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Several speciesinthe genus Legionella are known to cause an acute pneumonia
when the aerosols containing the bacteria from man-made water systems
are inhaled. The disease is usually caused by Legionella pneumophila, but
other species have been implicated in the infection. The disease is frequently
manifested as an outbreak, which means several people are affected when
exposed to the common source of Legionella contamination. Therefor
environmental surveillance which includes isolation and identification of
Legionella is performed routinely. However, usually no molecular or genome-
based methods are employed in further characterization of the isolates during
routine environmental monitoring. During several years of such monitoring,
isolates from different geographical locations were collected and 39 of
them were sequenced by hybrid de novo approach utilizing short and long
sequencing reads. In addition, the isolates were typed by standard culture and
MALDI-TOF method. The sequencing reads were assembled and annotated to
produce high-quality genomes. By employing discriminatory genome typing,
four potential new species in the Legionella genus were identified, which
are yet to be biochemically and morphologically characterized. Moreover,
functional annotations concerning virulence and antimicrobial resistance
were performed on the sequenced genomes. The study contributes to the
knowledge on little-known non-pneumophila species present in man-made
water systems and establishes support for future genetic relatedness studies
as well as understanding of their pathogenic potential.
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1. Introduction

Legionella is a genus of Gram-negative bacteria naturally
occurring in freshwater habitats where they thrive in mixed
community biofilms and replicate within protozoan hosts
(Mondino et al., 2020). Moreover, the bacteria from the
Legionella genus have an ability to inhabit man-made water
systems, such as air conditioning units (Al-Matawah et al., 2015),
cooling towers (Lepine et al., 1998; Wiithrich et al., 2019), hot
tubs (Yakunin et al, 2020), and drinking water systems
(Springston and Yocavitch, 2017). Human infection can
subsequently occur as a result of aspiration of aerosols containing
Legionella. The infection can cause an acute bacterial pneumonia
termed Legionnaires’ disease or a milder form, a flu-like
non-pneumonic Pontiac fever (Mercante and Winchell, 2015).
Water distribution systems therefore pose a risk for large
outbreaks of Legionella-related disease. Thus, specific guidelines
for buildings, especially healthcare facilities are imposed to
minimize the potential for transmission of Legionella. Various
parameters affect the presence of Legionella species, such as water
hardness, temperature, corrosion scale, flow regimes, and
biofilms (Pécastaings et al., 2010). Hence, guidelines are focused
on proactive efforts to recognize and evaluate Legionella hazards
and to prevent disease through source identification, risk
assessment, and control, rather than acting after disease
occurrence. The guidelines, apart from temperature regulations
and prevention of water stagnation recommend routine testing
for the presence of Legionella species (Berkelman and Pruden,
2017). Commonly used methods include traditional plate culture
on Buffered charcoal yeast extract (BYCE) agar where presence
of species from the Legionella genus is reported in colony
forming units (CFU) per volume (Toplitsch et al., 2021).
Although the Legionella genus comprises more than 70 species
according to the List of Prokaryotic names with Standing in
Nomenclature (LPSN; Parte, 2014), Legionella pneumophila is
responsible for around 90% of clinical manifestations of
Legionnaires’ disease. Next, the most commonly isolated
Legionella species are Legionella longbeachae and Legionella
bozemanii (Yu et al., 2002; Phin et al., 2014). Less frequent
Legionella species isolated from humans are Legionella micdadei
(Waldron et al.,, 2015), Legionella feeleii (Siegel et al., 2010),
Legionella dumoffii (Joly et al., 1986), Legionella wadsworthii
(Edelstein et al., 1982), and Legionella anisa (Vaccaro et al.,
2016), which are associated with disease in immunocompromised
patients. The non-pneumophila species in these samples are
generally not well studied and therefore, despite their frequent
isolation from water systems, not much is known about their
pathogenic potential (Muder and Victor, 2002; Chambers et al.,
2021). A major factor for limited availability of epidemiological
data of non-pneumophila species is under-diagnosis due to mild
symptoms or tests specifically targeting L. pneumophila such as
frequently used urinary antigen test (Chambers et al., 2021). For
the above-mentioned reasons, it was noted that correct
identification and typing of strains isolated from patients and the
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environment is crucial for understanding the pathogenic role of
bacteria belonging to the Legionella genus (Mazzotta et al., 2021;
Du et al, 2022; Wroblewski et al, 2022). Whole-genome
sequencing (WGS) analysis is a highly discriminatory method
capable of assessing genetic relatedness among isolates and
therefore constitutes an important tool for outbreak
investigations as well as pathogen surveillance (Quainoo et al.,
2017; Xu et al,, 2021). WGS has been successfully applied in
elucidating outbreak versus non-outbreak L. pneumophila strains
(Reuter et al, 2013) and linking outbreaks to possible
environmental sources (David et al, 2017). Furthermore,
WGS-based characterization was used to explore the repertoire
of effectors in 38 Legionella species providing important
information for understanding the pathogenicity of the genus.
Importantly, it was discovered that all sequenced Legionella
species encode a conserved type IVB secretion system which is
crucial for intracellular replication in the host. Conversely, large
variation in secreted effectors was observed (Burstein
etal., 2016).

Due to increased use of WGS for outbreak investigation, the
number of genome sequenced L. pneumophila isolates is
By of
non-pneumophila are

increasing. comparison, genome  sequences
the
underrepresented. For example, National Center for Biotechnology
Information (NCBI) more than 3,800

L. pneumophila assemblies, while other Legionella species are

species present in isolates

currently hosts

represented with maximum 16 assemblies. This makes informative
genome comparative studies especially difficult. Moreover, the
Legionella genus is known for having a high genome diversity
because of recombination and horizontal gene transfer (HGT)
between different bacteria and even involving eukaryotes (Gomez-
Valero and Buchrieser, 2019). HGT is an important evolutionary
mechanism which enables bacteria to rapidly adapt to their
environment which includes the acquisition of pathogenicity and/
or antimicrobial resistance genes. It has been hypothesized that
Legionella acquired virulence genes which enable human infection
via HGT from protozoa, in which it replicates in the environment
(Gomez-Valero and Buchrieser, 2013, 2019).

The aim of the study herein was to investigate the diversity,
virulence potential, and antimicrobial resistance of Legionella sp.
isolates obtained during environmental monitoring using
WGS. Samples from different geographical locations were
collected and confirmed to be Legionella by ISO 11731 procedures
(ISO 11731:2017, n.d., Water
Legionella). Isolates were not connected to an outbreak, and 39

quality—Enumeration of

samples isolated from 15 countries were chosen randomly for
WGS and further characterized in pangenome, virulence, and
antimicrobial resistance analysis. Interestingly, in this relatively
small sample size, four isolates were determined to be new species
candidates based on genomic relatedness estimated by Average
Nucleotide Identify (ANI) and in silico DNA-DNA hybridization.
Two of the named four isolates showed genetic relatedness to
Legionella cherrii, while the other two showed closest relation to
L. pneumophila.
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2. Materials and methods

2.1. Culture analysis and MALDI-TOF
species identification

For this study, 39 isolates were randomly selected (fluorescent
and non-fluorescent) from a collection of strains isolated over a
period of 5Syears (2016-2021) in different countries during
environmental surveillance in building water systems. All isolates
were characterized by culture methods described by ISO
11731:2017 and with application of procedures for the recovery of
Legionella from the environment. All presumptive Legionella
colonies were additionally confirmed on culture media; Buffered
charcoal yeast extract (BCYE) agar and BCYE-cysteine agar
according to ISO 11731-2017 in an accredited microbiological
laboratory (EN ISO/IEC 17025: 2017; HAA 1550). The isolates
were also subjected to matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS) analysis with
full extraction as previously described (Pecur Kazazi¢ et al., 2019).
Briefly, a loopful of a bacterial colony was suspended in 300 pl
deionized water, vortexed, added 900pl of absolute ethanol
(Kemika, Croatia) to the suspension, and centrifuged at
13,000 rpm for 2 min. The supernatant was decanted and the pellet
was resuspended by pipetting in the equal volume of 70% formic
acid (Sigma Aldrich, Germany) and 100% acetonitrile (Fisher
Chemical, Spain) and centrifuged at 13,000 rpm for 2min. The
supernatant was spotted onto a 96-spot polished steel target plate
(Bruker Daltonik, Germany), dried at room temperature, and
overlaid with 1 pl of 10 mg/ml alpha-4-cyano-4-hydroxycinnamic
acid (CHCA, Bruker Daltonik, Germany) in 50% acetonitrile and
2.5% trifluoroacetic acid and allowed to dry.

Spectra were acquired in the positive linear ion mode in the
mass range of 2-20kDa. MBT Compass HT version 5.0 software
(Bruker Daltonik) was used for spectra matching to a reference
database version 11. Identification criteria were as follows: a log
score of 2.00-3.00 indicated high-confidence species identification,
a log score of 1.70-1.99 indicated low-confidence species
identification, while a score of 0-1.69 was considered
unreliable identification.

2.2. DNA extraction and sequencing

A single colony was picked from BYCE agar, resuspended in
PBS and the pellet was washed three times. DNA was extracted
from each sample using the DNeasy blood and tissue kit (Qiagen,
Germany), RNase treatments and following the manufacturer’s
instructions. Genomic libraries were prepared using Illumina
Nextera DNA library prep according to the manufacturer’s
protocol and were sequenced using the Illumina MiSeq system
thereby obtaining paired-end 150bp reads. Long reads were
obtained by MinION Nanopore (Oxford Nanopore Technologies,
United Kingdom). The DNA libraries for long-read sequencing
were prepared using rapid 96 barcoding kit following the
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manufacturer’s instruction and sequenced using R9.4.1 flow cell.
The run was performed until sufficient data yield was obtained.
Basecalling was performed in real-time using Guppy 5.0.11
(nanopore) with high accuracy basecalling model and reads were
exported as FastQ files for further analysis.

2.3. De novo hybrid assembly and
annotation

Quality control and trimming of low-quality Illumina reads
were conducted using fastp (v0.20.1) with default settings (Chen
etal., 2018). Adapter trimming of long reads was performed using
Porechop (v0.2.4)" and the read quality was checked with
Nanoplot v1.28.2 (De Coster et al., 2018). Illumina and Nanopore
reads were assembled by hybrid de novo assembly using Unicycler
(v0.4.1; Wick et al., 2017) with default settings. The quality of the
assembly was checked with quast (v.5.2.0; Gurevich et al., 2013).
The quality control reports were summarized using MultiQC
(Ewels et al.,, 2016). Functional annotation of the de novo
assembled genomes was done by Prokka (Galaxy v1.14.6;
Seemann, 2014; Afgan et al., 2018). Contamination was assessed
using checkM (v1.0.18, KBASE; Parks et al., 2015; Arkin et al.,
2018) which checks quality of genome sequences of isolates, single
cells, or genome bins from metagenome assemblies through
comparison to an existing database of genomes included in the
chekM tool.

2.4. Genome-based species identification

The initial typing of the assemblies was conducted by
PubMLST (Jolley et al., 2012) to identify the closest related species
from the database. The assemblies of type strains belonging to
Legionella genus were downloaded from NCBI and crosschecked
with LPSN database. The reference database was constructed from
59 type strain assemblies which are listed in Supplementary Table S1.

The 39 isolates sequenced in this study were matched to type
strains assemblies using an alignment-free approach through the
fastANI tool (Hayoun et al., 2020) to determine average nucleotide
identity (ANI). Next, ANI based on BLASTn pairwise comparisons
against Legionella genus type strains and isolates from this study
were calculated with JSpeciesWS server (Richter et al., 2016).
Calculation of genome-to-genome distance by in silico DNA-
DNA hybridization (GGDC; Meier-Kolthoff et al., 2022) was also
conducted for all 39 isolates against Legionella type strains.

The core-genome determination was derived from the 59
Legionella type strains that were available in NCBI
(Supplementary Table S1), as well as the 39 genome assemblies
produced in this study. For normalization purposes, all
genomes were annotated with Prokka (Galaxy v1.14.6). The

1
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core genome was determined using several available tools and
an in-house script as previously described (Jaén-Luchoro
et al., 2020). In brief, the protein sequences of the genomes
were compared (all vs. all) using the Basic Local Alignment
Search Tool for Proteins (BLASTP; Altschul et al., 1990).
Based on these results, groups of homologous proteins were
formed, using the Get Homologues software. The threshold
for homology was set to 70% similarity for at least 70% of the
respective sequence. Alignments were concatenated, and then
processed by GBLOCKS (Castresana, 2000). This final
alignment was used to build a core-genome phylogeny, using
the Maximum Likelihood algorithm with PhyML (Guindon
et al., 2010) and the Approximate Likelihood-Ratio Test
(aLRT; Anisimova and Gascuel, 2006).

Additionally, a complete 16S rRNA gene sequence
phylogenetic tree was built using MEGA v7.0.26 (Kumar et al.,
2016). Sequences were aligned using ClustalW and distance
matrix was generated. The evolutionary distances were calculated
using the Kimura-two parameter model (Kimura, 1980), and
clustering analysis was performed by Neighbor-Joining (Saitou
and Nei, 1987) Bootstrap parameter was set for 1,000 replications.

2.5. Virulence factors and antimicrobial
resistance screening

The files containing proteins sequences of each isolate were
screened for virulence and antimicrobial resistance (AR) genes
using (Galaxy v.1.0.1).> Virulence factors and AR genes were
identified using ABricate (Seemann, 2022a). For this purpose, the
Virulence factor database (VFDB; Chen et al., 2016) and
Comprehensive Antibiotic Resistance Database (CARD; Jia et al.,
2017) were used, respectively. In order to investigate the point
mutations previously described in Legionella genus, target protein
sequences encoded by genes gryA, gryB, parC, rpoB, rplD, and
rplV were aligned to corresponding Escherichia coli K12 genes to
have a consistent numbering amino acid positions. The alignments
were visualized in Jalview (Troshin et al., 2011).

Sequence-based typing (SBT) of L. pneumophila is a
discriminatory and reproducible method for genotyping clinical
and environmental Legionella isolates. The method uses seven loci
including five virulence genes (flaA, pilE, mip, mompS, and proA)
and two housekeeping genes (asd and neuA). In this study, in silico
L. pneumophila SBT was achieved using a freely available tool
legsta v0.5.1 (Seemann, 2022b) which contains sequences and SBT
profiles obtained from the Public Health England database.’
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2.6. Detection of putative plasmids

Since many isolates from this study contained 2 or 3 contigs
which were determined to be circular plasmid presence was
suspected. The presence of plasmid-derived sequences in the
assemblies was first checked using BLASTn against NCBI non
redundant (nr) database.

2.7. Intra-species comparisons

Pangenome analysis was performed using the Bacterial Pan
Genome Analysis Pipeline (BPGA tool; Chaudhari et al.,, 2016).
The default clustering tool USEARCH (Edgar, 2010) was used to
define orthologous clusters of protein sequences based on the
default 50% sequence identity cut-off. The pan-genome functional
analysis module was used to find the Clusters of Orthologous
Groups of proteins (COGs) and map pathways using Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (Kanchisa
and Goto, 2000). For L. pneumophila, additional typing was
performed based on core single nucleotide polymorphism (SNP)
phylogenetic tree which included isolates from thus study closely
matching to L. pneumophila and complete genome sequences
downloaded from NCBI. The core genome SNPs were derived by
using kSNP4 program, based on k-mer analysis of genome
sequences of each isolate (Gardner et al., 2015). The tree was
inferred using the Neighbor-Joining method from the matrix
containing SNP loci common to all isolates.

3. Results

3.1. Culture identification and
MALDI-TOF typing

During environmental monitoring of Legionella, numerous
samples were collected in the period of 2016-2021. For the
purpose of this study, 39 isolates representing 15 locations around
the world were chosen for WGS randomly as shown in Table 1
After confirming that the isolates belonged to the Legionella genus
by the culture method, the strains were typed by MALDI-TOF to
identify the bacterial species (Table 1). Based on the MALDI-TOF
analysis, 26 L. pneumophila strains and six strains of L. dumoffii
were identified. Moreover, two strains were identified for each of
the following species: Legionella anisa, Legionella cherrii, and
Legionella gormanii. Moreover, one strain of Legionella quinlivanii
was also identified (Table 1; Figure 1).

3.2. General characteristics of the hybrid
de novo assembly

Opverall, 27 out of 39 genomes were determined to be closed/
circular with several assemblies having more than one circular
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TABLE 1 Isolates selected for the study along with their country of origin, isolation source, results of MALDI-TOF typing, and PubMLST typing.

Sample ID

Isolation source

Country of

origin

MALDI biotyper
identification

MALDI score

PubMLST

PATHC001 Hot water tank Saudi Arabia Legionella dumoffii 2.25 Legionella dumoffii
PATHC002 Incoming water supply Saudi Arabia Legionella pneumophila 221 Legionella pneumophila
PATHC003 Hot water tank Uganda Legionella pneumophila 2.15 Legionella pneumophila
PATHC004 Calorifier tank United Arab Emirates Legionella pneumophila 243 Legionella pneumophila
PATHC005 Shower Oman Legionella pneumophila 2.25 Legionella pneumophila
PATHC006 Kitchen sink Oman Legionella pneumophila 2.04 Legionella pneumophila
PATHC007 Hot water tank Albania Legionella pneumophila 2.29 Legionella pneumophila
PATHC009 Shower United Arab Emirates Legionella dumoffii 2.37 Legionella dumoffii
PATHCO010 Sink United Arab Emirates Legionella pneumophila 2.6 Legionella pneumophila
PATHCO12 Jacuzzi Ethiopia Legionella pneumophila 2.33 Legionella pneumophila
PATHCO013 Irrigation tank United Arab Emirates Legionella gormanii 2.35 Legionella gormanii
PATHCO014 Irrigation tank United Arab Emirates Legionella pneumophila 2.3 Legionella pneumophila
PATHCO15 Shower Gabon Legionella pneumophila 2.26 Legionella pneumophila
PATHCO17 Shower Oman Legionella dumoffii 2.41 Legionella dumoffii
PATHCO018 Incoming water supply Djibouti Legionella pneumophila 2.32 Legionella pneumophila
PATHCO019 Pool shower United Arab Emirates Legionella dumoffii 2.29 Legionella dumoffii
PATHC020 Water tank United Arab Emirates Legionella quinlivanii 2.55 Legionella quinlivanii
PATHC021 Raw water tank United Arabian Emirates = Legionella pneumophila 2.35 Legionella pneumophila
PATHC022 Decorative fountain Croatia Legionella pneumophila 2.34 Legionella pneumophila
PATHC023 Decorative fountain Croatia Legionella anisa 222 Legionella anisa
PATHC024 Jacuzzi Ethiopia Legionella pneumophila 2.37 Legionella pneumophila
PATHC025 Shower Guinea Legionella pneumophila 2.3 Legionella pneumophila
PATHC026 Cold water storage tank | Guinea Legionella gormanii 2.3 Legionella gormanii
PATHC027 Sink Guinea Legionella pneumophila 227 Legionella pneumophila
PATHC028 Sink Guinea Legionella pneumophila 2.24 Legionella pneumophila
PATHC029 Shower Turkey Legionella anisa 222 Legionella anisa
PATHC030 Bathtub Austria Legionella pneumophila 2 Legionella pneumophila
PATHCO031 Hot water tap United Arab Emirates Legionella pneumophila 2.37 Legionella pneumophila
PATHC032 Hot water tap United Arab Emirates Legionella pneumophila 2.19 Legionella pneumophila
PATHC033 Cooling tower United Arab Emirates Legionella pneumophila 2.32 Legionella pneumophila
PATHC034 Pool Nigeria Legionella pneumophila 2.29 Legionella pneumophila
PATHCO035 Sink Nigeria Legionella cherrii 2.3 Legionella cherrii
PATHCO036 Jacuzzi United Arab Emirates Legionella dumoffii 233 Legionella dumoffii
PATHC037 Jacuzzi United Arab Emirates Legionella pneumophila 2.36 Legionella pneumophila
PATHC038 Hose bib Cruise Ship Legionella cherrii 1.84 Legionella cherrii
PATHC039 Shower Cruise Ship Legionella pneumophila 222 Legionella pneumophila
PATHC040 Shower Ethiopia Legionella dumoffii 2.23 Legionella dumoffii
PATHC041 Incoming water supply Ghana Legionella pneumophila 22 Legionella pneumophila
PATHC042 Shower Ghana Legionella pneumophila 2.25 Legionella pneumophila

contigs indicting a presence of plasmids. The total size of the completeness quality of the assemblies. The functional annotation

assemblies ranged from 3.3 to 4.7 Mb with average being 3.7 Mb. results provided by Prokka showed there are on average 3,253.6

The average N50 value was 3.4Mbp, showing a satisfied coding sequences, 9.1 rRNAs and 43 tRNAs. The general overview
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FIGURE 1

Core-genome dendrogram of Legionella type strains and the 39 newly sequenced Legionella isolates from this study. The core-genome was
derived from 141 protein sequences encoded by single-copy genes. The tree was constructed, using Maximum Likelihood (ML) and the

Approximate Likelihood-Ratio Test (aLRT).

of assemblies for each isolate can be found in

Supplementary Table S2. New isolate assemblies were not
substantially contaminated, with contamination levels ranging
between 0 and 1.72% as determined by CheckM Moreover, with

Frontiers in Microbiology

06

the same tool, genome completeness was assessed, and all isolates
showed 100% completeness except isolate PATHCO035, which was
99.71% complete. The shorter circular contigs were assessed by
Unicycler metrics and the contigs which were determined circular
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were blasted against NCBInr database. The sequences which
matched to the plasmid sequences present in the database with
minimum 80% identity were assigned as putative plasmids.
Overall, at least one putative plasmid was identified in 29 isolates,
while eight isolates had two putative plasmids (Table 2).

3.3. Strain typing based on
whole-genome sequencing

The initial strain typing was done by using public databases
for molecular typing and microbial genome diversity, also known
as PubMLST (Jolley et al., 2012). The tool uses Ribosomal
Multilocus Sequence Typing (rMLST) approach, which accepts
genome assemblies and catalogues a variation of bacterial
ribosome protein subunit (rps gene) for the purpose of bacterial
species identification. PubMLST typing provided closest match
identification to all 39 isolates, matched with the species
identifications performed by MALDI-TOF as shown in Table 1,
and the majority of isolates (26) were identified as L. pneumophila,
six isolates were identified as L. dumoffii, two isolates as L. anisa,
L. cherrii, and L. gormanii, and one isolate as L. quinlivanii. The
results of the PubMLST typing are shown in Table 1.

Next, various genomic relatedness tests were performed on
the assemblies as detailed below and summarized in Table 3.
ANTI of isolates was firstly determined by an alignment-free
approach using fastANI matching against assemblies of the
Legionella type strains. This approach provided rapid
comparison between isolates and type strains which confirmed

TABLE 2 Average general characteristics of the hybrid assembly of
isolates sequenced in this study.

Value range for

Average value

all isolates for all isolates

Total length bp 3,332,865-4,486,832 3,669,645.4
No of contigs 1-55 43

GC content % 38.03-42.98 38.7
N50bp 235,662-4,267,150 3,373,580.9
Number of coding 2,934-3,996 3,253.6
sequences

No of rRNAs 6-12 9.1

No of tRNAs 42-44 43.0

10.3389/fmicb.2022.1091964

the results of MALDI-TOF and PubMLST when it comes to
the most related species in the Legionella genus. However,
three isolates PATHC0032, PATHC0035, and PATHC0038
exhibited ANI lower than 95% with the closest related
Legionella species (Table 3). Next, to further investigate if these
isolates could represent a different taxa from the currently
known bacterial species in the Legionella genus, ANIb and
digital DNA-DNA hybridization (dDDH) were performed
using JspeciesWS and GGDC, respectively, against all
Legionella type strain genome sequences. Additionally, a
16S
was constructed.

complete rRNA gene-based phylogenetic tree

Thel6S rRNA phylogenetic tree was constructed based on
1,423 nucleotide positions of the gene and is shown in
Supplementary Figure S1. The similarity matrix extracted from
the alignment used for constructing the tree is in
Supplementary Information Sheet S2. This phylogenetic tree
showed Legionella sp. PATHCC032 and PATHCO039 clustering
with the Legionella pneumophila subspecies, with which both
shared more than 99% of sequence similarity. Legionella sp.
PATHCO35 clustered together with L. cherrii (99.6% of sequence
identity) and shared more than 98.5% of sequence similarity with
four Legionella species. For its side, Legionella sp. PATHCO038
shared more than 98.7 of sequence similarity with six Legionella
species, being Legionella anisa the most similar sequence
(99.1%).

The ANI values obtained with JSpeciesWS are in accordance
with alignment-free fastANI results, and isolates PATHC032,
PATHCO035, and PATHC038 showed ANIb results below the
species threshold of 95% with respect to the most closely related
species for each isolate (Table 3). The dDDHs of all isolates were
performed with BLAST+ aslocal alignment tool, as recommended.
The results of the recommended formula 2 were below 70% for the
isolates previously distinguished as novel (PATHCO032,
PATHCO035, and PATHCO038) and for an additional isolate
PATHCO039 which has borderline fast ANT and ANIblast values of
95.97 and 95.8, respectively. These genomic comparison results
support the hypothesis that, at least, isolates PATCH32, PATCH
35, and PATCH38 may represent three new species. However,
more in-depth analysis should be done to demonstrate and
properly describe the putative new taxa. Core genome analysis was
conducted based on a comparative analysis of 59 Legionella type
strains with available genome sequences and the 39 newly
assembled genomes of strains from this study. BLAST analysis of

TABLE 3 Summary of in silico novel species proof test for the isolates determined to be new species candidates.

Isolate name Closest hit fastANI ANIlb dDDH
Legionella sp. PATHC032 Legionella pneumophila 93.51 93.09 52.3
Legionella sp. PATHC039 Legionella pneumophila 95.97 95.8 68.1
Legionella sp. PATHC035 Legionella cherrii 94.30 93.97 56.2
Legionella sp. PATHC038 Legionella cherrii 93.77 93.94 54.7

Closest hit columns indicate the species most closely related as determined by fastANI, ANIb and Digital-DNA-DNA Hybridization (dDDH). For ANI-based search, a novel species
threshold is similarity below 95%, while dDDH has a threshold of 70%.
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all proteins against all was performed, and homologous proteins
were clustered (70% of similarity in, at least, 70% of the sequence).
From all homologous clusters, 267 core proteins were present in
all genomes, of which 141 proteins were single-copy core proteins
according to the consensus of three homologous clustering

10.3389/fmicb.2022.1091964

algorithms (BDBH, COGT, and OrthoMCL). These 141 proteins
were concatenated and aligned. From the resulting alignment, a
total of 40,252 amino acid homologous positions were used to
build the core-genome tree, using Maximum Likelihood (ML) and
the Approximate Likelihood-Ratio Test (aLRT; Figure 2). All
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strains closely related to L. pneumophila species as determined by
the ANT and GGDC approach clustered with L. pneumophila and
respective subspecies. However, it can be seen that isolates
PATHCO032 and PATHCO039 form longer branches in the
L. pneumophila cluster. Furthermore, isolates PATHC035 and
PATHCO038 are clustering with L. cherrii species, but exhibit longer
branches compared to the same species clusters. The branch
lengths are supported by ANTand GGDC values for those isolates.

3.4. Virulence potential of isolates and
antimicrobial resistance

Virulence factors have been identified in the assemblies by
searching the curated and comprehensive database of bacterial
virulence factors (VFDB) with 60% coverage and 60% identity as
thresholds. The thresholds were set to 60% due to VFDB
containing only virulence factor sequences of L. pneumophila and
relying on partly orthologous genes when it comes to searching
other Legionella species. The results of the search showed the
presence of 300-400 putative virulence genes in the isolates
identified as L. pneumophila and up to 134 putative virulence
factors identified in non-pneumophila species as shown in
Figure 2A. Even though non-pneumophila species are not found
in the VFDB, many virulence factors were discovered to
be orthologous to the L. pneumophila strains. In total, 59 putative
virulence genes were shared among all isolates, although in some
case, the gene coverage was decreased in non-pneumophila species
(Figure 2B). The shared virulence genes predominantly belong to
the Dot/Icm Type IV secretion system and to flagellar structures.
Moreover, a virulence factor known as the macrophage infectivity
potentiator (mip) which is responsible for intracellular survival
was found in both L. prneumophila and non-pneumophila species
with high coverage of 100 and 98.6%, respectively. The gene htpB
was found in all isolates with a minimum 99.8 coverage. This gene
encodes for heat shock protein Hsp60 which is important for cell
attachment and invasion. Other common genes were involved in

10.3389/fmicb.2022.1091964

adherence, iron uptake, and a secretion system called Lsp type II
secretion. On the other hand, 250 predicted virulence factors were
identified exclusively in isolates closely matching to L. pneumophila.
The virulence factors were grouped into categories based on their
biological function and it was determined that majority belong to
T4SS secreted effectors (Figure 2C). T4SS system in Legionella
pathogenesis involves several gene clusters. The locus containing
genes JimW and icmX was found to be involved in establishment
of Legionella-containing vacuole inside macrophages. Both genes
were found in the L. pneumophila isolates; however, icrmX was
missing from the non-pneumophila isolates. The same situation
can also be seen for other dot/icm genes, such as icmL/dotI and sid]
that encoded for T4SS effectors, as well as gene rtxA, which
produces a membrane acting toxin. Only nine genes were found
in non-pneumophila isolates that were not detected in
L. pneumophila isolates. A closer inspection of the genes showed
that they were orthologous to genes present in other bacterial
genera (as it is shown in Table 4). A More in-depth complete
information analysis of virulence genes found per isolate is
available in Supplementary Information Sheet S1. AR genes were
also searched in the assemblies against a CARD database. In total,
six antimicrobial resistance genes were identified in the isolates as
seen in Figure 3. There were three genes predicted in L. gormanii
(PATHCO013 and PATHC026) which
chromosomal-encoded aminoglycoside phosphotransferase
(APH(9)-Ia), Ambler class B metallo-p-lactamase (FEZ-1) and
tetracycline-resistant ribosomal protection protein (tet(56)). Most

strains included

of the 25 strains belonging to L. pneumophila had only the
aminoglycoside O-phosphotransferase aph(9)-Ia resistance gene,
however six isolates had 2-3 additional resistance genes as it can
be seen on Figure 3. These included the APH(9)-Ia, macrolide
resistance determinants LpeAB as well as p-lactamase OXA-29.
Interestingly, five out of the six resistance gene isolates belonged to
ST1. It is worth noting that in the isolate PATHCO039, a potential
novel species, no known AR genes were found, even though it is
closely related to L. pneumophila. Isolates determined to
be L. dumoffii contained the gene encoding producing a

TABLE 4 Virulence factors (VF) found in exclusively non-pneumophila isolates.

VF Gene Orthologous with  Detected in isolates

category name gene from

capsule cap8E Staphylococcus PATHC029, PATHC023, PATHCO017, PATHCO019, PATHC036, PATHC040, PATH00C9, PATHC001

LPS clpp Listeria monocytogenes PATHCO032, PATHCO039, PATHC017, PATHCO019, PATHC036, PATHC040, PATH00C9, PATHCO001,
PATHCO026, PATHCO013, PATHC038

Capsule fel Campylobacter PATHC020

LPS gmd Yersinia enterocolitica PATHC029, PATHC023, PATHC020

LPS manB Yersinia enterocolitica PATHC020

LPS rffG Haemophilus influenzae PATHC029, PATHC023, PATHC020

Capsule tviB Salmonella enterica PATHC028, PATHC035

T6SS vipB/mgIB Vibrio cholerae PATHCO026, PATHCO013, PATHC017, PATHCO019, PATHC036, PATHC040, PATH00C9, PATHC001

LPS wazt Brucella melitensis PATHC020

The bacterial genus/species to which the queried sequences matched is listed. LPS, Lipopolysaccharide; T6SS, Type 6 Secretion System.
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FIGURE 3

Antimicrobial resistance genes and sequence-based typing of Legionella isolates in this study grouped by pangenome tree constructed using the
BPGA pipeline. Antimicrobial genes were predicted in silico searching the CARD database. Sequence-based typing was conducted in silico utilizing
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legsta tool which contains sequence base type profiles from the Public Health England database.

pB-lactamase OXA-29, while metallo-p-lactamase FEZ-1 was found
in L. anisa isolates. Additionally, point mutations known to cause

antibiotic resistance in Legionella were searched. These include
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mutations in proteins encoded by genes gryA, gryB, parC, rpoB,
rplD, and rplV (Nielsen et al., 2000; Jonas et al., 2003; Almahmoud
et al., 2009; Descours et al., 2017). However, the named point
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mutations were not identified in the isolates as it is shown in
Supplementary Table S4 and Supplementary Figures S9-S14.
Based on an SBT analysis of the L. pneumophila (and related)
environmental isolates, 20 isolates were assigned to 11 distinct STs,
whereas for six isolates the sequence type could not be assigned.
The most prevalent type was sequence type 1 (ST1) with 19.2%
isolates (5/26) followed by ST1464 and ST93 with 11.5% (3/26).

3.5. Intra-species genomic comparisons

A pangenome analysis was conducted for species found in this
study based on our genome assemblies as well as those available
in the GenBank. The BPGA software identified core, accessory,
unique, and exclusively absent genes. The number and sequences
of exclusively absent genes is a unique feature of the BPGA tool
and it represents genes present in all but one genome from a study.
Comparative functional analysis was performed based on COG
and KEGG pathways depicted in the Supplementary material.
Since the genome assemblies for non-pneumophila species
generally are limited, a pangenome analysis was previously only
conducted for L. anisa (Fleres et al., 2018). The core genome of
L. anisa based on eight strains is 3,254 coding sequences which on
average corresponds to 90.2% of the genome. According to the
pangenome phylogenetic tree, the strains isolated in this study
PATHC023 and PATHCO029 showed the greatest similarity to each
other and also contained a relatively small number of unique
genes (1 and 9). According to KEGG, the majority of the unique
genes were part of replication and repair mechanisms and signal
transduction (Supplementary Figure 52). The core genome size of
the 8 L. dumoffii strains was 2,930 genes (on average 90.1% of the
genome), while the number of accessory genes ranged from 189
to 328. The largest number of unique genes was found in Tex-KL
strain (77), while exclusively absent genes were found in
PATHCO01 in the highest number (44). Genes determined to
be unique in one strain were highly represented in folding sorting
and repair, signal transduction and replication and repair
pathways. Accessory genes were more associated with energy
metabolism, membrane transport and signal transduction
(Supplementary Figure S3). On average 89.4% of the genes in the
L. gormanii genome were part of the core genome where the core
genome size was 2,907 genes. The isolate from this study
PATHCO026 was more closely related to the type strain LS-13 than
the remaining two L. gormanii isolates. Unique genes were
enriched in energy metabolism, while accessory genes were more
associated with lipid metabolism and signal transduction
pathways (Supplementary Figure S4). The core genome size of
three L. quinlivanii strains was 2,612 genes (average of 86.8% of all
genes). Accessory genes were distributed in amino acid and
carbohydrate metabolism as well as membrane transport
(Supplementary Figure S5). Since the two isolates PATCHO035 and
PATHCO038 were determined to be closely related to L. cherrii, the
pangenome analysis was conducted for the L. cherrii available
genome. The core genome size of the three isolates was 2,781
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genes (average of 86.5% of genes). Unique and accessory genes
were, as for other non-pneumophila strains in this study,
associated with energy metabolism and signal transduction
(Supplementary Figure S6). The pangenome analysis was also
conducted for L. pneumophila strains sequenced in this study
together with closed genomes available from the NCBI. The
pangenome analysis included 132 genomes and the results are
shown in Supplementary Table S4 as well as on the pangenome
phylogenetic tree in Supplementary Figure S7. The core genome
size was determined to be 1,938 genes, or on average 65% of the
genome. The isolate PATHC039 exhibited the highest number of
unique genes (n=104), followed by isolates PATHCOO018 and
Lansing3 (n=54), and isolate PATHCO032 (1 =48). The highest
number of exclusively absent genes was also found in the isolates
PATHCO035 (n=14) and PATHCO032 (n=16). Unique and
accessory genes were mostly associated with energy replication,
recombination and repair (Supplementary Figure S8). The
phylogenetic tree based on the 25,011 core genome SNPs
demonstrated that strains PATHCO032 and PATHCO039 are
phylogenetically distant compared to the L. pneumophila strains
the SNP
Supplementary Figure 15. Majority of isolates have the number of

included in core analysis as shown in
SNPs ranging between 1 and 108, however, the named isolates
PATHCO032 and PATHCO035 have 2,843 and 1,029, respectively

(Figure 4).

4. Discussion

Although L. pneumophila is the most common and severe
pathogen in the Legionella genus, numerous non-pneumophila
species have been isolated from patients on at least one occasion.
The progress of WGS has enabled insight into pathogen’s
virulence mechanisms, antibiotic resistance as well as
evolutionary mechanisms (Punina et al., 2015). The usefulness
of WGS has been shown in L. pneumophila outbreak studies,
which enabled typing and subtyping of the Legionella genus as
well insight into evolutionary mechanisms (Qin et al., 2016;
Kozak-Muiznieks et al., 2018). However, this has also led to an
over-representation of complete genome sequences for the
clinically more relevant L. pneumophila. Consequently, inter-
species comparative genomics for non-pneumophila species are
lacking due to low numbers of representative genome sequences.
Thus, one aim of this study was to further characterize isolates
identified as Legionella sp. during environmental monitoring.
The samples confirmed to be Legionella sp. by culture method
were subsequently sequenced to produce high-quality genome
assemblies. Moreover, the aim of this study was to explore
pathogenic potential of the isolates as well as diversity on the
genome level. Utilizing hybrid de novo assembly, 28 out of 39
genomes were closed and the plasmid presence was indicated in
29 isolates. Although 11 genomes were not closed, they were
estimated to be complete by checkM on the basis of housekeeping
genes expected to be present in the isolates. The genome
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Comparative inter-species genome analysis of non-pneumophila genomes available from NCBI and genomes sequenced in this study. The
pangenome trees were constructed with Bacterial Pan Genome Analysis Pipeline (BPGA). The number of core, accessory, unique, and exclusively
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relatedness was elucidated by applying ANI-based tool (fastANT
and ANIb) and dDDH which revealed that three isolates (32, 35,
and 38) could potentially be new species based on a 95 and 70%
similarity threshold for ANI and dDDH, respectively (Chun and
Rainey, 2014). However, the isolate PATHC039 exhibited an ANT
value higher than 95% but a dDDH value, which was previously
appointed as conclusive when it comes to borderline values, of
68.1% (Chun and Rainey, 2014). Nevertheless, ANI values
previously showed large genomic distances among
L. pneumophila subspecies, markedly below 95% for subsp.
fraseri and subsp. pascullei (Kozak-Muiznieks et al., 2018). High
similarities in 16S rRNA gene are over the species threshold

(98.7%; Stackebrandt and Ebers, 2006), and do not allow to
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identify the isolates as putative new species due to well-known
limitations of this gene (Fox et al., 1992) according to which a
high similarity of 16S rRNA sequence not always determines
that two strains belong to the same species. The isolates were
also identified with MALDI-TOF technique, which provided to
be an accurate tool for species identification in this study.
However, the named technique was previously not specific if the
isolates analyzed were not contained in the database and resulted
in several misidentifications (Pascale et al., 2020). When
identifying novel species, this should be taken in account.
Genomic analysis helps to overcome these limitations, allowing
for a more comprehensive analysis. To confirm that the isolates
belong to a novel species or a subspecies, a detailed
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characterization of morphological, physiological, and
biochemical properties should be provided along with
submission of strains to culture collections (Tindall et al., 2010)
but this was beyond the scope of this study.

In addition to accurately typing bacterial isolates, WGS was
proposed as a method for phenotype prediction especially when
it comes to predicting virulence or antibiotic resistance (Balloux
etal,, 2018; Mason et al., 2018; Rokney et al., 2020). The common
challenge of this approach is a need for a comprehensive and
curated database which is representative of a large number of
bacterial species. Regarding L. pneumophila, the VFDB contains
virulence factors from five different strains, thus in this study,
several hundred virulence genes were detected in the isolates
closely related to L. pneumophila with a high gene coverage
(>60%) and a high nucleotide similarity (>60%). A substantial
amount of virulence factors were matched to non-pneumophila
species (between 72 and 134). It is apparent that both pneumophila
and non-pneumophila isolates from this study contain genes
belonging to T4SS and T2SS. The T2SS is required for intracellular
replication within macrophages and protozoa (Chauhan and
Shames, 2021) It is hypothesized to be present in all Legionella
species, which can be observed in the isolates from this study
whereas all isolates harbored genes belonging to Lsp type II
secretion system genes including pilD and IspCDEFGHIJKLM. For
the T4SS, it was already observed that the Dot/Icm T4SS is highly
conserved and present in all species regardless of diversity
between genomes (Gomez-Valero and Buchrieser, 2013).
However, T4SS are present in strains with varying degree which is
also apparent in the genome of the strains sequenced in this study.
The influence of these genes on pathogenicity seems to be host-
dependent whereas mutation of certain genes impaired growth of
Legionella in different amoebas (Park et al., 2020). In the named
study, it was shown that by infecting macrophages in vitro, with
silenced genes mavN/iroT; sdhA, ravy, or Ipg2505 impairs growth
in macrophages. In the isolates from this study, mavN gene was
found in all isolates; however, in non-pneumophila isolates, the
gene identity was maximum 67%. In contrast, sdhA, Ipg2505,
Ipgl1751, and ravY were only found in L. pneumophila isolates
including PATHCO032 and PATHCO039, while the named gene
was not identified in non-pneumophila isolates with the 60%
identity threshold. In addition, mavQ and mavO were determined
responsible for Legionella replication within macrophages in the
previous study (Park et al., 2020), but they were not identified in
any of the isolates from this study. While the assumptions on
pathogenicity can be made based on the absence of the fewer
number of the genes responsible for pathogenicity, conclusions
can only be drawn from experimental data due to diverse nature
of Legionella genus.

While the majority of those virulence factors were
homologous fo L. pneumophila, several were highly similar to
other species including Yersinia enterica and Vibrio cholerae. This
is not surprising, considering HGT from other bacterial species is
recognized as a source of diversity in the Legionella genus (Gomez-
Valero and Buchrieser, 2013).
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Legionnaires’ disease is usually treated with macrolides and
fluoroquinolones. Although AR in Legionella infections has not
been a major concern, resistance to erythromycin, ciprofloxacin,
rifampin, and azithromycin in L. pneumophila has been noted (Jia
et al,, 2019). Aminoglycoside O-phosphotransferase aph(9)-la
gene responsible for spectinomycin resistance (Suter et al., 1997)
was detected in all L. pneumophila and in L. gormanii isolates in
this study. Isolate PATHCO039, suspected to be a novel species did
not contain this gene. This chromosomal-encoded gene was
previously found in several L. pneumophila isolates, but it is not
considered a risk due to the fact that Legionnaires’ disease is rarely
treated with spectinomycin (Fong et al., 2010). The class D
f-lactamase OXA-29 and a metallo-p-lactamases FEZ-1, found in
several L. dumoffii isolates, are involved in bacterial resistance to
B-lactams such as penicillin. A gene coding for FEZ-1 was
previously described in L. gormanii as quite divergent from other
similar B-lactamase (Boschi et al., 2000; Franceschini et al., 2001).
Having both genes FEZ-1 and OXA-39 means the strains can
efficiently hydrolyze different f-lactam substrates as it is observed
in other pathogens which harbor multiple p-lactamase
(Franceschini et al., 2001) The resistance proteins LpeA and LpeB
form together an efflux pump conferring resistance to macrolide
antibiotics. It was previously found in a subpopulation of
L. pneumophila isolates exhibiting reduced susceptibility to
azithromycin (Natas et al., 2019).

The point mutations previously associated with resistance to
fluoroquinolones (Almahmoud et al., 2009), macrolides (Descours
etal., 2017), and rifampicin (Nielsen et al., 2000) were not detected
in any of the isolates sequenced in this study. The mutations were
mostly associated with clinical isolates in the named study thus it
could be that the environmental isolates from this study did not
acquire mutations because of the lack of antibiotic
selection pressure.

The subpopulation was associated with Sequence type 1 and
Serogroup 1. Similarly, this can be observed in the isolates in this
study where sequence type 1 isolates mostly contain IpeA and lpeB
complex. Although, indicative, genome analysis should
be confirmed with experimental data to confirm the antimicrobial
resistance. Sequence-based typing is a genotyping approach
developed by The European Working Group for Legionella
Infection (EWGLI) involving PCR-amplification and sequencing
of seven genes. Recently, the approach has been applied in silico,
meaning that WGS data can be used for SBT and be associated
with already known data. By comparing the sequence types with
AR, it was confirmed that isolates harboring the [peA and IpeB
genes belong to ST1 and thus could be less susceptible to
azithromycin (Massip et al., 2017).

Pangenome analyses focused on L. pneumophila have been
previously performed on clinical and environmental isolates (Qin
et al., 2016; Mercante et al., 2018; Ricci et al., 2022) The similar
number of genes included in the core genome was obtained in this
study, even though this study include by far the most
L. pneumophila genomes which indicates the core genome has
stabilized. The functional annotation shows that unique and
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accessory genes were required for replication, recombination, and
repair, which is also in accordance with mentioned pangenome
studies which suspect these genes were acquired by HGT. To
compare non-pneumophila genomes, all available genomes were
downloaded from NCBI. Since the downloaded genomes
contained type strains sequenced from different laboratories, only
unique strains/isolates were included in the pangenome analysis.
This however decreased the sample size and made the pangenome
analysis less informative. Nevertheless, the analysis contributed to
the understanding of the number and function of genes shared
among the species. The non-pneumophila strains exhibited a
conserved genome, considering the core genome accounts for
more than 85% of the total genome and the strains included in the
pangenome study originated from different geographical
locations. The conserved genome within species was also shown
in pangenome of L. pneumophila (Gomez-Valero et al., 2011) and
L. anisa (Fleres et al., 2018) strains from previous research. The
named pangenome study of L. pneumophila also found a diverse
accessory genome consisting of about 300 genes mostly found on
mobile genetic elements. The number of accessory genes in strains
L. dumoffii and L. anisa is similar to that of L. pneumophila;
however, it is decreased in the remaining strains (L. gormanii,
L. quinlivanii, and L. cherrii) whereas the unique gene number is
higher. This could be explained by the low number of strains used
for the analysis, it should be expected that with the addition of
more genomes the number of unique genes should decrease.

5. Conclusion

The presented study characterized genomes from 39 Legionella
isolates collected during environmental surveillance of man-made
water systems. By employing genome-based typing of strains, four
possibly new Legionella species were identified among the isolates.
In addition, all strains were screened for virulence and
antimicrobial resistance factors, offering insight into their
pathogenic potential. High-quality genome assemblies were
generated for the isolates, thus contributing to the limited genome
information on non-pneumophila species. The data can be used
for further research on pathogenicity of non-pneumophila species,
but also for comparison between clinical and environmental
isolates of L. pneumophila. Genome characterization offers
knowledge on the risk of the potential Legionella outbreak caused
by virulent strains, which could be crucial when implementing
control measures.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbi.nlm.nih.
gov/, PRINA894337.

Frontiers in Microbiology

14

10.3389/fmicb.2022.1091964

Author contributions

ES performed sample preparation and data analysis, drafted the
manuscript, and prepared figures and tables. DJ-L supervised the
study, performed data analysis, prepared figures, and revised
manuscript. RK designed the experiments, collected and isolated the
strains, performed culture experiments, and drafted the manuscript.
CJ supervised the study and wrote and revised the manuscript. SK
performed MALDI-TOF analysis. DF and GK performed
conceptualization, supervision, and revision of the manuscript. BS
supervised the study and enabled sample collection. IM supervised
the work helped revise the manuscript and acquired funding. All
authors contributed to the article and approved the submitted version.

Funding

The study has received funding from the European Union’s
Horizon 2020 research and innovation program under the Marie
Sktodowska-Curie grant agreement No 955626 (to IM) and the
Novo Nordisk Foundation grant NNF20CC0035580 (to IM).

Acknowledgments

The authors thank DNA Foundry Sequencing Facility at Novo
Nordisk Center for Biosustainability for performing both short
and long-read DNA sequencing.

Conflict of interest

RK and BS were employed by company PathCon
Laboratories EU.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material
The Supplementary material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.1091964/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1091964
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1091964/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1091964/full#supplementary-material

Svetlicic et al.

References

Afgan, E., Baker, D., Batut, B, van den Beek, M., Bouvier, D., Cech, M., et al.
(2018). The galaxy platform for accessible, reproducible and collaborative biomedical
analyses: 2018 update. Nucleic Acids Res. 46, W537-W544. doi: 10.1093/nar/gky379

Almahmoud, I, Kay, E., Schneider, D., and Maurin, M. (2009). Mutational paths
towards increased fluoroquinolone resistance in Legionella pneumophila. J.
Antimicrob. Chemother. 64, 284-293. doi: 10.1093/jac/dkp173

Al-Matawah, Q., Al-Zenki, S., Al-Azmi, A., Al-Waalan, T., Al-Salameen, E, and
Hejji, A. B. (2015). Legionella detection and subgrouping in water air-conditioning
cooling tower systems in Kuwait. Environ. Sci. Pollut. Res. 22, 10235-10241. doi:
10.1007/s11356-015-4226-z

Altschul, S. E, Gish, W, Miller, W., Myers, E. W,, and Lipman, D. J. (1990). Basic local
alignment search tool. J. Mol. Biol. 215, 403-410. doi: 10.1016/S0022-2836(05)80360-2

Anisimova, M., and Gascuel, O. (2006). Approximate likelihood-ratio test for
branches: a fast, accurate, and powerful alternative. Syst. Biol. 55, 539-552. doi:
10.1080/10635150600755453

Arkin, A. P, Cottingham, R. W, Henry, C. S., Harris, N. L., Stevens, R. L.,
Maslov, S., et al. (2018). KBase: the United States Department of Energy Systems
Biology knowledgebase. Nat. Biotechnol. 36, 566-569. doi: 10.1038/nbt.4163

Balloux, E, Brenstad Brynildsrud, O., van Dorp, L., Shaw, L. P, Chen, H,,
Harris, K. A, et al. (2018). From theory to practice: translating whole-genome
sequencing (WGS) into the clinic. Trends Microbiol. 26, 1035-1048. doi: 10.1016/j.
tim.2018.08.004

Berkelman, R. L., and Pruden, A. (2017). Prevention of legionnaires” disease in
the 21st century by advancing science and public health practice. Emerg. Infect. Dis.
23, 1905-1907. doi: 10.3201/eid2311.171429

Boschi, L., Mercuri, P. S., Riccio, M. L., Amicosante, G., Galleni, M., Frére, ].-M.,
et al. (2000). The Legionella (Fluoribacter) gormanii Metallo-p-lactamase: a new
member of the highly divergent lineage of molecular-subclass B3 f-lactamases.
Antimicrob. Agents Chemother. 44, 1538-1543. doi: 10.1128/AAC.44.6.1538-1543.2000

Burstein, D., Amaro, E, Zusman, T., Lifshitz, Z., Cohen, O., Gilbert, J. A., et al.
(2016). Genomic analysis of 38 legionella species identifies large and diverse effector
repertoires. Nat. Genet. 48, 167-175. doi: 10.1038/ng.3481

Castresana, J. (2000). Selection of conserved blocks from multiple alignments for
their use in phylogenetic analysis. Mol. Biol. Evol. 17, 540-552. doi: 10.1093/
oxfordjournals.molbev.a026334

Chambers, S. T., Slow, S., Scott-Thomas, A., and Murdoch, D. R. (2021).
Legionellosis caused by non-Legionella pneumophila species, with a focus on
legionella longbeachae. Microorganisms 9:291. doi: 10.3390/microorganisms9020291

Chaudhari, N. M., Gupta, V. K,, and Dutta, C. (2016). BPGA-an ultra-fast pan-
genome analysis pipeline. Sci. Rep. 6:24373. doi: 10.1038/srep24373

Chauhan, D., and Shames, S. R. (2021). Pathogenicity and virulence of legionella:
intracellular replication and host response. Virulence 12, 1122-1144. doi:
10.1080/21505594.2021.1903199

Chen, L., Zheng, D,, Liu, B., Yang, J., and Jin, Q. (2016). VFDB 2016: hierarchical
and refined dataset for big data analysis--10 years on. Nucleic Acids Res. 44, D694-
D697. doi: 10.1093/nar/gkv1239

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34, i884-i890. doi: 10.1093/bioinformatics/
bty560

Chun, ], and Rainey, E A. (2014). Integrating genomics into the taxonomy and
systematics of the bacteria and archaea. Int. J. Syst. Evol. Microbiol. 64, 316-324. doi:
10.1099/ijs.0.054171-0

David, S., Afshar, B., Mentasti, M., Ginevra, C., Podglajen, L, Harris, S. R,, et al.
(2017). Seeding and establishment of Legionella pneumophila in hospitals:
implications for genomic investigations of nosocomial legionnaires’ disease. Clin.
Infect. Dis. 64, 1251-1259. doi: 10.1093/cid/cix153

De Coster, W., D’Hert, S., Schultz, D. T,, Cruts, M., and Van Broeckhoven, C.
(2018). Nano pack: visualizing and processing long-read sequencing data.
Bioinformatics 34, 2666-2669. doi: 10.1093/bioinformatics/bty149

Descours, G., Ginevra, C.,, Jacotin, N., Forey, E,, Chastang, J., Kay, E., et al. (2017).
Ribosomal mutations conferring macrolide resistance in Legionella pneumophila.
Antimicrob. Agents Chemother. 61:€02188-16. doi: 10.1128/AAC.02188-16

Du, ], Ma, B, Li, J., Wang, Y., Dou, T, Xu, S., et al. (2022). Rapid detection and
differentiation of Legionella pneumophila and non-Legionella pneumophila species by
using recombinase polymerase amplification combined with EuNPs-based lateral flow
immunochromatography. Front. Chem. 9:815189. doi: 10.3389/fchem.2021.815189

Edelstein, P. H., Brenner, D. J., Moss, C. W,, Steigerwalt, A. G., Francis, E. M., and
George, W. L. (1982). Legionella wadsworthii species nova: a cause of human
pneumonia. Ann. Intern. Med. 97, 809-813. doi: 10.7326/0003-4819-97-6-809

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Frontiers in Microbiology

15

10.3389/fmicb.2022.1091964

Ewels, P., Magnusson, M., Lundin, S., and Killer, M. (2016). Multi QC: summarize
analysis results for multiple tools and samples in a single report. Bioinformatics 32,
3047-3048. doi: 10.1093/bioinformatics/btw354

Fleres, G., Couto, N., Lokate, M., van der Sluis, L. W. M., Ginevra, C,, Jarraud, S.,
et al. (2018). Detection of legionella anisa in water from hospital dental chair units
and molecular characterization by whole-genome sequencing. Microorganisms 6:71.
doi: 10.3390/microorganisms6030071

Fong, D. H,, Lemke, C. T., Hwang, J., Xiong, B., and Berghuis, A. M. (2010). Structure
of the antibiotic resistance factor Spectinomycin phosphotransferase from Legionella
pneumophila*. J. Biol. Chem. 285, 9545-9555. doi: 10.1074/jbc.M109.038364

Fox, G. E., Wisotzkey, J. D., and Jurtshuk, P. (1992). How close is close: 16S rRNA
sequence identity may not be sufficient to guarantee species identity. Int. J. Syst. Evol.
Microbiol. 42, 166-170. doi: 10.1099/00207713-42-1-166

Franceschini, N., Boschi, L., Pollini, S., Herman, R., Perilli, M., Galleni, M., et al.
(2001). Characterization of OXA-29 from Legionella (Fluoribacter) gormanii:
molecular class D p-lactamase with unusual properties. Antimicrob. Agents
Chemother. 45, 3509-3516. doi: 10.1128/AAC.45.12.3509-3516.2001

Gardner, S. N, Slezak, T., and Hall, B. G. (2015). kSNP3.0: SNP detection and
phylogenetic analysis of genomes without genome alignment or reference genome.
Bioinformatics 31, 2877-2878. doi: 10.1093/bioinformatics/btv271

Gomez-Valero, L., and Buchrieser, C. (2013). Genome dynamics in legionella: the
basis of versatility and adaptation to intracellular replication. Cold Spring Harb.
Perspect. Med. 3:a009993. doi: 10.1101/cshperspect.a009993

Gomez-Valero, L., and Buchrieser, C. (2019). Intracellular parasitism, the driving
force of evolution of Legionella pneumophila and the genus legionella. Microbes
Infect. 21, 230-236. doi: 10.1016/j.micinf.2019.06.012

Gomez-Valero, L., Rusniok, C., Jarraud, S., Vacherie, B., Rouy, Z., Barbe, V,, et al.
(2011). Extensive recombination events and horizontal gene transfer shaped the
Legionella pneumophila genomes. BMC Genomics 12:536. doi: 10.1186/1471-2164-12-536

Guindon, S., Dufayard, J.-E, Lefort, V., Anisimova, M., Hordijk, W., and
Gascuel, O. (2010). New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321. doi:
10.1093/sysbio/syq010

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality
assessment tool for genome assemblies. Bioinformatics 29, 1072-1075. doi: 10.1093/
bioinformatics/btt086

Hayoun, K., Gaillard, ].-C., Pible, O., Alpha-Bazin, B., and Armengaud, J. (2020).
High-throughput proteotyping of bacterial isolates by double barrel chromatography-
tandem mass spectrometry based on microplate paramagnetic beads and
phylopeptidomics. J. Proteome 226:103887. doi: 10.1016/j.jprot.2020.103887

1SO 11731:2017(en) (n.d.), Water quality — Enumeration of legionella. Available
at: https://www.iso.org/obp/ui/#iso:std:iso:11731:ed-2:v1:en (Accessed September
13,2022).

Jaén-Luchoro, D., Gonzales-Siles, L., Karlsson, R., Svensson-Stadler, L., Molin, K.,
Cardew, S., et al. (2020). Corynebacterium sanguinis sp. nov., a clinical and
environmental associated corynebacterium. Syst. Appl. Microbiol. 43:126039. doi:
10.1016/j.syapm.2019.126039

Jia, B., Raphenya, A. R., Alcock, B., Waglechner, N., Guo, P, Tsang, K. K,, et al.
(2017). CARD 2017: expansion and model-centric curation of the comprehensive
antibiotic resistance database. Nucleic Acids Res. 45, D566-D573. doi: 10.1093/nar/
gkw1004

Jia, X., Ren, H., Nie, X,, Li, Y., Li, J., and Qin, T. (2019). Antibiotic resistance and
azithromycin resistance mechanism of Legionella pneumophila serogroup 1 in
China. Antimicrob. Agents Chemother. 63:¢00768-19. doi: 10.1128/AAC.00768-19

Jolley, K. A., Bliss, C. M., Bennett, J. S., Bratcher, H. B, Brehony, C., Colles, E M., et al.
(2012). Ribosomal multilocus sequence typing: universal characterization of bacteria
from domain to strain. Microbiology 158, 1005-1015. doi: 10.1099/mic.0.055459-0

Joly, J. R., Déry, P, Gauvreau, L., Coté, L., and Trépanier, C. (1986). Legionnaires’
disease caused by legionella dumoffii in distilled water. CMAJ 135, 1274-1277.
PMID: 3536052

Jonas, D., Engels, I., Hartung, D., Beyersmann, J., Frank, U., and Daschner, E D.
(2003). Development and mechanism of fluoroquinolone resistance in Legionella
pneumophila. J. Antimicrob. Chemother. 51, 275-280. doi: 10.1093/jac/dkg054

Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 28, 27-30. doi: 10.1093/nar/28.1.27

Kimura, M. (1980). A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences. J. Mol. Evol. 16,
111-120. doi: 10.1007/BF01731581

Kozak-Muiznieks, N. A., Morrison, S. S., Mercante, J. W, Ishaq, M. K., Johnson, T.,
Caravas, J., et al. (2018). Comparative genome analysis reveals a complex population

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1091964
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1093/jac/dkp173
https://doi.org/10.1007/s11356-015-4226-z
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1080/10635150600755453
https://doi.org/10.1038/nbt.4163
https://doi.org/10.1016/j.tim.2018.08.004
https://doi.org/10.1016/j.tim.2018.08.004
https://doi.org/10.3201/eid2311.171429
https://doi.org/10.1128/AAC.44.6.1538-1543.2000
https://doi.org/10.1038/ng.3481
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.3390/microorganisms9020291
https://doi.org/10.1038/srep24373
https://doi.org/10.1080/21505594.2021.1903199
https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1099/ijs.0.054171-0
https://doi.org/10.1093/cid/cix153
https://doi.org/10.1093/bioinformatics/bty149
https://doi.org/10.1128/AAC.02188-16
https://doi.org/10.3389/fchem.2021.815189
https://doi.org/10.7326/0003-4819-97-6-809
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.3390/microorganisms6030071
https://doi.org/10.1074/jbc.M109.038364
https://doi.org/10.1099/00207713-42-1-166
https://doi.org/10.1128/AAC.45.12.3509-3516.2001
https://doi.org/10.1093/bioinformatics/btv271
https://doi.org/10.1101/cshperspect.a009993
https://doi.org/10.1016/j.micinf.2019.06.012
https://doi.org/10.1186/1471-2164-12-536
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1016/j.jprot.2020.103887
https://www.iso.org/obp/ui/#iso:std:iso:11731:ed-2:v1:en
https://doi.org/10.1016/j.syapm.2019.126039
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1128/AAC.00768-19
https://doi.org/10.1099/mic.0.055459-0
https://doi.org/3536052
https://doi.org/10.1093/jac/dkg054
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1007/BF01731581

Svetlicic et al.

structure of Legionella pneumophila subspecies. Infect. Genet. Evol. 59, 172-185. doi:
10.1016/j.meegid.2018.02.008

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874. doi:
10.1093/molbev/msw054

Lepine, L. A,, Jernigan, D. B., Butler, J. C., Pruckler, J. M., Benson, R. E, Kim, G.,
et al. (1998). A recurrent outbreak of nosocomial legionnaires’ disease detected by
urinary antigen testing: evidence for long-term colonization of a hospital plumbing
system. Infect. Control Hosp. Epidemiol. 19, 905-910. doi: 10.2307/30142015

Mason, A., Foster, D., Bradley, P,, Golubchik, T., Doumith, M., Gordon, N. C,,
et al. (2018). Accuracy of different bioinformatics methods in detecting antibiotic
resistance and virulence factors from Staphylococcus aureus whole-genome
sequences. J. Clin. Microbiol. 56, €01815-e01817. doi: 10.1128/JCM.01815-17

Massip, C., Descours, G., Ginevra, C., Doublet, P, Jarraud, S., and Gilbert, C.
(2017). Macrolide resistance in Legionella pneumophila: the role of LpeAB efflux
pump. J. Antimicrob. Chemother. 72, 1327-1333. doi: 10.1093/jac/dkw594

Mazzotta, M., Salaris, S., Pascale, M. R., Girolamini, L., and Cristino, S. (2021).
Occurrence of legionella spp. in man-made water sources: isolates distribution and
phylogenetic characterization in the Emilia-Romagna region. Pathogens 10:552. doi:
10.3390/pathogens10050552

Meier-Kolthoff, J. P,, Carbasse, J. S., Peinado-Olarte, R. L., and Goker, M. (2022).
TYGS and LPSN: a database tandem for fast and reliable genome-based classification
and nomenclature of prokaryotes. Nucleic Acids Res. 50, D801-D807. doi: 10.1093/
nar/gkab902

Mercante, J. W,, Caravas, J. A., Ishag, M. K., Kozak-Muiznieks, N. A,
Raphael, B. H., and Winchell, ]. M. (2018). Genomic heterogeneity differentiates
clinical and environmental subgroups of Legionella pneumophila sequence type 1.
PLoS One 13:0206110. doi: 10.1371/journal.pone.0206110

Mercante, J. W,, and Winchell, J. M. (2015). Current and emerging legionella
diagnostics for laboratory and outbreak investigations. Clin. Microbiol. Rev. 28,
95-133. doi: 10.1128/CMR.00029-14

Mondino, S., Schmidt, S., Rolando, M., Escoll, P, Gomez-Valero, L., and
Buchrieser, C. (2020). Legionnaires’ disease: state of the art knowledge of
pathogenesis mechanisms of legionella. Annu. Rev. Pathol. Mech. Dis. 15, 439-466.
doi: 10.1146/annurev-pathmechdis-012419-032742

Muder, R. R., and Victor, L. Y. (2002). Infection due to legionella species other
than L. pneumophila. Clin. Infect. Dis. 35, 990-998. doi: 10.1086/342884

Natas, O. B., Brekken, A. L., Bernhoff, E., Hetland, M. A. K., Lohr, 1. H., and
Lindemann, P. C. (2019). Susceptibility of Legionella pneumophila to antimicrobial
agents and the presence of the efflux pump LpeAB. J. Antimicrob. Chemother. 74,
1545-1550. doi: 10.1093/jac/dkz081

Nielsen, K., Hindersson, P, Hoiby, N., and Bangsborg, J. M. (2000). Sequencing
of the rpoB gene in Legionella pneumophila and characterization of mutations
associated with rifampin resistance in the Legionellaceae. Antimicrob. Agents
Chemother. 44, 2679-2683. doi: 10.1128/AAC.44.10.2679-2683.2000

Park, J. M., Ghosh, S., and O’Connor, T. J. (2020). Combinatorial selection in
amoebal hosts drives the evolution of the human pathogen Legionella pneumophila.
Nat. Microbiol. 5, 599-609. doi: 10.1038/s41564-019-0663-7

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P,, and Tyson, G. W.
(2015). CheckM: assessing the quality of microbial genomes recovered from isolates,
single cells, and metagenomes. Gernome Res. 25, 1043-1055. doi: 10.1101/gr.186072.114

Parte, A. C. (2014). LPSN—list of prokaryotic names with standing in
nomenclature. Nucleic Acids Res. 42, D613-D616. doi: 10.1093/nar/gkt1111

Pascale, M. R, Mazzotta, M., Salaris, S., Girolamini, L., Grottola, A., Simone, M. L.,
et al. (2020). Evaluation of MALDI-TOF mass spectrometry in diagnostic and
environmental surveillance of legionella species: a comparison with culture and Mip-
gene sequencing technique. Front. Microbiol. 11:589369. doi: 10.3389/fmicb.2020.589369

Pecur Kazazi¢, S., Topi¢ Popovié, N., Strunjak-Perovi¢, L., Florio, D., Fioravanti, M.,
Babic, S., et al. (2019). Fish photobacteriosis—The importance of rapid and accurate

identification of Photobacterium damselae subsp. piscicida. J. Fish Dis. 42,
1201-1209. doi: 10.1111/jfd.13022

Pécastaings, S., Bergé, M., Dubourg, K. M., and Roques, C. (2010). Sessile
Legionella pneumophila is able to grow on surfaces and generate structured
monospecies biofilms. Biofouling 26, 809-819. doi: 10.1080/08927014.2010.520159

Phin, N., Parry-Ford, E, Harrison, T., Stagg, H. R., Zhang, N., Kumar, K., et al.
(2014). Epidemiology and clinical management of legionnaires’ disease. Lancet
Infect. Dis. 14, 1011-1021. doi: 10.1016/S1473-3099(14)70713-3

Punina, N. V., Makridakis, N. M., Remnev, M. A., and Topunov, A. E (2015).
Whole-genome sequencing targets drug-resistant bacterial infections. Hum.
Genomics 9:19. doi: 10.1186/s40246-015-0037-z

Qin, T, Zhang, W,, Liu, W,, Zhou, H., Ren, H., Shao, Z., et al. (2016). Population
structure and minimum core genome typing of Legionella pneumophila. Sci. Rep.
6:21356. doi: 10.1038/srep21356

Quainoo, S., Coolen, J. P. M., van Hijum, S. A. E T., Huynen, M. A., Melchers, W. .
G., van Schaik, W,, et al. (2017). Whole-genome sequencing of bacterial pathogens:

Frontiers in Microbiology

16

10.3389/fmicb.2022.1091964

the future of nosocomial outbreak analysis. Clin. Microbiol. Rev. 30, 1015-1063. doi:
10.1128/CMR.00016-17

Reuter, S., Harrison, T. G., Koser, C. U, Ellington, M. J., Smith, G. P,, Parkhill, J.,
etal. (2013). A pilot study of rapid whole-genome sequencing for the investigation
of a legionella outbreak. BMJ Open 3:€002175. doi: 10.1136/bmjopen-2012-002175

Ricci, M. L,, Fillo, S., Ciammaruconi, A., Lista, E, Ginevra, C., Jarraud, S., et al.
(2022). Genome analysis of Legionella pneumophila ST23 from various countries
reveals highly similar strains. Life Sci. Alli. 5:¢202101117. doi: 10.26508/15a.202101117

Richter, M., Rossell6-Méra, R., Oliver Glockner, E, and Peplies, J. (2016).
JSpeciesWS: a web server for prokaryotic species circumscription based on pairwise
genome comparison. Bioinformatics 32, 929-931. doi: 10.1093/bioinformatics/btv681

Rokney, A., Valinsky, L., Vranckx, K., Feldman, N., Agmon, V., Moran-Gilad, J.,
et al. (2020). WGS-based prediction and analysis of antimicrobial resistance in
campylobacter jejuni isolates from Israel. Front. Cell. Infect. Microbiol. 10:365. doi:
10.3389/fcimb.2020.00365

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406-425. doi: 10.1093/
oxfordjournals.molbev.a040454

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Seemann, T. (2022a). ABRicate. Available at: https://github.com/tseemann/
abricate (Accessed September 13, 2022).

Seemann, T. (2022b). legsta. Available at: https://github.com/tseemann/legsta
(Accessed September 13, 2022).

Siegel, M. O., Fedorko, D. P, Drake, S. K., Calhoun, L. B., and Holland, S. M. (2010).
Legionella feeleii serotype 2 pneumonia in a man with chronic lymphocytic leukemia:
a challenging diagnosis. J. Clin. Microbiol. 48, 2294-2297. doi: 10.1128/JCM.00176-10

Springston, J. P., and Yocavitch, L. (2017). Existence and control of legionella
bacteria in building water systems: a review. J. Occup. Environ. Hyg. 14, 124-134.
doi: 10.1080/15459624.2016.1229481

Stackebrandt, E., and Ebers, ]. (2006). Taxonomic parameters revisited: tarnished
gold standards. Microbiol. Today, 152-155.

Suter, T. M., Viswanathan, V. K., and Cianciotto, N. P. (1997). Isolation of a gene
encoding a novel spectinomycin phosphotransferase from Legionella pneumophila.
Antimicrob. Agents Chemother. 41, 1385-1388. doi: 10.1128/AAC.41.6.1385

Tindall, B. ], Rossell6-Moéra, R., Busse, H.-]., Ludwig, W., and Kampfer, P. (2010).
Notes on the characterization of prokaryote strains for taxonomic purposes. Int. J.
Syst. Evol. Microbiol. 60, 249-266. doi: 10.1099/ij5.0.016949-0

Toplitsch, D., Platzer, S., Zehner, R., Maitz, S., Mascher, E, and Kittinger, C. (2021).
Comparison of updated methods for legionella detection in environmental water
samples. Int. J. Environ. Res. Public Health 18:5436. doi: 10.3390/ijerph18105436

Troshin, P. V., Procter, J. B., and Barton, G. J. (2011). Java bioinformatics analysis
web services for multiple sequence alignment—JABAWS:MSA. Bioinformatics 27,
2001-2002. doi: 10.1093/bioinformatics/btr304

Vaccaro, L., Izquierdo, E, Magnet, A., Hurtado, C., Salinas, M. A., Gomes, T. S.,
et al. (2016). First case of Legionnaire’s disease caused by legionella anisa in Spain
and the limitations on the diagnosis of legionella non-pneumophila infections. PLoS
One 11:¢0159726. doi: 10.1371/journal.pone.0159726

Waldron, P. R., Martin, B. A., and Ho, D. Y. (2015). Mistaken identity: legionella
micdadei appearing as acid fast bacilli on lung biopsy of a hematopoietic stem cell
transplant patient. Transpl. Infect. Dis. 17, 89-93. doi: 10.1111/tid.12334

Wick, R. R, Judd, L. M., Gorrie, C. L., and Holt, K. E. (2017). Unicycler: resolving
bacterial genome assemblies from short and long sequencing reads. PLoS Comput.
Biol. 13:e1005595. doi: 10.1371/journal.pcbi. 1005595

Wroblewski, D., Saylors, A., Haas, W., Cummings, K., Cukrovany, A., Connors, J.,
etal. (2022). The use of culture, molecular methods and whole genome sequencing
to detect the source of an outbreak of Legionnaire’s disease in New York state. Int. J.
Infect. Dis. 116, $96-897. doi: 10.1016/j.ijid.2021.12.227

Wiithrich, D., Gautsch, S., Spieler-Denz, R., Dubuis, O., Gaia, V., Moran-Gilad, J., et al.
(2019). Air-conditioner cooling towers as complex reservoirs and continuous source of
Legionella pneumophila infection evidenced by a genomic analysis study in 2017,
Switzerland. Eurosurveillance 24:1800192. doi: 10.2807/1560-7917.ES.2019.24.4.1800192

Xu, S., Li, Z., Huang, Y., Han, L., Che, Y., Hou, X, et al. (2021). Whole genome
sequencing reveals the genomic diversity, taxonomic classification, and evolutionary
relationships of the genus Nocardia. PLoS Negl. Trop. Dis. 15:e0009665. doi: 10.1371/
journal.pntd.0009665

Yakunin, E., Kostyal, E., Agmon, V., Grotto, I, Valinsky, L., and Moran-Gilad, J.
(2020). A snapshot of the prevalence and molecular diversity of Legionella
pneumophila in the water systems of Israeli hotels. Pathogens 9:E414. doi: 10.3390/
pathogens9060414

Yu, V. L., Plouffe, J. E, Pastoris, M. C., Stout, J. E., Schousboe, M., Widmer, A., et al.
(2002). Distribution of legionella species and serogroups isolated by culture in
patients with sporadic community-acquired legionellosis: an international
collaborative survey. J. Infect. Dis. 186, 127-128. doi: 10.1086/341087

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1091964
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.meegid.2018.02.008
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.2307/30142015
https://doi.org/10.1128/JCM.01815-17
https://doi.org/10.1093/jac/dkw594
https://doi.org/10.3390/pathogens10050552
https://doi.org/10.1093/nar/gkab902
https://doi.org/10.1093/nar/gkab902
https://doi.org/10.1371/journal.pone.0206110
https://doi.org/10.1128/CMR.00029-14
https://doi.org/10.1146/annurev-pathmechdis-012419-032742
https://doi.org/10.1086/342884
https://doi.org/10.1093/jac/dkz081
https://doi.org/10.1128/AAC.44.10.2679-2683.2000
https://doi.org/10.1038/s41564-019-0663-7
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/nar/gkt1111
https://doi.org/10.3389/fmicb.2020.589369
https://doi.org/10.1111/jfd.13022
https://doi.org/10.1080/08927014.2010.520159
https://doi.org/10.1016/S1473-3099(14)70713-3
https://doi.org/10.1186/s40246-015-0037-z
https://doi.org/10.1038/srep21356
https://doi.org/10.1128/CMR.00016-17
https://doi.org/10.1136/bmjopen-2012-002175
https://doi.org/10.26508/lsa.202101117
https://doi.org/10.1093/bioinformatics/btv681
https://doi.org/10.3389/fcimb.2020.00365
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/bioinformatics/btu153
https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://github.com/tseemann/legsta
https://doi.org/10.1128/JCM.00176-10
https://doi.org/10.1080/15459624.2016.1229481
https://doi.org/10.1128/AAC.41.6.1385
https://doi.org/10.1099/ijs.0.016949-0
https://doi.org/10.3390/ijerph18105436
https://doi.org/10.1093/bioinformatics/btr304
https://doi.org/10.1371/journal.pone.0159726
https://doi.org/10.1111/tid.12334
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1016/j.ijid.2021.12.227
https://doi.org/10.2807/1560-7917.ES.2019.24.4.1800192
https://doi.org/10.1371/journal.pntd.0009665
https://doi.org/10.1371/journal.pntd.0009665
https://doi.org/10.3390/pathogens9060414
https://doi.org/10.3390/pathogens9060414
https://doi.org/10.1086/341087

	Genomic characterization and assessment of pathogenic potential of ﻿Legionella﻿ spp. isolates from environmental monitoring
	1. Introduction
	2. Materials and methods
	2.1. Culture analysis and MALDI-TOF species identification
	2.2. DNA extraction and sequencing
	2.3. ﻿De novo﻿ hybrid assembly and annotation
	2.4. Genome-based species identification
	2.5. Virulence factors and antimicrobial resistance screening
	2.6. Detection of putative plasmids
	2.7. Intra-species comparisons

	3. Results
	3.1. Culture identification and MALDI-TOF typing
	3.2. General characteristics of the hybrid ﻿de novo﻿ assembly
	3.3. Strain typing based on whole-genome sequencing
	3.4. Virulence potential of isolates and antimicrobial resistance
	3.5. Intra-species genomic comparisons

	4. Discussion
	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

