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Legionella pelazae sp. nov. and
Legionella navarrensis sp. nov.,
two novel Legionella species,
reveal deep genomic
diversification within engineered
water systems
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Members of the genus Legionella are Gram-negative aquatic bacteria widely
distributed in natural and engineered aquatic environments, yet the genomic
diversity of environmental representatives remains incompletely resolved. During
routine surveillance of two independent engineered water systems in Spain,
two strains were recovered that could not be assigned to any described
species using conventional molecular markers. To determine their taxonomic
position, we applied a polyphasic approach integrating 16S rRNA and mip
gene sequencing, whole-genome sequencing, phylogenomic reconstruction
based on conserved core proteins, genome-based relatedness indices, and
phenotypic and chemotaxonomic characterization. Phylogenetic analyses
based on 16S rRNA and mip gene sequences placed both isolates within
the genus Legionella while clearly separating them from recognized taxa.
Genome-scale analyses confirmed deep divergence, with average nucleotide
identity values of 85.01 % for Legionella pelazae sp. nov. and 70.37 % for
Legionella navarrensis sp. nov. relative to their closest described species.
The strains exhibited distinct genome architectures, including G+C contents
of 3552 and 48.72 mol%, and showed reproducible physiological and
membrane lipid differences consistent with ecological differentiation. No
acquired antimicrobial resistance determinants were detected. Taken together,
these results reveal substantial intrageneric diversification among environmental
Legionella populations inhabiting engineered water systems. On the basis of
combined genomic, phylogenetic and phenotypic evidence, the strains represent
two novel species within the genus, for which the names Legionella pelazae sp.
nov. (CNM-1927-20" = CECT 31282=CCUG 78397') and Legionella navarrensis
Sp. NOv. (CNM-4043-24T = CECT 31283 = CCUG 78398T) are proposed.
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cellular fatty acid, environmental microbiology, Legionella non-pneumophila, mip gene,
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1 Introduction

Members of the genus Legionella are ubiquitous Gram-
negative bacteria widely distributed in freshwater ecosystems
and engineered water systems (EWS; Fields et al., 2002). Within
natural environments, they persist as intracellular parasites of
free-living amoebae and other protozoa, a lifestyle that has
shaped the evolution of complex secretion systems and stress
adaptation mechanisms (Gomez-Valero and Buchrieser, 2019;
Price et al., 2024; Richards etal.,, 2013). In EWS, including hot
water distribution networks, cooling towers, spas and healthcare
facilities, Legionella species may proliferate under favorable
physicochemical conditions, particularly in the presence of
biofilms, stagnation, and elevated temperatures (Falkinham, 2020;
Yao et al., 2024).

EWS represent highly dynamic ecological niches shaped by
repeated thermal fluctuations, chemical disinfection regimes,
hydraulic disturbances and nutrient limitation (Nisar et al., 2020).
These selective pressures can influence microbial community
structure and may promote genomic diversification and
physiological specialization (Newton etal., 2018). Membrane
composition, oxidative stress responses, secretion systems and
metabolic flexibility are all traits that may contribute to persistence
in such environments (Oliva et al., 2018). Consequently, EWS may
act not only as reservoirs but also as selective landscapes fostering
diversification within environmental Legionella populations
(Yao et al., 2024).

Although Legionella pneumophila remains the primary
etiological agent of legionellosis, an increasing number of
non-pneumophila species have been detected in environmental
surveillance programs, and several have been associated with
sporadic human infections (Hammes et al., 2025). Nevertheless,
Legionella poorly
characterized, and the ecological and evolutionary dynamics

most environmental diversity remains
of non-clinical lineages are incompletely understood. Traditional
identification methods based on partial gene sequencing, such as
16S rRNA or macrophage infectivity potentiator (mip, Ratcliff et al.,
1998), often lack sufficient resolution to capture deep genomic
divergence, potentially underestimating species-level diversity
within the genus (Chunand Rainey, 2014; Kimetal, 2014;
Richter and Rossell6-Mora, 2009).

The widespread implementation of whole-genome sequencing
has transformed bacterial systematics by enabling genome-
wide comparisons that more accurately resolve evolutionary
relationships. Genome-based metrics such as average nucleotide
identity (ANI) and digital DNA-DNA hybridization (dDDH),
combined with phylogenomic reconstruction, have refined
species boundaries and revealed substantial heterogeneity within
established genera (Chun and Rainey, 2014; Meier-Kolthoff et al.,
2013; Richter and Rossell6-Mora, 2009). In Legionella, comparative
genomics has demonstrated the presence of conserved intracellular
survival mechanisms alongside extensive accessory genome
variation, suggesting ongoing evolutionary diversification driven
by environmental adaptation and horizontal gene exchange
(Gomez-Valero et al., 2011).

During routine environmental surveillance of two independent
EWS in Spain, two isolates were recovered that could not be
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confidently assigned to any described Legionella species based
on conventional molecular markers. In this study, we applied
a comprehensive polyphasic approach integrating whole-genome
sequencing, phylogenomics, genome-based relatedness indices,
phenotypic characterization and chemotaxonomic profiling to
resolve their taxonomic position. Our findings reveal substantial
genomic divergence within the genus and highlight ecological
differentiation among environmental strains inhabiting EWS. On
the basis of combined genomic and phenotypic evidence, these
strains represent two previously unrecognized species within
Legionella, thereby expanding the known diversity and evolutionary
breadth of the genus.

2 Materials and methods

2.1 Sampling, isolation and cultivation

Water sampling and subsequent isolation procedures were
carried out in compliance with Spanish Royal Decree 487/2022
(RD 487/2022), UNE 100030:2017 and UNE-EN ISO 11731:2017
standards, which regulate the prevention and control of Legionella
and its detection and enumeration. Briefly, 1 L of water sample was
filtered through a polycarbonate filter (0.2 jum pore size and 47 mm
diameter, Millipore®, Millipore Sigma, Burlington, MA, USA) and
the filter was then eluted in 10 mL of 1/40 Ringer’s solution. An
aliquot of 0.1-0.5mL of the concentrate was subjected to heat
shock (50 C/ 30min) and acid-treatment (Buffer KCI/HCI 2 M,
5min). Treated and untreated samples were cultured on Legionella
Buffered Charcoal Yeast Extract (BCYE) agar supplemented with
glycine, vancomycin, polymyxin B and cycloheximide (GVPC;
Thermo Fisher Scientific, Diagnostic, Ltd., Basingstoke, UK) and
incubated at 37 C for 7-10 days. Colonies with morphology
compatible with Legionella were subcultured onto BCYE agar
supplemented with L-cysteine (BCYE«a) and BCYE agar without L-
cysteine (BCYEa-cys) to verify the L-cysteine growth requirement.
Isolates showing growth on BCYEa but not on BCYEa-cys were
subjected to latex immunoagglutination (OXOID, Oxoid Ltd.,
Basingstoke, UK).

Strain CNM-1927-20" was isolated prior to heat treatment
on 2 March 2020 from a spa located at 42°3'35”N 1°4/25”W,
in a municipality of the Comunidad Foral de Navarra, Spain, as
part of routine control and surveillance program. The strain was
recovered from a tap supplying cooled thermal water in the spa
bath gallery. The water temperature at the time of sampling was
45.5 C; and hydrogen peroxide (H,O,) was used as the biocide at
the facility, with a residual concentration of 20 ppm. The isolate
was recovered prior to heat treatment during laboratory processing,
indicating its presence within the active microbial community of
the system. Strain CNM-4043-24" was isolated on 14 February 2024
at a rural tourism accommodation located at 42°5'03”N 2°2/20”W
in the Comunidad Foral de Navarra, Spain, during routine control
and surveillance sampling. The strain originated from a sample
collected from the hot water return line with a water temperature
of 49.2 C at the time of sampling. Sodium hypochlorite was used
as the biocide at this facility, resulting in a residual chlorine
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concentration of 0.49 ppm. Positives isolates were obtained prior
to acid treatment.

2.2 Sequencing of 16S rRNA and mip genes

To obtain a preliminary taxonomic assignment and assess the
phylogenetic position of the isolates within the genus Legionella,
partial sequences of the 16S rRNA (~1,400 bp) and mip (~600 bp)
genes were analyzed.

Strains CNM-1927-20" and CNM-4043-24T were identified
by PCR amplification and sequencing of the mip and 16S rRNA
genes. Genomic DNA was extracted from pure cultures using
the QiAcube automated system (Qiagen, Hilden, Germany). PCR
amplification and sequencing of both genes were performed
using previously described universal primers (Ratclift et al., 1998).
Sequence identification and percentage identity were determined
using the Basic Local Alignment Search Tool (BLAST) from
National Center for Biotechnology Information (NCBI).

For phylogenetic analysis, 16S rRNA and mip gene sequences
from the 68 wvalidly published Legionella species available in
public NCBI Assembly database (GenBank/RefSeq) were included.
Multiple sequence alignments were generated using MUSCLE
algorithm (Edgar, 2004). Phylogenetic trees were constructed using
the maximum likelihood method based on the Tamura-Nei model
of nucleotide substitution (Tamura and Nei, 1993), with bootstrap
support values calculated from 1,000 replicates. These phylogenetic
analyses were performed using MEGA X (Kumar etal., 2018).
To improve branch support estimation, additional phylogenetic
analyses were performed using IQ-TREE v2.1.4 (Minh et al., 2020)
with 1,000 ultrafast bootstrap (UFBoot) and SH-aLRT replicates.
Nodes with support values lower than 70 % were not displayed in
the final trees.

2.3 Whole genome analyses and phylogeny

Whole-genome sequencing was performed to enable genome-
based taxonomic characterization, assess genome quality, and
support phylogenomic analysis.

Genomic DNA was extracted from pure cultures of both
strains. The extracted DNA was used to prepare short-read genomic
libraries, which were sequenced using the Illumina NextSeq 500
System (Illumina, San Diego, CA, USA), generating 150 bp paired-
end reads.

Whole-genome sequencing reads were processed using the nf-
core/bacass pipeline v2.3.1 (Vm et al,, 2024). Quality assessment
of raw reads was performed with FastQC v0.12.1, which were
then trimmed with fastp v0.23.4 (Chenetal, 2018), applying
a minimum Phred quality score of 20. De novo assembly was
performed with Unicycler v0.5.0 (Wick et al., 2017) and assembly
quality metrics were evaluated using QUAST v5.2.0 (Gurevich et al.,
2013).

Genome completeness and contamination estimates were
obtained using CheckM v1.2.4 (Parks et al., 2015) as implemented
in the NCBI Prokaryotic Genome Annotation Pipeline (PGAP)
during genome contamination and

submission. Potential
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taxonomic consistency were further evaluated using KmerFinder
v3.0.2 (Clausen etal., 2018; Hasman etal., 2014; Larsen et al.,
2014). To complement these analyses, taxonomic profiling of
raw reads was performed using the nf-core/taxprofiler pipeline
(v1.1.8; Stamouli et al., 2023), which classifies reads against the
Kraken (Wood et al., 2019), Bracken (Lu et al.,, 2017), Centrifuge
(Kim et al., 2016) and Kaiju databases (Menzel et al., 2016).

The presence of the mip gene and the 16S rRNA gene was
determined using BLAST v2.16.0 (Camacho et al., 2009).

Genome annotation was conducted with Prokka v1.14.6
(Seemann, 2014) to predict coding sequences and structural
features and results were summarized using MultiQC v1.21.0
(Ewels et al., 2016).

Protein-coding sequences were functionally annotated
using eggNOG-mapper v2.1.13 (Cantalapiedraetal., 2021) to
characterize the functional genomic repertoire against the eggNOG
database (version 5.0.2, Huerta-Cepasetal., 2019) to assign
orthology relationships and functional annotations. Sequence
similarity searches were conducted using DIAMOND v2.0.15
(Buchfink et al., 2021). Functional categories were assigned based
on Clusters of Orthologous Groups (COG) classification. For
each genome, the distribution of COG categories was calculated
by counting the number of proteins assigned to each functional
class. Proteins assigned to multiple COG categories were included
in all corresponding functional groups. Results were normalized
as percentages of total COG assignments to allow comparison
between strains. Comparative analysis between strains was
performed by visualizing the relative abundance of COG functional
categories using bar plots generated in Python v3.9 (Python
Software Foundation) employing the pandas v2.3.3 (McKinner,

2010) and matplotlib v3.9.1 (Hunter, 2007) libraries.

2.4 Antimicrobial resistance, virulence
profiling, plasmid identification and
comparative genomics

Screening for antimicrobial resistance (AMR) and virulence-
associated genes was carried out to characterize the functional
genomic repertoire of the strains and to identify traits potentially
relevant to their ecology and biosafety.

The novel strains were screened for AMR and virulence
genes using ARIBA v2.14.6 (Huntetal.,, 2017). AMR genes were
identified using the Comprehensive Antibiotic Resistance Database
(CARD; Alcock et al., 2023), and virulence factor were assessed
using the Virulence Factor Database (VFDB; Chen etal., 2005).
Results from ARIBA were complemented using AMRFinderPlus
v3.12.8 (Feldgarden et al., 2021), which detects resistance genes
and resistance-associated point mutations based on NCBI’s curated
Reference Gene Database and a collection of Hidden Markov
Models. Default parameters were used for all tools, including the
similarity and coverage thresholds implemented internally by each
algorithm and database.

To account for potential sequence divergence in the novel
strains, additional screening was performed using ABRicate v1.4.0
(Seemann, T., ABRicate, Github, available at https://github.com/
tseemann/abricate) against the Virulence Factor Database (VFDB)
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and the NCBI AMRFinderPlus database. In this analysis, relaxed
thresholds of >60% nucleotide identity and >80% coverage were
applied to enable the detection of distant homologs. Hits obtained
under these criteria were interpreted as putative homologs rather
than confirmed functional determinants. The resulting data were
summarized as presence—absence matrices for comparative analysis
between the novel strains. Comparative analyses included genomes
of closely related Legionella species retrieved from NCBI, which
were screened under identical parameters.

Comparative genomic analyses were performed to determine
the evolutionary relationships of the novel strains with recognized
Legionella species and to assess their genomic distinctiveness.

For the identification of potential plasmid sequences,
PlasmidID v1.6.5 (Monzon etal, 2021, available at https://
github.com/BU-ISCIII/plasmidID) was employed, which maps
trimmed reads over plasmid database sequences, then clusters the
k-mer-filtered and most-covered sequences by identity to avoid
redundancy and then uses the longest sequences as a scaffold for
plasmid reconstruction. Additionally, ARIBA v2.14.6 (Hunt et al.,
2017) was used for this procedure, by means of the PlasmidFinder
database (Carattoli et al., 2014).

Phylogenetic relationships between the novel strains and
representative Legionella genomes were assessed using a core
genome multilocus sequence typing (cgMLST) approach, providing
a standardized genome-wide comparison based on shared core
loci. A cgMLST schema was constructed and evaluated using
chewBBACA v3.3.3 (Silvaetal, 2018). All publicly available
Legionella genomes (68 genomes) were initially screened for
inclusion in the core-genome analysis. Fourteen genomes were
excluded due to a insufficient number of shared loci and poor
orthologous gene detection requirements of the chewBBACA
schema evaluation, resulting in an inadequate number of loci
for reliable incorporation into the core-genome dataset. The
genomes retained for phylogenomic reconstruction are listed
in Supplementary Data Sheet 1. The final scheme comprised 436
core loci for 54 Legionella genomes and was used to determine
allelic profiles for the analyzed strains. The translated core-
genome alignment generated with by chewBBACA was then used
to create an amino acid matrix with pairwise distances using
MEGA v11.0.13 (Tamura et al., 2021), to then infer a maximum-
likelihood phylogenetic tree using IQTREE (Minh etal., 2020)
v2.1.4 under the LG+F+R6 (Le and Gascuel, 2008) amino acid
substitution model. Branch support was assessed with 1,000
bootstrap replicates. An additional phylogenomic reconstruction
based on conserved bacterial proteins was performed as an
independent approach to confirm the placement of the strains
within the genus. Phylogenetic analysis was also performed
using bcgTree v1.2.1 (Ankenbrand and Keller, 2016), which
reconstructs phylogenies based on 107 conserved bacterial proteins.
The analysis included 54 publicly available Legionella genomes
retrieved from NCBI, together with the two novel strains
(Supplementary Data Sheet 1). The bcgTree pipeline integrates
hmmsearch v3.3 (Eddy, 2011), MUSCLE v3.8.1551 (Edgar, 2004),
Gblocks v0.91b (Talavera and Castresana, 2007), RAXML v8.2.12
(Stamatakis, 2006) and Prodigal v2.6.3 (Hyattetal., 2010), and
generated a best scoring maximum-likelihood tree with branch
support values calculated from 100 bootstrap replicates. These
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approaches are based on conserved core genomic elements and are
therefore equivalent to core-genome phylogenetic analyses.

Overall Genome Related Indices (OGRIs) were determined to
assess genomic relatedness between the proposed novel taxa and
currently described species of the genus Legionella. ANI values
were calculated using the OrthoANIu algorithm implemented
in EZBioCloud platform (Yoon etal., 2017). dDDH values were
estimated using the Genome-Genome Distance Calculator (GGDC
4.0, DSMZ), applying formula d4 (also referred to as GGDC
formula 2; Meier-Kolthoff et al., 2013).

Genome-based species validation was further performed
using the Type (Strain) Genome Server (TYGS, DSMZ;
Meier-Kolthoff and Géker, 2019; Meier-Kolthoffetal., 2022)
providing comparison against type material using a standardized
genome-based taxonomic framework. Draft genome assemblies
were submitted to TYGS where pairwise genome comparisons
were computed using the Genome BLAST Distance Phylogeny
(GBDP; Meier-Kolthoff et al., 2013) approach and dDDH formulas
d0, d4, and d6. The best-matching type strains, dDDH values
(with 95 % CI), G+C differences and the GBDP phylogeny were
retrieved from the TYGS report.

2.5 Phenotypic analysis

Phenotypic characterization was performed to identify
diagnostic traits and to complement genome-based evidence
in accordance with the polyphasic approach required for the
description of novel species. This included the assessment
of optimum growth temperature, the nutritional and oxygen
requirements, and colony appearance.

The strains were incubated on BCYE« agar at 25, 28, 30, 35, 37,
40, 42 C for 7 days. Nutritional requirements were evaluated at their
respective optimum temperatures on BCYEa, BCYEa-cys, BCYE
supplemented with Cefamandole, Polymixin, and Anisomycin
(BMPA, Thermo Fischer Diagnostics, Germany), GVPC, Chocolate
Enriched Agar, Columbia Blood Agar, and Tryptone Soya Agar
(TSA; bioMerieux, Marcy-1'Etoile, France) for 7 days. Growth in
Aces Yeast Extract (AYE) liquid medium was also assessed within
24 h.

Growth under microaerophilic conditions (O, 5%—15 %) was
evaluated using the GasPak EZ Campy Gas Generating Pouch
System (Becton Dikinson, Franklin Lakes, NJ, USA).

All experiments were performed in three
independent experiments.

Autofluorescence under long-wave ultraviolet light (wavelength
of 365nm) was also evaluated. Gram staining, acid-fast staining
and motility (hanging-drop method on concave microscope
slides; VWR, International, Spain) were performed as previously
described (Gerhardt et al., 1994).

Morphological features and the presence of flagella were
investigated by transmission electron microscopy (TEM) using
an FEI Tecnai 12 electron microscope (Thermo Fisher, Schwerte,
Germany) and images were recorded with an FEI Ceta CCD
camera. Both strains were cultured carefully to avoid flagellar
loss during sample handling, Strain CNM-1927-20T was grown in
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AYE medium at 37 C with gentle agitation (80 rpm) for 2 days,
while strain CNM-4043-24T, which cannot grow in liquid medium,
was cultured on BCYE«a agar at 30 C for 3 days, and a single
colony was then carefully resuspended in PBS. Both suspensions
were deposited directly onto 300-mesh copper grids (CF300-Cu,
Electron Microscopy Sciences) coated with a collodion support film
and negatively stained with 2% (W/V) aqueous uranyl acetate for
1 min. For each strain, three independent grids were prepared, and
ten microscopic fields per grid were examined.

2.6 Biochemical features

Biochemical and enzymatic tests were carried out to identify
differential traits useful for distinguishing the novel strains from
their closest phylogenetic relatives.

Biochemical characterization of the strains studied was
performed using the miniaturized API 20 NE and API ZYM
systems according to the manufacturer’s instructions (bioMérieux),
at their respective optimum temperatures. Cytochrome C
oxidase activity was determined using an oxidase reagent kit
(bioMérieux). Additional enzymatic activities not included
in the miniaturized test systems were assayed separately.
Catalase activity was determined according to Cowan etal.
(1993) by the Identification and Characterization Services of
the Spanish Type Culture Collection (CECT, Universitat de
Valéncia, Paterna, Spain). Hippurate hydrolysis was tested using
a 0.5 McFarland bacterial suspension prepared in 1 % PBS
containing sodium hippurate (96%, Fischer Scientific, USA).
The reaction mixture was incubated at 37 C for 4h and revealed
with ninhydrin reagent (Scharlab, S.L., Barcelona, Spain); the
appearance of a blue color within 10min was considered a
positive result. Fermentation of glucose and lactose was assessed
using bromocresol purple assay and B-lactamase production was
evaluated using nitrocefin disk (Remel Inc., Thermo Fischer, USA).
Positive and negative controls specified by manufacturers were
included in all assays.

Antimicrobial susceptibility testing was performed to compare
the phenotypic resistance profile with in silico genomic predictions.
Susceptibility to clinically relevant antibiotics, including a
macrolide

(azithromycin), a fluoroquinolone (levofloxacin),

rifampicin, a tetracycline (doxycycline) and pleuromutilin
(lefamulin). Two methods were used: broth microdilution (BMD)
protocol following Sewell et al. (2025) and the gradient diffusion
method (ETEST ™, bioMérieux).

For BMD, antibiotics were serially diluted in 96-well microtiter
plates in AYE medium at the following ranges: 0.08-4 pwg/mL
for azithromycin and lefamulin, 0.125-64 pg/mL for doxycycline,
0.0025-0.125 pg/mL for levofloxacin and 0.00025-0.125 p.g/mL for
rifampicin. Bacterial suspensions were prepared to a 1.0 McFarland
standard and subsequently diluted to 3-4 x 106 CFU/mL. The wells
were inoculated with 100 wL of bacterial suspension and incubated
at 37 £ 2 C with shaking at 160 rpm in a humidified incubator.
Minimum inhibitory concentration (MIC) values were recorded
after 48 h. The control strains were included in the trial (Legionella
pneumophila NCTC 11192, NCTC 11286 and 23s rRNA mutant;

Sewell et al., 2025).
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ETEST®  were performed by swabbing 0.5 McFarland
suspensions onto BCYEa agar and applying antibiotic gradient
strips of azithromycin, doxycycline, levofloxacin, and rifampicin.
Plates were incubated at 37 & 2 C for 72h in a humidified
atmosphere. Staphylococcus aureus ATCC 29213 was included as a
quality. All susceptibility tests were performed in triplicate in three
independent experiments.

Cellular fatty acid (CFA) analysis was included as a
chemotaxonomic criterion to support species differentiation
within the genus. Fatty acid methyl ester (FAME) profiles were
determined by the Identification and Characterization Services of
CECT using the MIDI Microbial Identification System (Sasser,
1990). Bacterial biomass was obtained under the growth conditions
described above, and fatty acid methyl ester (FAME) profiles
were determined by gas chromatograph using an Agilent 6850
system. Data were analyzed using the MIDI Sherlock Microbial
Identification System software with the CLIN6 method (MID],
2008).

2.7 Quantification and statistical analysis

For experiments performed in multiple independent replicates,
results are expressed as means =+ standard deviation (SD) or with
95 % confidence interval (CI), as appropriate.

3 Results

3.1 Environmental origin and isolation
context

The two strains characterized in this study were recovered
during routine environmental surveillance of independent EWS
located in the Comunidad Foral de Navarra, Spain. Both
systems are representative of EWS subjected to continuous
thermal regulation and chemical disinfection, conditions known to
influence Legionella persistence and population structure.

Although both strains originated from hot water distribution
the facilities differed
including disinfection strategy and hydraulic configuration.

systems, in operational parameters,
These environmental variables are known to shape microbial
community composition and may impose selective pressures
related to oxidative stress tolerance, membrane stability and
metabolic adaptation. The recovery of two genomically distinct
Legionella strains from such systems underscores the ecological
heterogeneity present within EWS and provides a contextual
framework for interpreting the genomic and phenotypic divergence
described below.

3.2 Presumptive identification based on 16S
rRNA and mip
To obtain an initial assessment of taxonomic placement, near

full-length 16S rRNA (~1,400 bp) and partial mip gene (~ 600 bp)
corresponding to the standard fragment described by Ratcliff et al.
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(1998) were amplified and compared with those of all validly
described Legionella species.

For strain CNM-1927-20T, 16S rRNA gene
similarities ranged from 91.81 to 97.93% relative to recognized

sequence

species, with L. gresilensis representing the closest related
species. Strain CNM-4043-24T showed similar values between
91.92 and 95.67%, with L. geestiana as the closest relative
(Supplementary Table S1). Although both strains clearly affiliated
with the genus, none reached the ~98.65% 16S rRNA gene
sequence similarity proposed for species delineation (Kim et al.,
2014).

Analysis of the mip gene, a marker widely used for
Legionella species discrimination, revealed even greater divergence.
Relative to other Legionella strains, CNM-1927-20T showed
sequence similarities ranged from 68.66 to 91.51%, whereas
CNM-4043-24T displayed values between 66.91 and 76.81%
(Supplementary Table S2). The closest relatives identified based
on mip gene similarity were consistent with those obtained
using the 16S rRNA gene. These values are well below the
~95%—96 % sequence similarity threshold generally considered
for species delineation based on the mip gene (Fryetal., 2007;
Ratcliff et al., 1998), suggesting that both strains represent distinct
taxonomic entities.

Maximum-likelihood phylogenetic trees inferred from both 16S
rRNA and mip sequences consistently placed the two strains within
the Legionella clade while resolving them as independent branched.
Strain CNM-4043-24" clustered within the Legionella geestiana
species clade, whereas strain CNM-1927-20T was positioned in
proximity to the Legionella busanensis and Legionella gresilensis
species clades, although clearly separated from all currently
described species (Figure 1). Bootstrap values below 70% were
not displayed. The topologies obtained from both loci were
congruent and did not indicate close affiliation with any single
recognized taxon.

To improve the robustness of phylogenetic inference,
additional analyses were performed using IQ-TREE with 1,000
ultrafast bootstrap (UFBoot) and SH-aLRT replicates. Low-support
nodes (<70 %) were not displayed. The resulting topology was
consistent with that obtained, with both strains clearly resolved
within the genus Legionella as independent lineages. These results
confirm that the phylogenetic placement of the isolates is stable and
not affected by the inference method (Supplementary Figure S1).

Taken together, single-gene phylogenies provided preliminary
evidence of taxonomic novelty and supported subsequent
genome-scale analyses to resolve their evolutionary position with
higher resolution.

3.3 Genome features and assembly quality

Whole-genome sequencing was performed to characterize the
genomic architecture of strains CNM-1927-207 and CNM-4043-
24T and to assess their relationship to described members of
the genus Legionella. High-quality draft assemblies were obtained
for both strains, with estimated completeness values above 97%
and minimal contamination (<1%), supporting the reliability of
downstream comparative analyses.
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Strain CNM-1927-20T possesses a genome of 3,346,181 bp
distributed across 33 contigs (>1,000 bp), with sizes ranging from
1,000 to 532,143 bp (mean contig length = 101,400 bp), an N50
of 203,734 bp, L50 of 5 and a G+C content of 35.52 mol%. The
genome encodes 2,979 predicted coding sequences, together with
4 rRNA genes, 42 tRNA genes and 1 tmRNA gene. In contrast,
strain CNM-4043-24" has a slightly smaller genome of 3,019,141 bp
assembled in 55 contigs (>1,000 bp), ranging from 1,000 to 404,651
bp (mean contig length = 54,900 bp), with an N50 of 114,967 bp,
L50 of 8 and a G+C content of 48.72 mol%. This genome contains
2,596 predicted coding sequences, 3 rRNA genes, 42 tRNA genes
and 1 tmRNA gene.

While genome sizes fall within the range commonly reported
for Legionella species, the G+C content of CNM-4043-24T
lies toward the upper boundary of values described for the
genus, highlighting the genomic heterogeneity encompassed within
environmental representatives. Despite this divergence, both
genomes retain key genetic features characteristic of Legionella,
including genes associated with intracellular survival and conserved
core metabolic pathways.

Comparative genome screening did not detect plasmids
or acquired antimicrobial resistance determinants in either
strain. Functional annotation revealed broadly conserved core
functional categories across both genomes (see Section 3.7 and
Supplementary Figure S3), although variation in accessory gene
content was observed between the two strains, consistent with
their phylogenetic separation. Together, these genomic features
indicate that the strains share fundamental genomic characteristics
with established members of the genus while displaying substantial
divergence at the nucleotide level.

This genomic framework provided the basis for subsequent
phylogenomic reconstruction and genome-wide relatedness
analyses aimed at resolving their taxonomic placement.

3.4 Genome-based relatedness indices

To quantitatively assess genomic relatedness, ANI and
dDDH values
indices were calculated against representative Legionella species

were calculated. Genome-based relatedness
selected on the basis of their position in the genome-based
phylogenetic tree, prioritizing taxa clustering within the same
clade or placed in close phylogenetic proximity to the proposed
S3B). Additionally,

ANI comparisons were also extended to all validly described

novel taxa (Supplementary Tables S3A,
Legionella species showing >95% 165 rRNA gene sequence
CNM-4043-24T or CNM-1927-20"
(Supplementary Table S3E).

For strain CNM-1927-20T, the highest ANI values were
observed with L. gresilensis (85.01%), followed by L. busanensis
(84.41%) and L. beliardensis (76.91%). For strain CNM-4043-
24T the highest ANI value was obtained with L. dresdenensis
(70.37%), followed by L. birminghamensis (69.58%) and L.

quinlivanii (69.24%). All values were substantially below the widely

similarity with either

accepted species delineation threshold of 95%—96%, indicating
pronounced nucleotide-level divergence relative to their closest
described neighbors.
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ANI values between CNM-1927-20" and CNM-4043-24" were
similarly low (68.83%), further supporting their recognition as
two independent genomic entities rather than variants of a single
novel taxon.

Additional ANI comparisons with all species sharing >95%
16S rRNA gene sequence similarity likewise yielded values below
the accepted species delineation threshold, further supporting the
gemomic distinctiveness of both strains (Supplementary Table S3).

Digital DNA-DNA hybridization estimates corroborated
this pattern, with all calculated dDDH values ranging between
approximately 12 and 40% depending on the comparison
and consistently remaining well below the 70% threshold
used for species delineation. For CNM-4043-24T, dDDH
values relative to its closest phylogenetic neighbors did not
exceed 13.2%, underscoring its marked genomic divergence
(Supplementary Tables S3C, S3D).

Genome-based validation using TYGS server confirmed that
both isolates fall well below the boundary defined by dDDH. For
CNM-4043-24T, the highest dDDH (formula d4) against any type
strain was 28.7% (95% CI 26.3-31.2; Pseudomonas graminis), and
the highest d4 to a Legionella type strain was 23.5% (95% CI
21.2-25.9; Legionella lytica); with a G4-C difference of 9.13 mol%.

For CNM-1927-20, the highest dDDH (d4) was 30.1% (95%
CI 27.7-32.6) to Legionella gresilensis, with a G+C difference of
0.54 mol%. As all dDDH (d4) values are far below the 70% species
threshold, the TYGS results support the status of both isolates as
potential novel species within the genus.

Taking together, these genome-wide relatedness metrics
quantitatively confirm that both strains represent deeply divergent
yet phylogenetically coherent members of the genus Legionella.

3.5 Phylogenomic placement

To resolve the evolutionary position of the two strains,
genome-scale phylogenetic analyses were performed using
conserved core genes. Phylogenomic reconstruction based
on 107 conserved bacterial proteins (bcgTree) consistently
placed strains CNM-1927-207 and CNM-4043-24T within the
Legionella clade with strong bootstrap support (Figure 2). Both
strains formed independent and well-supported branches clearly
separated from all currently described species included in the
analysis. Strain CNM-1927-207 clustered with L. gresilensis,
and L. busanensis, forming a well-supported clade within
the genus. In contrast, strain CNM-4043-24T also grouped
within this broader lineage and clustered most closely with
L. gresilensis and L. busanensis, being part of the same clade
that includes CNM-1927-20T. Although phylogenetically
affiliated with these data, strain CNM-4043-24T
clearly differentiated from these taxa based on genome-based

remained

relatedness indices.

To further support these findings, a core genome multilocus
sequence typing (cgMLST) approach based on 436 conserved
loci was implemented. The resulting maximum-likelihood tree
reproduced the phylogenetic structure observed in the protein-
based analysis, with both strains consistently resolved as discrete
genomic entities within the genus. The concordance between
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independent phylogenomic frameworks reinforces the robustness
of their evolutionary placement (Supplementary Figure S2).

The phylogenetic reconstructions based on core genomic
(bcgTree) yielded
congruent topologies, supporting the robustness of the inferred

loci (cgMLST) and conserved proteins

evolutionary relationships.

Despite the elevated G+C content observed in CNM-4043-24T,
genome-scale phylogenetic reconstruction unequivocally supports
its inclusion within Legionella. The consistent clustering within
the genus across independent datasets indicates deep intrageneric
divergence rather than genus-level separation.

These results collectively demonstrate that both strains
represent previously unrecognized evolutionary units embedded
within the genomic landscape of Legionella.

3.6 Functional annotation and COG
classification

To facilitate comparison between strains, the distribution of
the most abundant COG functional categories was analyzed.
Both genomes showed a similar overall functional profile,
with “Unknown function” representing the largest category
(Supplementary Figure S3).

Core cellular functions such as translation, cell wall/membrane
biogenesis, and replication/repair were consistently represented in
both genomes, reflecting the conservation of essential biological
processes within the genus Legionella.

Minor differences were observed in metabolic categories,
particularly those related to amino acid transport and carbohydrate
metabolism, suggesting some degree of functional divergence
between the strains.

Overall, this analysis highlights the conservation of core
functional categories alongside variability in accessory functions,
supporting the genomic differentiation observed between
the strains.

3.7 Functional genomic features associated
with environmental persistence

Comparative genomic analysis was performed to explore
functional traits potentially associated with environmental
persistence and intracellular survival. Both genomes encoded
core genetic determinants typically conserved within the genus
Legionella, including components of secretion systems implicated
in host interaction and intracellular replication. The presence of
these conserved systems reinforces their placement within the
genus and suggests maintenance of canonical ecological strategies
centered on protozoan hosts.

Initial screening using ARIBA and AMRFinderPlus under
default thresholds did not identify acquired antimicrobial
resistance determinants or an expanded virulence gene repertoire.
To account for potential sequence divergence, additional analyses
were performed with ABRicate v1.4.0 using relaxed thresholds
(=60% identity and >80% coverage).
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Maximum-likelihood phylogenomic tree shows the relationships between strain CNM-1927-207, strain CNM-4043-24", and 54 other representative
Legionella genomes, as well as Coxiella burnetii as an outgroup. The tree was inferred using bcgTree software, as described in Material and Method
section. Bootstrap consensus trees were calculated from 100 replicates and are shown next to the branches. Bootstrap values below 70% were
omitted. Branch lengths represent the number of substitutions per site and indicate the inferred evolutionary divergence among taxa. GenBank
accession ID is given in parentheses. Novels described species in this study are highlighted in bold.
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Under these thresholds, several virulence-associated homologs
were detected in both genomes, primarily corresponding to
conserved components of intracellular survival and secretion
system. Most of these homologs were shared between the two
strains, although some differences in accessory gene content
were observed. Comparative analysis including closely related
Legionella species revealed that the number of virulence-associated
homologs detected in strains CNM- 1927-207 (53 genes) and CNM-
4043-24" (38 genes) falls within the range observed across the
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genus (49-67 genes). Notably, strain CNM-4043-24" displayed a
reduced number of detected homologs, consistent with its higher
genomic divergence.

Overall, these results indicate that both strains retain the core
virulence-associated repertoire typical of Legionella species without
evidence of an expanded or atypical virulome.

Screening for antimicrobial resistance revealed only a limited
number of low-similarity homologs (1-3 per genome), which
were also present in related species. These likely represent
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conserved domain rather than acquired antimicrobial resistance
determinants. Accordingly, no evidence of acquired antimicrobial
resistance was observed in either genome. No plasmids
were detected.

Comparative virulome and resistome profiles across all
analyzed genomes were broadly consistent and represented as a
heatmap (Supplementary Figure S4).

Despite overall conservation of core functions, lineage-specific
genomic features were observed. In CNM-1927-207, a predicted
S-adenosylmethionine-dependent methyltransferase annotated as
a potential type IV secretion system effector was identified.
Although functional validation was beyond the scope of this study,
such effectors may contribute to modulation of host-pathogen
interactions within protozoan reservoirs.

The combination of conserved intracellular survival machinery
and divergent accessory genomic content illustrates a pattern
of genomic plasticity within environmental Legionella. Core
ecological strategies appear to be retained, while peripheral
genomic regions diversify, potentially facilitating adaptation to
localized physicochemical conditions in engineered water systems.
These results align with the physiological and chemotaxonomic
differences described above and provide a functional dimension to

the genomic divergence observed between the two strains.

3.8 Phenotypic and physiological
characterization

Beyond genome-level divergence, both strains exhibited

distinct physiological profiles consistent with
differentiation within EWS.
Strains CNM-1927-207 and CNM-4043-24"7 were Gram-

negative, motile rods requiring L-cysteine for growth, consistent

ecological

with established characteristics of the genus Legionella. Growth
occurred between 30 C and 37 C for both strains; however,
their optimal temperatures differed, with CNM-1927-20" showing
optimal growth at 35 C and CNM-4043-24" at 30 C. Growth was
also observed under microaerophilic conditions in both strains.
These differences, although moderate, may reflect distinct thermal
adaptation profiles within EWS.

A notable physiological distinction was the ability of CNM-
1927-20" to grow in liquid AYE medium, whereas CNM-4043-24T
failed to proliferate under the same conditions. This differential
growth capacity may be due to variations in metabolic flexibility
or stress tolerance under planktonic conditions. Additionally,
growth occurred only on BCYExa, BMPA, and GVPC media,
which indicates the L-cysteine requirements. Additionally, catalase
activity was detected in CNM-1927-20T but not in CNM-4043-
24", indicating potential differences in oxidative stress response
mechanisms. Given that both strains were recovered from systems
subjected to chemical disinfection, variation in oxidative stress
tolerance may represent adaptive divergence associated with local
environmental pressures.

Both strains were negative for oxidase, urease, nitrate reduction,
and carbohydrate assimilation, catalase activity was detected
only in CNM-1927-20T (Table 1), consistent with the limited
metabolic repertoire characteristic of environmental Legionella
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species. However, subtle differences in enzymatic activity profiles
were observed in API ZYM assays (Supplementary Table S4),
further supporting their phenotypic separation.

Antimicrobial susceptibility testing revealed patterns consistent
Both
and fluoroquinolones,

with environmental Legionella species. strains were

susceptible to macrolides including
erythromycin and ciprofloxacin, which remain the primary
therapeutic options for legionellosis. No resistance to rifampicin
was detected (Supplementary Table S5). These phenotypic results
are concordant with genomic screening, which did not identify
acquired antimicrobial resistance determinants in either genome.

Transmission electron microscopy revealed a single polar
flagellum in both strains, confirming motility and reinforcing their
classification within the genus (Figure 3). Neither strain exhibited
autofluorescence under long-wave UV light, distinguishing them
from certain related species (Figure 4).

Taken together, these physiological and morphological features
demonstrate that the two strains, while sharing core traits typical of
Legionella, display reproducible phenotypic differences that align
with their genomic separation. The observed variation in growth
characteristics and oxidative stress response capacity may reflect
ecological specialization within distinct EWS contexts.

3.9 Chemotaxonomic features

Analysis of CFA composition revealed marked differences
between the two strains, consistent with their genomic divergence
and suggestive of distinct physiological strategies (Table 2).

Strain CNM-1927-20" was dominated by unsaturated fatty
acids, particularly C16:1 w-7c¢/w-6¢, which accounted for nearly
half of the total fatty acid content. In contrast, strain CNM-
4043-24" displayed a predominance of iso-branched fatty acids,
with C16:0 iso representing the major component. Although both
profiles fall within the chemotaxonomic framework described for
the genus Legionella, the relative abundance and distribution of
specific lipid classes differed substantially between the two strains.

Membrane lipid composition plays a central role in bacterial
adaptation to environmental stress, influencing membrane fluidity,
permeability and resistance to thermal and oxidative challenges.
Unsaturated fatty acids generally enhance membrane fluidity,
whereas branched-chain fatty acids can contribute to structural
stability under stress conditions. The contrasting CFA patterns
observed here may therefore reflect alternative adaptive strategies
associated with survival in EWS exposed to elevated temperatures
and chemical disinfectants.

When compared to phylogenetically related species, both
exhibited distinctive CFA  signatures,
supporting their phenotypic differentiation. Notably, the
predominance of iso-branched fatty acids in CNM-4043-24"
distinguishes it from closely related taxa and aligns with its distinct

strains quantitative

genomic background, including its elevated G+C content.

These chemotaxonomic differences, considered alongside
genomic and physiological divergence, reinforce the interpretation
that the two
trajectories

strains represent independent evolutionary

within environmental Legionella populations.

Moreover, the observed variation in membrane composition
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TABLE 1 Key characteristics of CNM-1927-20T and CNM-4043-24T and related species.

10.3389/fmicb.2026.1828313

Activities CNM- CNM- L. L. L. L L. quinlivanii

1927- 4043- beliardensis  gresilensis busanensis birminghamensis (CCUG
207 247 (Montbéliard ~ (Gréoux  (K9951T) (1407-AL-H) 31234A)
A1T) 11 D13T)

Catalase + - + + + + +

Urease - - - - NR - _

Hipurate - - - + + - -

hydrolysis

Oxidase - - + v -

B-lactamase - - - -

production

Gelatinase - - + + + + +

Glucose - - - - NR - -

fermentation

Autofluorescence w w NR NR - + +

The characteristics of the related species were taken from reported literature: L. beliardensis (Lo Presti et al., 2001), L. gresilensis (Lo Presti et al., 2001), L. busanensis (Park et al., 2003); L.
birminghamensis (Wilkinson et al., 1987); L. quinlivanii (Benson et al., 1989). The accession numbers are indicated in parentheses. +, positive; —negative; W, weakly positive; NR, not reported;

V, variable.

FIGURE 3

Negative staining by transmission electron microscopy (TEM) images of CNM-1927-20" (A) and CNM-4043-24" (B).
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FIGURE 4

CNM-1927-20T (B) and CNM-4043-24T (D).

Strains CNM-1927-20" (A) and CNM-4043-24" (C) cultured on a BCYEa plate for 72 h of strain. Autofluorescence under UV light (365 nm) of strain

provides a plausible mechanistic link between genomic

divergence and ecological specialization in anthropogenic

aquatic environments.

3.10 Taxonomic conclusion and species
recognition

The integration of genome-scale phylogenetic reconstruction,
genome-wide relatedness metrics, phenotypic characterization and
chemotaxonomic profiling provides a coherent and multilayered
framework for taxonomic assessment. Across independent
analytical approaches, strains CNM-1927-20" and CNM-4043-24T
consistently resolved as distinct genomic entities embedded within
the genus Legionella.

Phylogenomic analyses robustly supported their placement
within the genus while clearly separating them from all currently
recognized species. Genome-based relatedness indices further

Frontiers in Microbiology

confirmed this distinction, with ANI and dDDH values well below
accepted species delineation thresholds relative to their closest
phylogenetic neighbors. In addition, the two strains exhibited
reproducible physiological and chemotaxonomic differences
consistent with their genomic divergence and suggestive of
ecological differentiation.

Importantly, ANI values between CNM-1927-20" and CNM-
4043-24" were also below species-level threshold, demonstrating
that they represent two independent evolutionary units rather than
variants of a single novel taxon. Despite the relatively elevated G+C
content observed in CNM-4043-24T, genome-scale phylogenetic
reconstruction and conserved functional features unequivocally
support its inclusion within the genus Legionella.

Taken together, the combined genomic, phenotypic, and
phylogenetic evidence fulfills contemporary standards for species
delineation in prokaryotic taxonomy. We therefore conclude that
strains CNM-1927-20" and CNM-4043-24" represent two novel
species within the genus Legionella, for which the names Legionella
pelazae sp. nov. and Legionella navarrensis sp. nov. are proposed.
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TABLE 2 Cellular fatty acids (CFA) composition of CNM-1927-20" and CNM-4043-24T and selected closely related species belonging in the same clade.

CFA characteristics CNM- CNM- L. gresilensis L. L. beliardensis L. L. L. quinlivanii
1927-207 4043-247 (Gréoux 11 busanensis (Montbéliard birminghamensis dresdenensis (CCuG
D137) (K9951T)* A1T) (1407-AL-H)# (W03-356") 31234A)
Saturated
C14:0 05 05 NR NR NR NR NR 08
C15:0 NR 1.8 NR 3 NR 27
Cl6:0 111 6 9 NR 20 13 NR 9.3
C17:0 2.1 2.7 NR 2.9 NR TR NR 24
C18:0 43 14 NR 35 11 TR NR NR
C19:0 0.8 0.8 NR NR NR NR NR NR
C20:0 23 0.5 NR 0.6 NR TR NR 0.4
Unsaturated
Cl4:1 w-5¢ 0.6 0.6 NR 13 NR NR NR 0.6
C15:1 w-6¢ 2.8 6 NR 5.1 NR TR NR 5.9
Cl6:1 w-7¢ 33 451 31 TR 24.4 26.5
Cl16:1 0-7¢/C16:1 w-6¢ (X)) 48.6 23 NR NR NR 11 NR NR
C18:1 NR NR 15 NR NR

Methyl branched (Iso. anteiso)

C15:0 anteiso- 5.52 5.38 NR 1.9 NR 30 15.7 21.2
C16:0 anteiso- NR 9.4 NR NR NR NR
C17:0 anteiso- 3.83 2.70 9 1.3 9 16 8.5 10.1
C19:0 anteiso- 0.79 NR NR NR NR NR NR
C14:0 iso- 0.71 7.06 NR 2.8 NR TR NR 1.9
C15:0 iso- 0.32 NR NR NR NR NR 0.8
C16:0 iso- 13.47 41.96 13 183 NR 14 253 16

C17:0 iso- 0.48 9 NR NR TR NR 1

C18:0 iso- 1.74 0.65 NR 2.36 NR NR NR NR

Branched-chain hydroxy

C13:0 iso-2-OH NR NR NR NR NR NR NR 0.6
C14:0 iso-3-OH 0.98 NR NR NR NR 31 NR NR
C20:0 3-OH NR NR NR NR NR NR NR NR

The accession number is indicated in parentheses. TR: minor components (relative abundance, <10). NR: not reported. (X): sum in feature 3.
*Means of the reported data from Park et al. (2003).
#values as relative abundance, with the most abundant component in each class considered as 100.
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3.11 Species descriptions
3.11.1 Description of Legionella pelazae sp. nov.

Legionella pelazae (pelazae. N.L. gen. n. pelazae, in honor of
the Spanish microbiologist Carmen Pelaz [} 2025], who pioneered
the study of legionellosis in Spain).

Cells are Gram-negative and Ziehl-Neelsen negative,
microaerobic, rod-shaped, and flagellated. Growth occurs on
BCYEa, BMPA, and GVPC agar at temperatures between 30 and
37 C, with optimal growth at 35 C. It is negative for gelatinase,
oxidase, urease and hippurate hydrolysis, and positive for catalase
activity. It is non-fermentative, and nitrate reduction is negative.
The genome size is 3.35 Mb, with a DNA G+C content of 35.52
mol%. The cellular fatty acids profile is dominated by unsaturated
fatty acids. The type strain, CNM-1927-20T (BioSample accession
SAMN48408482) was isolated on 2 March 2020 from a spa facility
in the Comunidad Foral de Navarra, Spain. The GenBank accession
number for the mip gene sequence is PV698486, and for the 16S
rRNA gene sequence is PV642447. The GenBank accession number
for the whole genome shotgun Project is PRINA1260987. This
strain is deposited as strain type in the Spanish Type Culture
Collection (CECT, accession number CECT 31282) and Culture
Collection University of Gothemburg (CCUG, accession number
CCUG 783977).

3.11.2 Description of Legionella navarrensis sp.
nov.

Legionella navarrensis (na.var.ren’sis. N.L. fem. adj. navarrensis,
pertaining to Navarra, Spain, where the organism was isolated).

Cells are Gram-negative and Ziehl-Neelsen negative,
microaerobic, rod-shaped and flagellated. Growth occurs on
BCYEa, BMPA and GVPC agar at temperatures between 30
and 37 C with optimal growth at 30 C. It is negative for catalase,
oxidase, urease and hippurate hydrolysis, and positive for gelatinase
activity. It is non-fermentative, and nitrate reduction is negative.
The genome size is 3.02 Mb, with a DNA G+C content of 48.72
mol%. The cellular fatty acid profile is dominated by branched-
chain fatty acids. The type strain CNM-4043-24T (BioSample
accession SAMN48404767) was isolated on 14 February 2024 from
a rural tourism accommodation in a town in the Comunidad
Foral de Navarra, Spain. The GenBank accession number for the
mip and 16S rRNA gene sequences are PV698485 and PV642446,
respectively. The GenBank accession number for the whole
genome shotgun project is PRINA1260922. This strain is deposited
as strain type in the Spanish Type Culture Collection (CECT,
accession number CECT 31283) and Culture Collection University
of Gothemburg (CCUG, accession number CCUG 78398T).

4 Discussion

The present study expands the evolutionary and ecological
framework of the genus Legionella through the characterization
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of two environmental strains recovered from independent
EWS. By integrating single-gene phylogenies, genome-scale
reconstruction, genome-based relatedness metrics, phenotypic
analyses and chemotaxonomic profiling, we demonstrate that
CNM-1927-20" and CNM-4043-24"
previously unrecognized species embedded within the genomic

strains represent two
landscape of the genus.

Traditional identification of Legionella species based on partial
gene sequencing, such as 16S rRNA and mip, is commonly
used for preliminary taxonomic assignments. Species delineation
based on these markers is generally guided by similarity
thresholds of >98.7-99% for 16S rRNA gene sequences and
>95%—96% for mip (Fry et al., 2007; Ratcliff et al., 1998); however,
these loci often lack sufficient resolution to accurately capture
deep genomic divergence and may underestimate species-level
diversity within the genus (Kimetal., 2014). Consequently,
genome-based approaches provide a more robust framework
for species delineation. Genome-wide comparisons revealed
contrasting degrees of divergence between both strains. CNM-
1927-20T exhibited its highest ANI value with L. gresilensis
(85.01%), consistent with clear species-level separation while
remaining within the diversity spectrum typically observed among
established Legionella clades. In contrast, CNM-4043-24T displayed
amaximum ANI of 70.37% relative to L. dresdenensis, with similarly
low values against other neighboring taxa (Rodriguez et al., 2021).
Expanding ANI comparisons across a broader representation of
the genus did not alter the taxonomic interpretation, as all values
remained well below the species boundary.

Such levels of nucleotide divergence are uncommon within
most bacterial genera and position CNM-4043-24T among the
most genomically distinct environmental representatives described
to date. Nevertheless, phylogenomic reconstruction based on
conserved core proteins robustly supports its placement within
Legionella genus, illustrating the considerable evolutionary breadth
encompassed by the genus.

However, recent large-scale analyses of prokaryotic genome
diversity have demonstrated that while an ANI threshold
of ~95%—96%
intrageneric ANI ranges are highly variable and lineage-

robustly delineates species boundaries,
dependent (Murray et al., 2021). In genera characterized by ancient
diversification and ecological radiation, members may display
reduced pairwise ANI values while still forming coherent and
well-supported phylogenomic clusters (Konstantinidis and Tiedje,
2005).

In the present case, the low ANI values are accompanied
by limited alignment coverage (approximately 20%), consistent
with extensive genomic divergence rather than taxonomic
misplacement. The restricted proportion of shared genomic
regions further suggests long-term evolutionary separation
accompanied by extensive accessory genome remodeling.
Importantly, phylogenomic reconstruction based on conserved
core loci robustly situates CNM-4043-24" within the Legionella
clade, supporting its inclusion within the genus despite its
pronounced nucleotide-level divergence.

Although ANI does not capture genome rearrangements, its
use in combination with phylogenomic analyses provides a robust

framework for species delineation.
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The genus Legionella is characterized by marked genomic
plasticity, with genome sizes ranging from approximately 2.37-
4.88 Mb and G+C contents spanning 34.82%—50.93%, reflecting
substantial evolutionary heterogeneity often associated with
horizontal gene transfer (Gomez-Valeroetal., 2011, 2019).
Although a 95% ANI threshold is widely applied for species
delineation, recent genomic studies have emphasized that genetic
boundaries may vary according to lineage-specific evolutionary
histories and ecological specialization (Rodriguez etal., 2021).
In highly diverse genera such as Legionella, deep divergence
may therefore reflect adaptation to discrete ecological niches
rather than taxonomic displacement. Species delimitation in this
group should consequently rely on an integrative framework
combining genome-wide metrics, phylogenetic coherence and
ecophysiological differentiation, recognizing that genetically
distant populations may follow parallel evolutionary trajectories
under distinct selective pressures.

This combination of genomic divergence and phylogenetic
coherence is supported by comparative functional annotation
analyses performed in this study. The distribution of COG
functional categories revealed a largely conserved functional profile
across strains, consistent with the maintenance of core functions
associated with intracellular survival. Core determinants involved
in host interaction and intracellular replication appear to be
conserved across the genus, reflecting a shared ecological strategy
linked to protozoan reservoirs (Gomez-Valero etal., 2011). In
contrast, variability observed in specific functional categories may
reflect diversification in accessory genomic regions, that potentially
may contribute to adaptation to localized physicochemical
conditions. Such a pattern is consistent with a model of
evolutionary diversification driven by ecological opportunity
within the constraints of an intracellular lifestyle (Cazalet et al.,
2004).

The conservation of virulence-associated homologues across all
analyzed genomes supports the notion that the intracellular lifestyle
of Legionella relies on a stable core set of functions, while variation
in accessory gene content reflects lineage-specific diversification.

The elevated G+C content observed in CNM-4043-24T (48.72
mol%) expands the compositional spectrum represented in this
study but remains within the broader range documented for the
genus. Genome-wide analyses of Legionella diversity have reported
G+C contents reaching approximately 51% (Gomez-Valero et al.,
2019), indicating that the nucleotide composition of the genus
is more heterogeneous than previously appreciated. Moreover,
digital DNA-DNA hybridization comparisons revealed G+C
differences of 5%—14% relative to phylogenetically neighboring
taxa, consistent with substantial evolutionary separation but not
incompatible with genus-level affiliation. Genome quality metrics
and the absence of anomalous contigs exclude assembly artifacts
as a plausible explanation. Rather than representing taxonomic
displacement, the elevated G+C content is fully consistent with its
stable phylogenomic placement within the genus and likely reflects
lineage-specific evolutionary dynamics associated with long-term
ecological specialization within engineered aquatic environments.

Single-gene phylogenies based on 16S rRNA and mip provided
preliminary evidence of taxonomic novelty and remain highly
relevant within the genus. Importantly, the congruence between
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phylogenetic reconstructions obtained using different inference
methods further supports the robustness of the observed topology.
The mip gene, historically central to Legionella species delineation,
exhibited levels of divergence consistent with the genome-wide
analyses, reinforcing the robustness of the taxonomic conclusions
(Ratcliff et al., 1998). Importantly, the congruence between single-
locus trees and phylogenomic reconstruction indicates that the
observed divergence is not an artifact of genome-scale methodology
but reflects genuine evolutionary separation.

Phenotypic and chemotaxonomic differentiation further
support ecological divergence. Differences in optimal growth
temperature, catalase activity and ability to proliferate in liquid
medium suggest variation in stress tolerance and metabolic
flexibility. Membrane fatty acid composition showed contrasting
patterns, with CNM-1927-20T dominated by unsaturated fatty
acids and CNM-4043-24T enriched in iso-branched lipids.
Although
with increased proportions of saturated fatty acids, membrane

elevated temperatures are commonly associated
remodeling in environmental Legionella is likely influenced by
multiple selective pressures, including oxidative stress, disinfectant
exposure and fluctuating thermal regimes. Iso-branched fatty acids
and unsaturated lipids both contribute to modulation of membrane
fluidity and permeability, suggesting that distinct compositional
strategies may support persistence under complex physicochemical
conditions in EWS.

The comparison of COG functional profiles between
both strains revealed differences that may be linked to
their phenotypic and ecological traits. L. pelazae sp. nov.
exhibited a higher representation of genes associated with cell
wall/membrane/envelope  biogenesis and translation-related
functions. This may be related to its growth optimum at higher
temperatures (35 C) and the predominance of unsaturated fatty
acids, which are typically associated with membrane fluidity and
adaptation to thermal conditions. The presence of catalase activity
in this strain may also reflect enhanced oxidative stress response
capabilities, consistent with a more dynamic environmental niche
such as spa facilities.

In contrast, L. navarrensis sp. nov. showed a relatively higher
proportion of proteins assigned to unknown functions, suggesting a
larger fraction of uncharacterized genetic potential. This strain also
displayed distinct phenotypic traits, including gelatinase activity
and a fatty acid profile dominated by branched-chain fatty acids,
which are often associated with adaptation to lower temperatures
and environmental persistence. Its optimal growth at 30 C may
reflect adaptation to less thermally stable environments such as
rural water systems.

Differences in metabolic categories, including amino acid
and carbohydrate metabolism, may further support distinct
ecological strategies between the strains. Additionally, variation in
signal transduction and intracellular trafficking categories could
indicate differences in environmental sensing and host interaction
capabilities, which are key features of Legionella species.

Overall, the integration of functional annotation and
phenotypic data suggests that both strains share core cellular
functions typical of the genus, while exhibiting distinct genomic
signatures that may underlie their ecological specialization and
adaptation to different aquatic environments.
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A more detailed characterization of mobile genetic elements
(MGEs) and accessory genome dynamics would require dedicated
pangenomic and structural analyses, which were beyond the
scope of this taxonomic study. In this study, genome annotation
was performed using Prokka for general gene prediction,
complemented by functional annotation with eggNOG-mapper to
explore functional variability across strains. While this approach
provides an overview of functional diversification, it does not
specifically target the identification of MGEs or the detailed
characterization of the accessory genome. Dedicated analyses
focusing on genomic islands, integrons or plasmids would be
required to address these aspects in greater depth.

The public health implications of these findings warrant
consideration. Environmental surveillance programs primarily
target L. pneumophila, potentially underestimating the diversity of
non-pneumophila species present in water distribution networks.
Although neither strain harbored acquired antimicrobial resistance
determinants and no expanded repertoire of virulence genes
was detected, the presence of conserved intracellular survival
machinery indicates maintenance of the ecological traits that
define the genus. Expanding genomic reference frameworks
is therefore critical for improving diagnostic resolution,
refining environmental monitoring strategies and supporting
epidemiological investigations.
results reveal substantial

Collectively, our intrageneric

diversification within environmental Legionella populations

The
Legionella pelazae sp. nov. and Legionella navarrensis sp. nov.

inhabiting engineered water systems. recognition of
not only enriches the taxonomic framework of the genus but
also contributes to a more comprehensive understanding of
evolutionary processes operating in anthropogenic aquatic
ecosystems. These findings emphasize that the genomic diversity
of environmental Legionella remains incompletely explored and
that engineered aquatic ecosystems may harbor deeply divergent

lineages whose evolutionary trajectories have yet to be resolved.
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