delivery of
more than 300 different effector proteins into host cells by the bacterial Dot (Defect in Or-
ganelle Trafficking)/Icm (intracellular multiplication) type IV secretion system (T4SS). The
Dot/Icm effectors target many host cell processes, lead to the recruitment of mitochondria
and ER-derived vesicles to LCVs and mediate evasion of the host’s degradative lysosomal
pathway, enabling L. pneumophila to replicate [16-22]. Furthermore, the Dot/Icm system is
essential for pore-formation mediated lysis of the host cell [12,17,19,22-24].

Since virulence of L. pneumophila is determined by factors encoded in the genome and
by environmental drivers [9,25,26] a previous study performed at Haifa, Israel, strongly
suggests a link between genotype and virulence of L. pneumophila strains [9]. However, the
high diversity of environmental L. pneumophila strains and the lack of detailed insights in
their ecology are regarded as a major problem for management and prevention measures
of infections [27]. Many studies demonstrated that the main sources for LD are potable
water systems in large buildings [10,26,28-32]. Especially contaminated hospital water
systems pose a high risk since elderly and immunosuppressed people are highly susceptible
to LD [33]. Thus, understanding L. pneumophila ecology and genetic polymorphism in
hospitals may help to develop better health control protocols [34-36].

Differences in ecology and pathogenicity were already described for various L. pneu-
mophila genotypes colonizing drinking water distribution systems (DWDSs) [33,37]. Multi
locus variable number of tandem repeats (VNTR) analysis (MLVA) using 13 loci designated
as MLVA-8(12) was successfully used to assess the genetic diversity among L. pneumophila
isolates. VNTRs consist of relatively short DNA fragments repeated in tandem and can
vary in copy number among strains [38-42]. Recent publications demonstrated that the
majority of clinically relevant strains can be grouped into a limited number of Clonal
Complexes (CCs) defined by MLVA, called VNTR analysis CC (VACC) [38,41]. MLVA can
be used to complement recommended Sequence-Based Typing (SBT) and gain insights
into the clonal structure of L. pneumophila populations. Many studies have used MLVA for
the genotyping of L. pneumophila strains [38—42]. They showed the high correspondence
between MLVA genotypes and STs with an important increase in resolution when applying
MLVA, which is relevant for understanding clonal populations. Due to its high resolution
power, MLVA could complement SBT for large sets of isolates and enable insights into
the clonal structure of L. pneumophila populations, as well as helping in strain selection
for more details by whole genome sequencing. It is of special relevance for the large and
globally important ST1 (comprising L. pneumophila Paris), where a higher resolution is
needed for clinical and source tracking issues.

The current study on virulence traits is based on the results of two former stud-
ies [38,43]. In comprehensive two-year surveillance, DWDS of eight hospitals across the
West Bank were analyzed with respect to L. pneumophila occurrence by culture and PCR,
and environmental parameters. The retrieved 180 L. pneumophila isolates showed a high
diversity of 27 MLVA-8(12) genotypes, affiliated to four clonal complexes (VACC 1; 2; 5;
11). The MLVA-8(12) genotypes showed a specific biogeographic pattern across the West
Bank, with a high (20/27) fraction of genotypes unique for the West Bank. Most (18/27)
of the genotypes were highly endemic in the West Bank. Most dominant were strains of
VACC1 (ST1) comprising the ubiquitous and most abundant genotype Gt4(17) and the
endemic Gt6(18). VACC11 (ST461) was the second largest clonal complex comprising three
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abundant genotypes (Gt10(93), Gt10(141), Gt9(92)). The major fraction of the strains was
affiliated with ST1 and ST461 and Sgl and Sg6, sequence types and serogroups of high
clinical relevance in the West Bank [32].

A focus of the former study in the West Bank was the identification of environmental
drivers influencing abundance and genotype composition. The study indicated a suppres-
sive effect of high magnesium concentrations (>30 mg/L) on L. pneumophila abundance in
water and biofilm in West Bank DWDS. Furthermore, according to their physico-chemical
habitat conditions, the major genotypes were attributed to three different niches; three to
four genotypes were sharing a common niche and were considered to represent a specific
ecotype. Thus, environmental drivers exerted a different influence in response to the
genotype [43,44].

Based on the previous studies investigating L. pneumophila abundance and genotype
composition across the West Bank, we compared the virulence of 60 environmental isolates.
Emphasis was on the characterization of three dominant MLVA-8(12) genotypes and the
four clonal complexes occurring in the West Bank. For virulence assessment three in vitro
tests were used: cytotoxicity assays against Acanthamoeba castellanii and THP1 macrophages,
and pore-forming mediated cytotoxicity using sheep red blood cells (sRBCs).

2. Material and Methods
2.1. L. pneumophila Isolates

This study included 60 L. pneumophila environmental strains isolated from eight
hospitals in the West Bank, Palestine (Table 1 and Supplementary Material Table S1). Geno-
typing was conducted using multilocus variable number of tandem repeat analysis using 13
loci—MLVA-13 (MLVA-12 plus 1 loci unique for the MLVA-8 scheme) designated as (MLVA-
8(12) [38,45] assigning the majority of the strains to three genotypes (Gt4(17), Gt6(18), and
Gt10(93)) and four clonal complexes (VACC1, VACC2, VACC5 and VACC11) [38]. Table 1
describes the details of the environmental L. pneumophila isolates used for this study. As
reference strains L. pneumophila Philadelphia-1 ATCC33152" [46] and its Icm /Dot deficient
dotA mutant [47,48] were used as positive and negative controls, respectively. Also, L.
pneumophila str. Paris CIP107629 [49] was used as a positive control (Table 1). All tests
of the strains were run as triplicates. A detailed protocol on the L. pneumophila inoculum
preparation for the cytotoxicity tests was previously described [9].

Table 1. Legionella pneumophila genotypes used in this study *.

Clonal
Strain MLVA-8(12) Sequence Type Serogroup (Sg), Sampling Site
Characteristics  Genotype (Gt) Complex (ST) Mab 2 (Hospital) No. of Isolates
(VACQ)
Gt4(17) VACC1 ST1 Sgl A-F 12 %
Environmental Gt6(18) VACC1 ST1 Sgl G 13 %
(Biofilm and Gt10(93) VACC11 ST461 Sg6 Dresden F 12°
Water isolates) DT 3 VACC?2 DT 3 Sgb SDgrlegden, A D,E,F 1
DT3 VACC5 DT3 Sg6 Dresden * A,G H 5
DT 3 VACCI11 ST461 Sgb6 Dresden B,F 7°
Reference
strains
Paris Gt4(17) VACC1 ST1 Sgl Clinical sample
Philadelphia-1 Gt64(74) VACC2 ST36 Sgl Clinical sample
dotA mutant L. pneumohila Philadelphia-1 icm/dot-defient mutant strain (negative control)

! For more details, see supplementary materials (Supplementary Material Table S1); 2 MAb: Monoclonal Antibody; ® DT: Different Types; *
Total No. of VACC1 isolates is 12 + 13 = 25 isolates; ° Total No. of VACC11 isolates is 12 + 7 = 19 isolates; * A166 is not typed by Mab. Sg
(2-14) (Details Supplementary Material Table S1)
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2.2. Acanthamoeba castellanii Cytotoxicity Assay

The virulence of L. pneumophila isolates was measured by infecting A. castellanii (ATCC
50374) at multiplicity of infection (MOI) of 10 for 24 h as previously described [9,50].
The percentage of survived A. castellanii was calculated as (A. castellanii infected with
L. pneumophila/A. castellanii concentration of positive control well) x 100%. Then, the
percentage of killed A. castellanii was measured as (100%—the percentage of survived
A. castellanii).

A. castellanii was cultured in proteose peptone-yeast extract-glucose extract (PYGE)
medium in accordance with ATCC protocols (medium 712) and with the addition of 50 mL
of 2 M glucose (filter sterilized) (Sigma, St. Louis, MO, USA). Detailed protocol was
previously described [9].

2.3. THP-1 Cytotoxicity Assay

The virulence of L. pneumophila isolates was assessed by infecting THP-1 macrophages
at a MOI of 10 for 24 h as previously described [9,11,14,45]. The relative degree of cy-
topathogenicity was expressed as percent of inhibition compared to non-infected cells;
calculated as (Y = [(K — Y)/K] x 100). As K: mean OD of non-infected cells and Y: OD
of infected cells. Bacterial density was assessed by the absorbance at 600 nm with a
spectrophotometer Nanocolor Vis (Macherey-Nagel, Diiren, Germany).

Cytotoxicity assays of L. pneumophila strains were carried out as previously de-
scribed [9,11,51]. The detailed assay was previously described [9].

2.4. Pore-Forming Mediated Cytotoxicity Assay

The ability of L. pneumophila to lyse sSRBCs was assessed at a multiplicity of infection
(MOI) of 25 after 2 h of bacterial-sRBCs contact, as described previously [9,12,52]. The
release of hemoglobin from lysed red blood cells was measured by spectrophotometry at
415 nm. Pore forming cytotoxicity was expressed as percentage of hemolysis compared to
100% fully hemolyzed blood cells.

2.5. Statistical Analysis

GraphPad Prism software v8.3.0 (Graph-Pad, San Diego, CA, USA) and Primer7
software (Primer-e, Auckland, New Zealand) were used for statistical analyses. Non-
Normalized data were normalized. All tests were applied at a 95% and 99% level of
confidence. All groups were normally distributed or normalized according to the Shapiro-
Wilk test (p > 0.05). Variances were equal between groups at all temperatures (Leven’s
test, p > 0.05). Then, one-way ANOVA was performed to estimate statistical differences
among virulence assays and between L. pneumophila genotypes and clonal complexes. Also,
independent ¢-Test was performed to estimate differences among the three virulence assays.
An agglomerative clustering dendrogram was achieved using the Primer?7 software in order
to study the similarity between virulence characteristics of L. pneumophila strains belonging
to different genotypes (Gt4(17), Gt6(18), and Gt10(93)) and clonal complexes (VACC1,
VACC2, VACCS5 and VACC11). The resemblance matrix was calculated using the Bray-
Curtis index of association on the pathogenicity variables of the three different in vitro
assays. Associations between MLVA-genotypes and clonal complexes were calculated
using the Similarity Profile Analysis (SIMPROF) [53] based on Spearman rank correlation.

3. Results
3.1. Virulence Characteristics of L. pneumophila MLVA-8(12) Genotypes

To investigate whether the most abundant L. pneumophila genotypes in the West Bank
exhibit specific virulence characteristics, 60 L. pneumophila isolates from eight hospitals
across the West Bank were analyzed for cytotoxicity (due to intracellular replication) against
A. castellanii and THP-1 macrophages, and for contact-dependent pore formation in sRBCs.
The presented comparison had a focus on strains MLVA-8(12) genotypes Gt4(17), Gt6(18)
and Gt10(93) (Table 1).
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Compared to Gt4(17) and Gt6(18) affiliated to ST1, genotype Gt10(93) affiliated to
ST461 exhibited the lowest cytotoxicity for A. castellanii infection and the lowest contact-
dependent pore formation for sSRBC “s (38.23 & 4.38% and 21.8 + 1.6% respectively) (Table 1
and Figure 1). Since the data are statistically significant (One- Way ANOVA p < 0.01), these
results demonstrate that Gt10(93) (ST461) has a lower overall virulence in comparison with
Gt4(17) and Gt6(18) which are globally prevalent. The virulence did not differ significantly
between Gt4(17) and Gt6(18) isolates within all cytotoxicity tests (Figure 1). The non-
virulent dotA mutant resulted in less than 15% cell death (Supplementary Material Table S1).
A complete list of all isolates analyzed for virulence is provided in Supplementary Material
Table S1.
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Figure 1. The cytotoxicity of L. pneumophila genotypes during post exponential phase was determined
by three cytotoxicity tests; infectivity of A. castellanii or THP-1 macrophages and pore forming medi-
ated cytotoxicity of sRBCs. A. castellanii infection and pore forming cytotoxicity were significantly
different (One-Way ANOVA p < 0.01) for the genotypes (Line); statistically significant difference
(Independent t-Test p < 0.01) between genotypes appears in Down brackets. Values are means,
and error bars represent standard deviations. The * indicates statistically significant differences.
**p <0.01.

The clinical reference strain L. pneumophila str. Paris (Gt 4(17), VACC1, ST1) was tested
by the previously mentioned cytotoxicity assays. This reference strain had a comparable
virulence pattern compared to the set of Gt4(17) strains from the West Bank (cytotoxicity
for A. castellanii, THP-1 macrophages and contact-dependent pore formation for sRBC s
62.5 + 5.9%, 56.8% =+ 3.7 and 74.7 £ 4.9% respectively) (Supplementary Material Figure S1
and Supplementary Material Table S1).

3.2. Virulence Characteristics of L. pneumophila Clonal Complexes

The MLVA-8(12) genotypes sampled from biofilms in the West Bank cluster into
four different clonal complexes (VACC1,2,5,11) [38]. To investigate whether the different
VACCs correlate with respective virulence potentials of L. pneumophila, 60 environmental
isolates were analyzed for cytotoxicity against A. castellanii and THP-1 macrophages,
and for contact-dependent pore formation in sSRBCs. The virulence analyses revealed
statistically significant (ANOVA p < 0.01) difference between the four VACCs with respect
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to cytotoxicity against A. castellanii, THP-1 macrophages and pore forming activity in sSRBCs
(Figure 2).
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Figure 2. The cytotoxicity of L. pneumophila clonal complexes during post exponential phase was
determined by three cytotoxicity tests; infectivity of A.castellanii or THP-1 macrophages and pore
forming mediated cytotoxicity of sSRBCs. A. castellanii infection and pore forming cytotoxicity are
significantly different (One-Way ANOVA p < 0.01) for the VACCs (Line); statistically significant
difference (Independent f-Test p < 0.01) between VACCs is displayed in down brackets. Values are
means, and error bars represent standard deviations. * indicates statistically significant differences.
**p <0.01and *p < 0.05.

In terms of virulence against A. castellanii, VACC1 and VACC2 showed the highest
activities. In terms of significance (Independent t-Test p < 0.05), the activity of VACC1 and
VACC2 was significantly higher than the activity of VACC11.

In terms of cytotoxicity against macrophages showed VACC?2 the highest activity;
however, only the activity of VACC11 was significantly lower than VACC2.

In terms of pore forming activity in sSRBCs, VACC1 and VACC5 showed the highest
activities at a comparable level; by far the lowest activities were observed for VACC11.
As a negative control, the non-virulent dotA mutant resulted in less than 15% cell death
(Supplementary Material Figure S1). Detailed data for individual isolates are provided in
Supplementary Material Table S1.

The newly identified clonal complex in the West Bank VACC11 and its genotype
Gt10(93) seemed to be significantly less cytotoxic towards amoebae at 37 °C (after a 24-h
infection). Also, cytopathogenicity against THP-1 macrophages and hemolytic activity
were significantly less compared to VACC1 and its genotypes Gt4(17) and Gt6(18), and in
comparison to VACC2 and VACCS5 (Figure 2).

The reference strains L. pneumophila str. Paris and L. pneumophila str. Philadelphia-
1 (highly virulent strains and associated with LD globally) were tested in our study as
reference strains for VACC1 (“Paris lineage”) and VACC2 (“Philadelphia-1 lineage”) respec-
tively. The set of three cytotoxicity assays yielded for L. pneumophila str. Paris (cytotoxicity
for A. castellanii, THP-1 macrophages and contact-dependent pore formation for sRBC ’s:
62.5 &+ 5.9%, 56.8% =+ 3.7 and 74.7 £ 4.9%, respectively) virulence traits comparable to
VACCI; by contrast L. pneumophila str. Philadelphia-1 yielded lower virulence activities
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compared to strain Paris and VACC2.(49 =+ 4.4%, 48.2% =+ 3.8 and 61 + 1.4%, respectively)
(Supplementary Material Figure S1 and Supplementary Material Table S1).

Taken together, these results showed that VACC1-genotypes had consistently high
virulence activities; by contrast the newly identified VACC11 had lower virulence charac-
teristics in comparison with the ubiquitous clonal complexes VACC1, VACC2 and VACC5

(Figure 2).

3.3. Hierarchical Agglomerative Cluster Analysis

Significant differences were detected between the virulence characteristics of environ-
mental isolates belonging to different genotypes and clonal complexes (Figures 1 and 2).
Gt10(93) isolates were significantly less cytotoxic toward A. castellanii, THP-1 macrophages
and sRBC ’s than Gt4(17) and Gt6(17) isolates. Furthermore, VACC11 presented a unique
virulence profile with respect to cytotoxicity toward A. castellanii, THP-1 macrophages
and sRBC ’s (Figure 2). Hierarchical agglomerative cluster analysis revealed that isolates
belonging to the Gt10(93) and VACC11 clustered together almost homogenously with a
genotype and clonal complex-dependent virulence profile (Figure 3). VACC11 (Figure 3b)
is abundant in 60% of Gt10(93), 20% of Gt10(141) and 20% of Gt9(92) (Supplementary Mate-
rial Table S1). This means that not only Gt10(93), which is the most abundant genotype in
VACC11, but also the other genotypes in the same clonal complex had comparable virulence
characteristics (Supplementary Material Figure S2). This suggests that VACC11 genotypes
seem to be less virulent according to the tested traits. The non-VACC11 genotypes and
clonal complexes did not form specific clusters according to their genotypes and cluster.
Thus, strains affiliated with genotypes of VACC 1, 2 and 5 could not be characterized by a
distinguished set of virulence traits, in contrast to VACC11.
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Figure 3. Cont.
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Figure 3. Agglomerative clustering dendrogram representing the percentage of similarity between virulence characteristics of L.
pneumophila isolates belonging to different (a) genotypes (Gt4(17), Gt6(18), and Gt10(93)) and (b) clonal complex (VACC1, VACC2,
VACCS5, and VACC11). The resemblance matrix was calculated using the Bray-Curtis index of association on cytotoxicity characteristics
variables, i.e., cytotoxicity against A. castellanii and THP-1 macrophages, and pore forming mediated cytotoxicity.

4. Discussion

There is a wealth of evidence that climate change is with a significant impact on the
water resources in the West Bank [54]. Among many waterborne pathogens, L. pneumophila
can be expected to benefit from elevated temperatures in natural and man-made water
systems [43,55]. Therefore, studies on ecology and virulence of L. pneumophila are a crucial
basis for future management of DWDS.

To elucidate specific infection routes of L. pneumophila from the environment to the
human population, tracking of genotypes and clonal complexes have proven useful [38,43].
However, for a better preparedness, a combined knowledge of L. pneumophila ecology,
transmission and virulence is needed. In the past, the degree of L. pneumophila virulence
was successfully determined by analyzing the infectivity and cytopathogenicity for A.
castellanii or macrophage-like cells. Other approaches included the induction of pore-
formation mediated cytotoxicity of host cells [9,10,26,56,57].

In the present study, we combined L. pneumophila genotyping with these approaches
and were able to show that isolates belonging to different L. pneumophila genotypes and
VACCs can differ markedly in virulence (Figures 1 and 2). Altogether, 60 environmental L.
pneumophila isolates from the most abundant genotypes (Gt4(17), Gt6(18) and Gt10(93)) and
the clonal complexes VACC1, VACC2, VACC5, and VACC11 were analyzed with respect to
cytotoxicity for A. castellanii, THP-1 macrophages and pore-forming mediated cytotoxicity
in sRBCs. Significant differences were observed between L. pneumophila genotypes and
VACCs. L. pneumophila Gt4(17) and Gt6(18) affiliated with VACC1 and ST1, isolated from
six hospitals (A-F) and hospital G, respectively, showed the highest virulence (Figure 1).
These results are in accordance with a previous study [58] demonstrating that ST1 strains

of L. pneumophila can be highly virulent, in addition to their worldwide high prevalence.
Genotypes Gt4(17) and Gt6(18) are affiliated with ST1 and VACC1, the most abundant
clonal complex and sequence type in the West Bank and worldwide. VACC11 is a clonal
complex identified for the first time in the West Bank by Zayed et al. [38]. This clonal
complex exhibits a comparably low virulence potential (Figure 2).
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According to epidemiological studies worldwide [59,60] ST1 (includes Gt4(17) and
Gt6(18)) is one of the most virulent ST that have been described for L. pneumophila strains
since it is one of the most frequent cause of LD globally; observations of this study suggest
that this may also be valid for the West Bank.

Agglomerative clustering dendrograms revealed that virulence profiles for genotypes
were rather different between the relevant VACC11-genotype Gt10(93) on one hand, and
on the relevant VACC1-genotypes (Gt4(17) and Gt6(18)) on the other hand, in the West
Bank (Figure 3). This discrepancy was also observed when comparing a larger set of
genotypes: VACC11-genotypes clustered together and separate from the other clonal
complexes. Figure 3 also shows a distinct cluster for VACC11, but a mixed cluster for all
genotypes of the other clonal complexes VACC1, 2 and 5.

Our results demonstrated that there was no significant difference in the cytotoxicity
toward THP-1macrophages between the genotypes and VACCs of L. pneumophila strains
except between VACC2 and VACC11. However, a statistically significant difference was
seen between L. pneumophila genotypes and VACCs for A. castellanii infection and pore
forming cytotoxicity. An explanation might be that environmental isolates can be expected
to have more pronounced genotype-dependent environmentally relevant defense traits.

The resolution of MLVA-8(12) genotyping applied in this study for L. pneumophila
strains allowed the classification and comparison of the pathogenicity potential of each
genotype in order to determine which genotype poses the greatest risk to public health.
MLVA-8(12) is very useful because it allows classification within the highly health-relevant
and globally distributed ST1, comprising the reference strain L. pneumophila strain Paris [41].
The classical SBT does not distinguish below the level of ST1. However, especially for this
globally highly relevant sequence type a higher distinction is needed.

Strains of VACC11 include three genotypes (Gt10(93), Gt10(141) and Gt9(92)), are affili-
ated with ST461, and were classified as Sg 6 Dresden [38]. ST461 was previously reported
by the European Working Group for Legionella infections (EWGLI) [30,38,57,61], to be found
in hospitals water in Poland [61]. Recently, ST461 was identified in Michigan, (USA) water
systems and showed high capability to efficiently infect THP-1 macrophages [57]. More
recently, ST461 was identified in hotel water in southern Israel [30] and in the West Bank
hospital water systems [38].

L. pneumophia from clinical and environmental samples, collected from suspected
pneumonia patients and from biofilm samples of different wards in one hospital in East
Jerusalem. L. pneumophila was detected in 35% of Bronchoalveolar lavage (BAL) samples
and 15% of sputum samples using conventional PCR. By using Nested PCR sequence-
based typing (NPSBT), 29% of clinical samples genotyped ST1 and 21% genotyped ST461.
Jaber et al. [32] findings support our idea that the information of environmental samples
in combination with genotyping at high resolution level (as MLVA-8(12)) are needed to
understand the epidemiology of legionellosis in a certain geographical area.

A study by Sharaby et al. [9] analyzing clinical and environmental L. pneumophila
isolates from northern Israel, showed that Gt4 virulence are in concordance with our re-
sults with respect to a high cytotoxicity towards A. castellanii and THP-1 macrophages.
Half of the Israeli clinical isolates and a major fraction of the environmental strains were
Gt4 and Gt6 (both affiliated with ST1 and VACC1) indicating the clinical importance and
environmental relevance of these genotypes and ST1 also in DWDS of Israel. The corner
stone between our study and Sharaby et al. is a “genotype-site specificity”, i.e., specific
genotypic groups occurring in a DWDS in Oranim campus (Haifa city) [9,37], had specific
ecotype characteristics (i.e., describing a set of strains of L. pneumophila inhabiting a specific
niche) [44], comparable to our findings in the West Bank [38,43]. Therefore, “genotype-site
specificity” for L. pneumophila strains may include a set of genotype-dependent specific
traits, such as pathogenicity, virulence, epidemiologically relevant and ecological character-
istics with a specific local “imprint”.

A study by Sousa et al. [62] looked at differences between L. pneumophila isolates
from clinical, man-made and natural environmental samples in Galleria mellonella infection
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models in which they found that all strains proved to be pathogenic. They observed that
some of the strains were defective in their ability to cause disease while others were highly
pathogenic. Sousa et al. [62] concluded from their findings that some L. pneumophila strains’
ability to cause disease is more related to their capability to persist and bloom in man-
made environmental niches, which kind of mimics human infection, and less dependent
on their virulence [62,63]. This observation is of relevance because environmental L.
pneumophila strains are reservoirs and source of sporadic cases of legionellosis [64,65].
Another important aspect is how L. pneumophila strains behave in the environment, select
their niche or co-inhabit niches as genotype consortia, and how this affects the virulence of
specific genotypes. Both biotic and abiotic factors may influence structure and dynamics of
L. pneumophila populations as shown by many authors in DWDS and more specifically for
the West Bank [37,43,66]. Though, it is well known that amoeba are an important training
ground for L. pneumophila’s pathogenicity, little is known of the influence of other biotic and
abiotic factors, including interactions among different genotypes on the resulting virulence
of L. pneumophila [11,17].

4.1. Relevance of the Findings for the West Bank and Beyond

Jaber et al. [32] showed that there was a high risk of lung infection in the West Bank
due to L. pneumophila as indicated by the high percentage of infected pneumonia patients.
Furthermore, they have shown that the sequence types most relevant for L. pneumophila
caused pneumonia were ST1 (29%) and ST461 (21%).

By high resolution MLVA-8(12) analysis [38,41], these sequence types could be resolved
into a set of genotypes. As shown by regional and abundance analysis in the West Bank,
the most relevant representatives in the West Bank for ST1 were the VACC1-MLVA-8(12-
genotypes Gt4(17) and Gt6(18), and for ST461 the VACC11-MLVA-8(12) genotypes Gt10(93),
Gt10(141), and Gt9(92). While the ST1-genotypes played an eminent role also in Israel, the
ST461-genotypes were only observed in the West Bank.

Relevance for LD can be assumed for the ST1-genotypes due to their virulence traits.
Less expected is the important role of the ST461-genotypes for LD in the West Bank due to
their lower virulence profile. However, virulence traits and the overall infection processes
are rather complex phenomenons. In addition, there are other aspects contributing to
the risk of LD, such as the infective dose (see Quantitative Microbial Risk Assessment
(QMRA) below).

Another aspect for risk of L. pneumophila infections is its complex ecology leading
to a rather different concentration of L. pneumophila in DWDS. As shown in previous
studies [36-38,45], L. pneumophila displayed a genotype-dependent preference with respect
to habitat characteristics (ecotype), leading to a specific genotype pattern and abundance
in water and biofilm. Since infection is not only dependent on virulence traits but also
on the infective dose, the ecology exerts a direct impact on the infection risk. QMRA
addresses this risk as a well-established tool [67]. The genotype-dependence of ecology and
virulence of this study and previous ones in the West Bank and Israel [9,36-38,45] suggest
that modeling of abundance and risk (QMRA) might be more precise when applied on
the genotype level of L. pneumophila. MLVA-8(12)-genotyping may provide a good level of
resolution to address these issues.

Source tracking based on the MLVA-genotypes could be furthermore helpful to assess
the sources of infection in the West Bank and of great value for risk management.

4.2. Conclusions and Future Research

This is the first study in which virulence characteristics of environmental L. pneu-
mophila isolates from the West Bank were compared. Overall, we observed clustering of
specific genotypes and VACCs with specific virulence potentials. The presented results
suggest that information on virulence characteristics in combination with genotyping at an
adequate resolution level (such as MLVA) is helpful to improve public health management
and risk assessment measures.
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Most of the L. pneumophila isolates were retrieved from the biofilm of the DWDS
in the West Bank. In this set of isolates no significant difference in terms of virulence
between strains derived from biofilm and bulk water could be assessed, in consistence
with a previous study from Israel [9]. However, exchange processes between biofilm and
water for L. pneumophila are complex and would need more detailed investigation on
the genotype level. The genotype-dependent influence of Magnesium on L. pneumophila
abundance may play in this respect a special role in the West Bank, and may be worth a
closer look also for other geographic and climatic regions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pathogens10040417 /s1, Figure S1: The virulent activity of L. pneumophila reference strains
(L. pneumophila str. Paris, L. Pneumophila str. Philadelphia-1 and its Icm /Dot deficient dotA mutant
as a negative control) during post exponential phase was determined by three cytotoxicity tests;
cytotoxicity against A. castellanii or THP-1 macrophages and pore forming mediated cytotoxicity of
sRBC'’s, Figure S2: Agglomerative clustering dendrogram representing the percentage of similarity
between cytotoxicity characteristics of L. pneumophila isolates belonging to different genotypes
(Gt4(17), Gt6(18), Gt10(93), Gt10(141), and Gt9(92)). The resemblance matrix was calculated using
the Bray-Curtis index of association on cytotoxicity characteristics variables against A. castellanii
cytotoxicity, cytopathogenicity of THP-1 macrophages and pore forming mediated cytotoxicity,
Table S1: List of L. pneumophila strains (n = 60) isolated from the West Bank analyzed in this study
by different in vitro cytotoxicity tests. L. pneumophila reference strains included. Water isolates are
highlighted in bold.

Author Contributions: A.R.Z. performed sample analysis, strain isolation, data analysis and con-
tributed to drafting of the manuscript. I.B.,, M.G.H., M.S. and D.M.B. designed the work, contributed
to data evaluation and wrote the manuscript. M.P,, L], S.B., and S.A.B. contributed strain analysis.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by DFG grant (HO 930/5-1&2), Al-Quds University and the
Hildegard-Elisabeth Foundation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Material.

Acknowledgments: We are grateful to Dalia Abu Hilal, Verena Maiberg and Josefin Koch for lab and
technical assistance. Elham Khateeb the dean of scientific research in the Al-Quds University for her
effort in financial support.

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

References

1.  Rowbotham, T.J. Preliminary report on the pathogenicity of Legionella pneumophila for freshwater and soil amoebae. J. Clin. Pathol.
1980, 33, 1179-1183. [CrossRef]

2. Personnic, N.; Striednig, B.; Hilbi, H. Quorum sensing controls persistence, resuscitation, and virulence of Legionella subpopulations
in biofilms. ISME J. 2021, 15, 196-210. [CrossRef] [PubMed]

3. Best, A,; Abu Kwaik, Y. Evolution of the Arsenal of Legionella pneumophila Effectors To Modulate Protist Hosts. mBio 2018, 9.
[CrossRef] [PubMed]

4. 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. 2020, 15, 439-466. [CrossRef]

5. Newton, HJ.,; Ang, D.K,; van Driel, .R.; Hartland, E.L. Molecular pathogenesis of infections caused by Legionella pneumophila.
Clin. Microbiol. Rev. 2010, 23, 274-298. [CrossRef]

6.  Cunha, B.A,; Burillo, A.; Bouza, E. Legionnaires’ disease. Lancet 2016, 387, 376-385. [CrossRef]

7.  Benin, A.L.,; Benson, R.F; Besser, R.E. Trends in legionnaires disease, 1980-1998: Declining mortality and new patterns of
diagnosis. Clin. Infect. Dis. 2002, 35, 1039-1046. [CrossRef]

8.  Tossa, P; Deloge-Abarkan, M.; Zmirou-Navier, D.; Hartemann, P.; Mathieu, L. Pontiac fever: An operational definition for

epidemiological studies. BMC Public Health 2006, 6, 112. [CrossRef]


https://www.mdpi.com/article/10.3390/pathogens10040417/s1
https://www.mdpi.com/article/10.3390/pathogens10040417/s1
http://doi.org/10.1136/jcp.33.12.1179
http://doi.org/10.1038/s41396-020-00774-0
http://www.ncbi.nlm.nih.gov/pubmed/32951019
http://doi.org/10.1128/mBio.01313-18
http://www.ncbi.nlm.nih.gov/pubmed/30301851
http://doi.org/10.1146/annurev-pathmechdis-012419-032742
http://doi.org/10.1128/CMR.00052-09
http://doi.org/10.1016/S0140-6736(15)60078-2
http://doi.org/10.1086/342903
http://doi.org/10.1186/1471-2458-6-112

Pathogens 2021, 10, 417 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sharaby, Y.; Rodriguez-Martinez, S.; Pecellin, M.; Sela, R.; Peretz, A.; Hofle, M.G.; Halpern, M.; Brettar, I. Virulence Traits of
Environmental and Clinical Legionella pneumophila Multilocus Variable-Number Tandem-Repeat Analysis (MLVA) Genotypes.
Appl. Environ. Microbiol. 2018, 84. [CrossRef] [PubMed]

David, S.; Afshar, B.; Mentasti, M.; Ginevra, C.; Podglajen, I.; Harris, S.R.; Chalker, VJ.; Jarraud, S.; Harrison, T.G.; Parkhill,
J. Seeding and Establishment of Legionella pneumophila in Hospitals: Implications for Genomic Investigations of Nosocomial
Legionnaires” Disease. Clin. Infect. Dis. 2017, 64, 1251-1259. [CrossRef]

Gao, L.Y;; Harb, O.S.; Abu Kwaik, Y. Utilization of similar mechanisms by Legionella pneumophila to parasitize two evolutionarily
distant host cells, mammalian macrophages and protozoa. Infect. Immun. 1997, 65, 4738-4746. [CrossRef]

Alli, O.A.; Gao, L.Y; Pedersen, L.L.; Zink, S.; Radulic, M.; Doric, M.; Abu Kwaik, Y. Temporal pore formation-mediated egress
from macrophages and alveolar epithelial cells by Legionella pneumophila. Infect. Immun. 2000, 68, 6431-6440. [CrossRef] [PubMed]
Manske, C.; Hilbi, H. Metabolism of the vacuolar pathogen Legionella and implications for virulence. Front. Cell. Infect. Microbiol.
2014, 4, 125. [CrossRef]

Molmeret, M.; Bitar, D.M.; Han, L.; Abu Kwaik, Y. Disruption of the phagosomal membrane and egress of Legionella pneumophila
into the cytoplasm during the last stages of intracellular infection of macrophages and Acanthamoeba polyphaga. Infect. Immun.
2004, 72, 4040-4051. [CrossRef]

Horwitz, M.A; Silverstein, S.C. Legionnaires’ disease bacterium (Legionella pneumophila) multiples intracellularly in human
monocytes. J. Clin. Investig. 1980, 66, 441-450. [CrossRef]

Hilbi, H.; Segal, G.; Shuman, H.A. Icm/dot-dependent upregulation of phagocytosis by Legionella pneumophila. Mol. Microbiol.
2001, 42, 603-617. [CrossRef]

Bitar, D.M.; Molmeret, M.; Abu Kwaik, Y. Molecular and cell biology of Legionella pneumophila. Int. . Med. Microbiol. 2004, 293,
519-527. [CrossRef] [PubMed]

Park, ].M.; Ghosh, S.; O’Connor, T.J. Combinatorial selection in amoebal hosts drives the evolution of the human pathogen
Legionella pneumophila. Nat. Microbiol. 2020, 5, 599—-609. [CrossRef] [PubMed]

Liu, X.; Shin, S. Viewing Legionella pneumophila Pathogenesis through an Immunological Lens. ]. Mol. Biol. 2019, 431, 4321-4344.
[CrossRef]

Bitar, D.M.; Molmeret, M.; Abu Kwaik, Y. Structure-Function analysis of the C-Terminus of IcmT of Legionella pneumophila in pore
formation-mediated egress from macrophages. FEMS Microbiol. Lett. 2005, 242, 177-184. [CrossRef]

Molmeret, M.; Zink, S.D.; Han, L.; Abu-Zant, A.; Asari, R.; Bitar, D.M.; Abu Kwaik, Y. Activation of caspase-3 by the Dot/Icm
virulence system is essential for arrested biogenesis of the Legionella-containing phagosome. Cell Microbiol. 2004, 6, 33—48.
[CrossRef]

Swart, A.L.; Harrison, C.F; Eichinger, L.; Steinert, M.; Hilbi, H. Acanthamoeba and Dictyostelium as Cellular Models for Legionella
Infection. Front. Cell Infect. Microbiol. 2018, 8, 61. [CrossRef] [PubMed]

Ensminger, A.W. Legionella pneumophila, armed to the hilt: Justifying the largest arsenal of effectors in the bacterial world. Curr.
Opin. Microbiol. 2016, 29, 74-80. [CrossRef] [PubMed]

Molmeret, M.; Alli, O.A.; Zink, S.; Flieger, A.; Cianciotto, N.P.; Abu Kwaik, Y. icmT is essential for pore formation-mediated
egress of Legionella pneumophila from mammalian and protozoan cells. Infect. Immun. 2002, 70, 69-78. [CrossRef]

D’Auria, G.; Jiménez-Hernandez, N.; Peris-Bondia, F.; Moya, A.; Latorre, A. Legionella pneumophila pangenome reveals strain-
specific virulence factors. BMC Genom. 2010, 11, 181. [CrossRef]

Ditommaso, S.; Giacomuzzi, M.; Rivera, S.R.; Raso, R.; Ferrero, P.; Zotti, C.M. Virulence of Legionella pneumophila strains isolated
from hospital water system and healthcare-associated Legionnaires” disease in Northern Italy between 2004 and 2009. BMC Infect.
Dis. 2014, 14, 483. [CrossRef]

Phin, N.; Parry-Ford, F; Harrison, T.; Stagg, H.R.; Zhang, N.; Kumar, K.; Lortholary, O.; Zumla, A.; Abubakar, I. Epidemiology
and clinical management of Legionnaires” disease. Lancet Infect. Dis. 2014, 14, 1011-1021. [CrossRef]

Mavridou, A.; Smeti, E.; Mandilara, G.; Pappa, O.; Plakadonaki, S.; Grispou, E.; Polemis, M. Prevalence study of Legionella spp.
contamination in Greek hospitals. Int. ]. Environ. Health Res. 2008, 18, 295-304. [CrossRef] [PubMed]

Fraser, D.W.; Tsai, T.R.; Orenstein, W.; Parkin, W.E.; Beecham, H.J.; Sharrar, R.G.; Harris, J.; Mallison, G.F.; Martin, S.M.; McDade,
J.E.; et al. Legionnaires’ disease: Description of an epidemic of pneumonia. N. Engl. . Med. 1977, 297, 1189-1197. [CrossRef]
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]

Bonetta, S.; Ferretti, E.; Balocco, F.; Carraro, E.; Bonetta, S. Evaluation of Legionella pneumophila contamination in Italian hotel
water systems by quantitative real-time PCR and culture methods. J. Appl. Microbiol. 2010, 108, 1576-1583. [CrossRef]

Jaber, L.; Amro, M.; Abu Tair, H.; Bahader, S.A.; AlAlam, H.; Butmeh, S.; Abu Hilal, D.; Brettar, I.; Hofle, M.G.; Bitar, D.M.
Comparison of in situ sequence type analysis of Legionella pneumophila in respiratory tract secretions and environmental samples
of a hospital in East Jerusalem. Epidemiol. Infect. 2018, 146, 2116-2121. [CrossRef] [PubMed]

Mercante, ].W.; Winchell, ].M. Current and emerging Legionella diagnostics for laboratory and outbreak investigations. Clin.
Microbiol. Rev. 2015, 28, 95-133. [CrossRef]

Steinert, M.; Hentschel, U.; Hacker, ]. Legionella pneumophila: An aquatic microbe goes astray. FEMS Microbiol. Rev. 2002, 26,
149-162. [CrossRef] [PubMed]


http://doi.org/10.1128/AEM.00429-18
http://www.ncbi.nlm.nih.gov/pubmed/29523542
http://doi.org/10.1093/cid/cix153
http://doi.org/10.1128/IAI.65.11.4738-4746.1997
http://doi.org/10.1128/IAI.68.11.6431-6440.2000
http://www.ncbi.nlm.nih.gov/pubmed/11035756
http://doi.org/10.3389/fcimb.2014.00125
http://doi.org/10.1128/IAI.72.7.4040-4051.2004
http://doi.org/10.1172/JCI109874
http://doi.org/10.1046/j.1365-2958.2001.02645.x
http://doi.org/10.1078/1438-4221-00286
http://www.ncbi.nlm.nih.gov/pubmed/15149027
http://doi.org/10.1038/s41564-019-0663-7
http://www.ncbi.nlm.nih.gov/pubmed/31988381
http://doi.org/10.1016/j.jmb.2019.07.028
http://doi.org/10.1016/j.femsle.2004.11.002
http://doi.org/10.1046/j.1462-5822.2003.00335.x
http://doi.org/10.3389/fcimb.2018.00061
http://www.ncbi.nlm.nih.gov/pubmed/29552544
http://doi.org/10.1016/j.mib.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26709975
http://doi.org/10.1128/IAI.70.1.69-78.2002
http://doi.org/10.1186/1471-2164-11-181
http://doi.org/10.1186/1471-2334-14-483
http://doi.org/10.1016/S1473-3099(14)70713-3
http://doi.org/10.1080/09603120801966035
http://www.ncbi.nlm.nih.gov/pubmed/18668417
http://doi.org/10.1056/NEJM197712012972201
http://doi.org/10.3390/pathogens9060414
http://www.ncbi.nlm.nih.gov/pubmed/32471136
http://doi.org/10.1111/j.1365-2672.2009.04553.x
http://doi.org/10.1017/S0950268818002340
http://www.ncbi.nlm.nih.gov/pubmed/30157982
http://doi.org/10.1128/CMR.00029-14
http://doi.org/10.1111/j.1574-6976.2002.tb00607.x
http://www.ncbi.nlm.nih.gov/pubmed/12069880

Pathogens 2021, 10, 417 13 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lesnik, R.; Brettar, I.; Hofle, M.G. Legionella species diversity and dynamics from surface reservoir to tap water: From cold
adaptation to thermophily. ISME ]. 2015, 10, 1064-1080. [CrossRef] [PubMed]

Sharaby, Y.; Rodriguez-Martinez, S.; Oks, O.; Pecellin, M.; Mizrahi, H.; Peretz, A.; Brettar, I.; Hofle, M.G.; Halpern, M. Temperature-
Dependent Growth Modeling of Environmental and Clinical Legionella pneumophila Multilocus Variable-Number Tandem-Repeat
Analysis (MLVA) Genotypes. Appl. Environ. Microbiol. 2017, 83, €03295-16. [CrossRef]

Rodriguez-Martinez, S.; Sharaby, Y.; Pecellin, M.; Brettar, I.; Hofle, M.; Halpern, M. Spatial distribution of Legionella pneumophila
MLVA-genotypes in a drinking water system. Water Res. 2015, 77, 119-132. [CrossRef]

Zayed, A.R,; Pecellin, M.; Salah, A.; AlAlam, H.; Butmeh, S.; Steinert, M.; Lesnik, R.; Brettar, I.; Hofle, M.G.; Bitar, D.M.
Characterization of Legionella pneumophila Populations by Multilocus Variable Number of Tandem Repeats (MLVA) Genotyping
from Drinking Water and Biofilm in Hospitals from Different Regions of the West Bank. Pathogens 2020, 9, 862. [CrossRef]
[PubMed]

Pourcel, C.; Visca, P.; Afshar, B.; D’Arezzo, S.; Vergnaud, G.; Fry, N. Identification of variable-number tandem-repeat (VNTR)
sequences in Legionella pneumophila and development of an optimized multiple-locus VNTR analysis typing scheme. J. Clin.
Microbiol. 2007, 45, 1190-1199. [CrossRef]

Visca, P.; D’Arezzo, S.; Ramisse, F; Gelfand, Y.; Benson, G.; Vergnaud, G.; Fry, N.; Pourcel, C. Investigation of the population
structure of Legionella pneumophila by analysis of tandem repeat copy number and internal sequence variation. Microbiology 2011,
157,2582-2594. [CrossRef] [PubMed]

Sobral, D.; Le Cann, P; Gerard, A.; Jarraud, S.; Lebeau, B.; Loisy-Hamon, E,; Vergnaud, G.; Pourcel, C. High-throughput typing
method to identify a non-outbreak-involved Legionella pneumophila strain colonizing the entire water supply system in the town
of Rennes, France. Appl. Environ. Microbiol. 2011, 77, 6899-6907. [CrossRef] [PubMed]

Pecellin, M. Structure and Virulence of Legionella pneumophila Populations from Freshwater Systems in Germany and Middle East.
Ph.D. Thesis, Technische Universitdt Braunschweig, Braunschweig, Germany, 2016. Available online: https://publikationsserver.
tu-braunschweig.de/servlets/solr/mods_nameldentifier? (accessed on 25 October 2016).

Zayed, A.R.; Butmeh, S.; Pecellin, M.; Salah, A.; Alalam, H.; Steinert, M.; Hofle, M.G.; Bitar, D.M.; Brettar, I. Biogeography and
Environmental Drivers of Legionella pneumophila Abundance and Genotype Composition Across the West Bank: Relevance of a
Genotype-Based Ecology for Understanding Legionella Occurrence. Pathogens 2020, 9, 1012. [CrossRef] [PubMed]

Deng, J.; Auchtung, ].M.; Konstantinidis, K.T.; Brettar, I.; Hofle, M.G.; Tiedje, ]. M. Genomic Variations Underlying Speciation and
Niche Specialization of Shewanella baltica. mSystems 2019, 4, e€00560-19. [CrossRef] [PubMed]

Kahlisch, L.; Henne, K.; Groebe, L.; Draheim, J.; Hofle, M.G.; Brettar, I. Molecular analysis of the bacterial drinking water
community with respect to live/dead status. Water Sci. Technol. 2010, 61, 9-14. [CrossRef]

Chien, M.; Morozova, I; Shi, S.; Sheng, H.; Chen, J.; Gomez, S.M.; Asamani, G.; Hill, K.; Nuara, J.; Feder, M.; et al. The genomic
sequence of the accidental pathogen Legionella pneumophila. Science 2004, 305, 1966-1968. [CrossRef] [PubMed]

Berger, K.H.; Isberg, R.R. Two distinct defects in intracellular growth complemented by a single genetic locus in Legionella
pneumophila. Mol. Microbiol. 1993, 7, 7-19. [CrossRef]

Roy, C.R,; Berger, K.H.; Isberg, R.R. Legionella pneumophila DotA protein is required for early phagosome trafficking decisions that
occur within minutes of bacterial uptake. Mol. Microbiol. 1998, 28, 663—674. [CrossRef]

Cazalet, C.; Rusniok, C.; Briiggemann, H.; Zidane, N.; Magnier, A.; Ma, L.; Tichit, M.; Jarraud, S.; Bouchier, C.; Vandenesch, F.;
et al. Evidence in the Legionella pneumophila genome for exploitation of host cell functions and high genome plasticity. Nat. Genet.
2004, 36, 1165-1173. [CrossRef] [PubMed]

Rizzardi, K.; Winiecka-Krusnell, J.; Ramliden, M.; Alm, E.; Andersson, S.; Byfors, S. Legionella norrlandica sp. nov., isolated from
the biopurification systems of wood processing plants. Int. J. Syst. Evol. Microbiol. 2015, 65, 598-603. [CrossRef] [PubMed]
Zink, S.D.; Pedersen, L.; Cianciotto, N.P.; Abu-Kwaik, Y. The Dot/Icm type IV secretion system of Legionella pneumophila is
essential for the induction of apoptosis in human macrophages. Infect. Immun. 2002, 70, 1657-1663. [CrossRef]

Kirby, J.E.; Vogel, ].P.; Andrews, H.L.; Isberg, R.R. Evidence for pore-forming ability by Legionella pneumophila. Mol. Microbiol.
1998, 27, 323-336. [CrossRef] [PubMed]

Clarke, K.R.; Somerfield, PJ.; Gorley, R.N. Testing of null hypotheses in exploratory community analyses: Similarity profiles and
biota-environment linkage. J. Exp. Mar. Biol. Ecol. 2008, 366, 56—69. [CrossRef]

Hejaz, B.; Al-Khatib, I.A.; Mahmoud, N. Domestic Groundwater Quality in the Northern Governorates of the West Bank, Palestine.
J. Environ. Public Health 2020, 2020, 6894805. [CrossRef] [PubMed]

Walker, J.T. The influence of climate change on waterborne disease and Legionella: A review. Perspect. Public Health 2018, 138,
282-286. [CrossRef]

Helbig, ].H.; Bernander, S.; Castellani-Pastoris, M.; Etienne, J.; Gaia, V.; Lauwers, S.; Lindsay, D.; Luck, T.; Marques, S.; Mentula,
S.; et al. Pan-European study on culture-proven Legionnaires’ disease: Distribution of Legionella pneumophila serogroups and
monoclonal subgroups. Eur. J. Clin. Microbiol. Infect. Dis. 2002, 21, 710-716. [CrossRef] [PubMed]

Byrne, B.G.; McColm, S.; McElmurry, S.P.; Kilgore, PE.; Sobeck, J.; Sadler, R.; Love, N.G.; Swanson, M.S. Prevalence of Infection-
Competent Serogroup 6 Legionella pneumophila within Premise Plumbing in Southeast Michigan. mBio 2018, 9. [CrossRef]
[PubMed]

Kirby, ].E.; Isberg, R.R. Legionnaires” disease: The pore macrophage and the legion of terror within. Trends Microbiol. 1998, 6,
256-258. [CrossRef]


http://doi.org/10.1038/ismej.2015.199
http://www.ncbi.nlm.nih.gov/pubmed/26528838
http://doi.org/10.1128/AEM.03295-16
http://doi.org/10.1016/j.watres.2015.03.010
http://doi.org/10.3390/pathogens9110862
http://www.ncbi.nlm.nih.gov/pubmed/33105606
http://doi.org/10.1128/JCM.02078-06
http://doi.org/10.1099/mic.0.047258-0
http://www.ncbi.nlm.nih.gov/pubmed/21622529
http://doi.org/10.1128/AEM.05556-11
http://www.ncbi.nlm.nih.gov/pubmed/21821761
https://publikationsserver.tu-braunschweig.de/servlets/solr/mods_nameIdentifier?
https://publikationsserver.tu-braunschweig.de/servlets/solr/mods_nameIdentifier?
http://doi.org/10.3390/pathogens9121012
http://www.ncbi.nlm.nih.gov/pubmed/33271905
http://doi.org/10.1128/mSystems.00560-19
http://www.ncbi.nlm.nih.gov/pubmed/31615877
http://doi.org/10.2166/wst.2010.773
http://doi.org/10.1126/science.1099776
http://www.ncbi.nlm.nih.gov/pubmed/15448271
http://doi.org/10.1111/j.1365-2958.1993.tb01092.x
http://doi.org/10.1046/j.1365-2958.1998.00841.x
http://doi.org/10.1038/ng1447
http://www.ncbi.nlm.nih.gov/pubmed/15467720
http://doi.org/10.1099/ijs.0.068940-0
http://www.ncbi.nlm.nih.gov/pubmed/25406235
http://doi.org/10.1128/IAI.70.3.1657-1663.2002
http://doi.org/10.1046/j.1365-2958.1998.00680.x
http://www.ncbi.nlm.nih.gov/pubmed/9484888
http://doi.org/10.1016/j.jembe.2008.07.009
http://doi.org/10.1155/2020/6894805
http://www.ncbi.nlm.nih.gov/pubmed/32300368
http://doi.org/10.1177/1757913918791198
http://doi.org/10.1007/s10096-002-0820-3
http://www.ncbi.nlm.nih.gov/pubmed/12415469
http://doi.org/10.1128/mBio.00016-18
http://www.ncbi.nlm.nih.gov/pubmed/29437918
http://doi.org/10.1016/S0966-842X(98)01310-9

Pathogens 2021, 10, 417 14 of 14

59.

60.

61.

62.

63.

64.

65.

66.

67.

Cazalet, C.; Jarraud, S.; Ghavi-Helm, Y.; Kunst, E; Glaser, P.; Etienne, J.; Buchrieser, C. Multigenome analysis identifies a
worldwide distributed epidemic Legionella pneumophila clone that emerged within a highly diverse species. Genome Res. 2008, 18,
431-441. [CrossRef]

Kozak-Muiznieks, N.A.; Lucas, C.E.; Brown, E.; Pondo, T.; Taylor, T.H.; Frace, M.; Miskowski, D.; Winchell, ] M. Prevalence of
sequence types among clinical and environmental isolates of Legionella pneumophila serogroup 1 in the United States from 1982 to
2012. J. Clin. Microbiol. 2014, 52, 201-211. [CrossRef]

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.

Sousa, P.S,; Silva, L.N.; Moreira, L.M.; Verissimo, A.; Costa, J. Differences in Virulence Between Legionella pneumophila Isolates
From Human and Non-human Sources Determined in Galleria mellonella Infection Model. Front. Cell. Infect. Microbiol. 2018, 8, 97.
[CrossRef] [PubMed]

Xu, L.; Luo, Z. Cell biology of infection by Legionella pneumophila. Microbes Infect. 2013, 15, 157-167. [CrossRef] [PubMed]
Peabody, M.A.; Caravas, J.A.; Morrison, S.S.; Mercante, J.W.; Prystajecky, N.A.; Raphael, B.H.; Brinkman, ES.L. Characterization
of Legionella Species from Watersheds in British Columbia, Canada. mSphere 2017, 2, e00246-17. [CrossRef] [PubMed]

Cassell, K.; Gacek, P.; Warren, J.L.; Raymond, P.A.; Cartter, M.; Weinberger, D.M. Association Between Sporadic Legionellosis and
River Systems in Connecticut. |. Infect. Dis. 2018, 217, 179-187. [CrossRef]

Winter, C.; Matthews, B.; Suttle, C.A. Effects of environmental variation and spatial distance on bacteria, archaea and viruses in
sub-polar and arctic waters. ISME |. 2013, 7, 1507-1518. [CrossRef] [PubMed]

Sharaby, Y.; Rodriguez-Martinez, S.; Hofle, M.G.; Brettar, I.; Halpern, M. Quantitative microbial risk assessment of Legionella
pneumophila in a drinking water supply system in Israel. Sci. Total Environ. 2019, 671, 404—410. [CrossRef]


http://doi.org/10.1101/gr.7229808
http://doi.org/10.1128/JCM.01973-13
http://doi.org/10.3389/fcimb.2018.00097
http://www.ncbi.nlm.nih.gov/pubmed/29670859
http://doi.org/10.1016/j.micinf.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23159466
http://doi.org/10.1128/mSphere.00246-17
http://www.ncbi.nlm.nih.gov/pubmed/28776042
http://doi.org/10.1093/infdis/jix531
http://doi.org/10.1038/ismej.2013.56
http://www.ncbi.nlm.nih.gov/pubmed/23552622
http://doi.org/10.1016/j.scitotenv.2019.03.287

	Introduction 
	Material and Methods 
	L. pneumophila Isolates 
	Acanthamoeba castellanii Cytotoxicity Assay 
	THP-1 Cytotoxicity Assay 
	Pore-Forming Mediated Cytotoxicity Assay 
	Statistical Analysis 

	Results 
	Virulence Characteristics of L. pneumophila MLVA-8(12) Genotypes 
	Virulence Characteristics of L. pneumophila Clonal Complexes 
	Hierarchical Agglomerative Cluster Analysis 

	Discussion 
	Relevance of the Findings for the West Bank and Beyond 
	Conclusions and Future Research 

	References

