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Abstract

Legionella- like isolates, strains 27fs60, 30fs61 and 30cs62T, were isolated from a hotel water distribution system in the Emilia- 
Romagna region, Italy. Isolates were Gram- and Ziehl Neelsen- stain- negative, rod- shaped, with transitory flagella presence 
and able to grow at 32–37 °C (with an optimum at 32 °C) on buffered charcoal–yeast extract agar with l- cysteine, glycine–
vancomycin–polymyxin B–cycloheximide agar and Wadowsky–Yee medium agar. The strains showed positive reactions for 
oxidase, hippurate and gelatinase and a weakly positive reaction for catalase. Based on the EUCAST cut- off, strain 30cs62T 
was resistant to ciprofloxacin (5 mg l−1). The mip and rpoB gene sequences of the three strains showed close matches to those 
of Legionella quateirensis ATCC 49507T with similarity values of 98.2 and 94.5 %, respectively. Whole genome sequencing of the 
three strains was performed, resulting in G+C contents of 39.0, 39.1 and 39.0 mol%, respectively. The identity percentage meas-
ured by average nucleotide identity between the three strains and their respective closest strains were: 91.32 % L. quateirensis 
NCTC 12376T, 91.45 % L. quateirensis ATCC 49507T and 91.45 % L. quateirensis ATCC 49507T, respectively. The digital DNA–DNA 
hybridization analysis demonstrated how the isolates were separated from the most related phylogenetic Legionella species 
(L. quateirensis ATCC 49507T, ≤40.10 % DNA–DNA relatedness). The concatenated phylogenetic tree based on 16S rRNA, mip, 
rpoB and rnpB genes, shows a close relationship with L. quateirensis ATCC 49507T. The results obtained confirm the status of an 
independent species. The name proposed for this species is Legionella bononiensis sp. nov. with 30cs62T (=ATCC TSD- 262T=DSM 
112526T) as the type strain.

ISOLATION AND ECOLOGY
Legionella is the only genus of the family Legionellaceae. Legionella are Gram- negative aerobic bacilli that live in fresh and man- 
made water environments. To date, a total of 63 species of Legionella have been characterized, 24 of these are associated with 
human infections [1, 2] and involved in Legionnaire’s disease and Pontiac fever [3, 4]. The infection is acquired via inhalation 
of contaminated aerosol or, less commonly, by aspiration of drinking water [5]. Only two cases of person- to- person infection 
have been reported [6, 7].

The study presents the taxonomy characterization of three strains (27fs60, 30fs61, 30cs62T) belonging to the genus Legionella as 
a novel species, under the proposed name of Legionella bononiensis sp. nov.
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Water samples were collected from a hotel in Emilia- Romagna region, Italy, during July 2019. The hot and cold water samples 
(2l) were collected in post- flushing modality following the UNI EN ISO 19458:2006 [8]. Legionella isolation was performed by a 
standard culture technique on glycine–vancomycin–polymyxin B–cycloheximide (GVPC) agar medium (Thermo Fisher Scientific 
Diagnostic), according to ISO 11731 : 2017 [9]. The plates were incubated at 35±2 °C with 2.5 % CO2 for 15 days.

Several samples collect from hot and cold- water distribution system displayed colonies growth on GVPC medium. The presump-
tive Legionella colonies were sub- cultured on buffered charcoal–yeast extract (BCYE) agar with l- cysteine (Cys+) and without 
l- cysteine (Cys-), Wadowsky–Yee medium (MWY), tryptone soya agar with 5 % sheep blood agar medium (Thermo Fisher 
Scientific Diagnostic) and chocolate- enriched agar medium (MEUS S.r.L.) (Fig. S1). Legionella- like colony growth was observed 
only on BCYE Cys+, GVPC and MWY. These colonies (at least five different colonies for each plate) were tested using a Legionella 
latex test kit (Thermo Fisher Scientific Diagnostic), based on manufacturer instructions, with negative results. The colonies were 
also stored at −80±2 °C in glycerol [9].

GENOME FEATURES
Three colonies randomly chosen and designated as strain 27fs60, 30fs61 and 30cs62T were characterized by macrophage infectivity 
potentiator (mip) and RNA polymerase beta subunit (rpoB) gene sequencing [10, 11]. The DNA extraction was performed using 
InstaGene Purification Matrix (Bio- Rad), and DNA concentrations were determined using a Qubit fluorometer (Thermo Fisher 
Scientific). PCR was carried out to amplify the mip and rpoB genes according to Ratcliff et al. and Ko et al. [10, 11], the products 
were visualized by electrophoresis on 2 % agarose gel stained with ethidium bromide, and sequenced by Sanger technology, 
returning reliable sequences for the mip (611 nt) and rpoB (329 nt) genes.

Based on the mip gene sequence, the isolates were closely related to the L. quateirensis strain ATCC 49507T, sharing 98.2 % of 
sequence identity. The result obtained with the partial rpoB gene sequence, showed an identity of 94.5 % (Table 1). The mip and 
rpoB gene sequences of the three isolates were identical to each other.

The whole genome sequencing (WGS) of the three strains (27fs60, 30fs61 and 30cs62T) was performed as described in our genome 
announcement study [12]. Briefly, 100 ng of genomic DNA were used for next- generation sequencing libraries preparation, 
using the Nextera XT DNA library prep kit (Illumina). Sequencing was performed on an Illumina NextSeq 500 platform (2×150 
paired- end reads). Raw reads were assembled using tormes version 1.2.0 [13], an automated pipeline for whole bacterial genome 
analysis, using the default parameters. tormes performed a sequence quality filtering (prinseq version 0.20.4) and a de novo 
genome assembly (SPAdes version 13.4.1) [14]. The tormes workflow detected the following virulence genes: enhA, flgG, htpB, 
icmD/dotP, icmJ/dotN, icmW, IspG and mip; in contrast, other genes involved in several pathways of Legionella infection were 
missing. In Table S1, the list of detected and undetected virulence genes, with the percentage of sequence identify respect to 
the most virulent L. pneumophila philadelphia Serogroup 1 ATCC 33152T and the phylogenetically closest L. quateirensis ATCC 
49507T strains is reported. The role of these genes, as well as the pathogenic role of the strains, will be further investigated using 
amoebae and macrophage cell line models.

The generated contigs were passed to CSAR [15], a scaffolding tool able to order and orient the contigs of the given draft genome 
based on one or more reference genomes of a related organism. A set of three genomes of different evolutionary related organ-
isms were given as a reference: L. pneumophila OLDA CP016030.2, L. fallonii NZ_LN614827.1, L. quateirensis LNYR01000001.1 
(number of contigs: 50) and the best result was retained (L. fallonii NZ_LN614827.1). A further refinement was carried out 
remapping the reads on the CSAR scaffolds using the Geneious Prime 2021.1.1 software (www.geneious.com) [16]. busco version 
5.0.0. was useded to evaluate the completeness of the three genome assemblies. The analysis indicates that the three genomes are 
near- complete, with values between 93.5 and 99.2 % (Table 2). The final draft genomes were submitted to the GenBank requiring 
the annotation by the PGAP pipeline [17]. Results regarding assembling and annotation are summarized in Table 3. Briefly, the 
genomes total lengths were 4 211 919, 3 709 497 and 4 136 543 bp for 27fs60, 30fs61 and 30cs62T, respectively, with a G+C content 
of approximately 39 mol%.

Table 1. rpoB and mip mismatches and amino acid variations of the three strains compared to Legionella quateirensis reference strain (ATCC 49507T)

Gene size
(bp)

Percentage of nucleotide identity
(%)

No. of mismatches in DNA
(DNA)

No. of mismatches in amino acid
(AA)

Entire rpoB gene
(4107)

94.8 214 11

Partial rpoB
(329)

94.5 18 0

Partial mip
(611)

98.2 11 2
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The discrepancy of 500 Kbp discovered between the three strains, calculated between the longer (27fs60) and shorter (30fs61) 
strain, could be attributed to technical and analytical factors, occurred during the analysis. Anyway, the alignment of three strains 
genomes, provided by blast Ring Image Generator (version 0.95) software using 27fs60 as reference genome, displayed that in 
the other two strains (30fs61 and 30cs62) some regions were missed (Fig. S2).

The analysis of discrepancy in the genome size was performed by the Prokka annotation pipeline (version 1.14.6) and Python 
(version 3.8.1) software (Tables S2 and S3). Considering that the results presented refer to draft genomes, a future step will be to 
cover the entire genome using PacBio’s third- generation sequencing technique.

The OrthoANIu package [18] was used to measure the intra and inter species genome similarities by average nucleotide identity 
(ANI) among the assembled draft genomes. Comparison returned the following values: 99.88 % between 27fs60 and 30fs61, 
99.92 % between 27fs60 and 30cs62T, 99.92 % between 30fs61 and 30cs62T, confirming that the three strains belong to the same 
species and are identical to each other (Table 2). Further, FastANI [19] through DFAST [20] was performed against 13000 
prokaryotic reference genomes from the National Center for Biotechnology Information (NCBI), to assess the taxonomic identity. 
The identity percentage of the closest strain for 27fs60, 30fs61 and 30cs62T were: 91.32 % L. quateirensis NCTC 12376T, 91.45 % 
L. quateirensis ATCC 49507T and 91.45 % L. quateirensis ATCC 49507T, respectively. ANI was also measured based on blast+ 
(ANIb) and MUMmer (ANIm) using JSpeciesWS [21]. The analysis confirmed the FastANI results with the following values: 
27fs60 ANIb 90.62 % compared with L. quateirensis NCTC 12376T, ANIm 91.86 % with L. quateirensis ATCC 49507T; 30fs61 
ANIb 90.64 % with L. quateirensis ATCC 49507T, ANIm 91.88 % with L. quateirensis ATCC 49507T; 30cs62T ANIb 90,59 % with 
L. quateirensis ATCC 49507T, ANIm 91.87 % with L. quateirensis ATCC 49507T.

The relatedness of our strains to known type strains was further analysed via digital DNA–DNA hybridization (dDDH). The 
method was implemented via the Genome- to- Genome Distance Calculator 2.1 (GGDC) web service (http://ggdc.dsmz.de), 
retaining default parameters, using blast+ [22] as a local alignment tool. The GGDC uses a genome blast distance phylogeny 
to infer genome- to- genome distances between pairs of entirely or partially sequenced genomes. Our strains were compared with 
the assembly of L. quateirensis strain ATCC 49507T (AC LNYR01000001.1), the closest related strain based on the previous ANI 
outcomes. The analysis returned the following results: for 27fs60 a DDH estimate [generalized linear model (GLM)- based] of 

Table 2. busco quality analysis

BUSCO results
(%) (no. of genes)

27fs60 30fs61 30cs62T

Complete 99.2 (123) 93.5 (116) 95.2 (118)

Single- copy complete 99.2 (123) 93.5 (116) 95.2 (118)

Duplicated complete 0.0 (0) 0.0 (0) 0.0 (0)

Fragmented 0.8 (1) 0.8 (1) 0.8 (1)

Missing 0 (0) 5.7 (7) 4.0 (5)

Total no. of busco genes 124 124 124

Table 3. Genome statistics data from the NCBI

Attribute 27fs60 30fs61 30cs62T

No. of raw reads 4  184  062 3  851  726 3  626  424

Average read length (bp) 149 149 149

Coverage (×) 142 131 124

Total Length (bp) 4  211  919 3  709  497 4  136  543

No. of contigs 23 37 32

G+C content (mol%) 39.00 39.10 39.00

N50 (bp) 312  097 166  809 176  017

No. of coding sequences 3  542 3  155 3  491

No. of rRNA genes 3 3 3

No. of tRNA genes 41 37 39
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44.10 % [probability that DDH >70 % (i.e. same species) of 6.81 % (via logistic regression)]; for 30fs61 a DDH estimate (GLM- 
based) of 44.00 % [probability that DDH>70 % (i.e., same species) of 6.79 % (via logistic regression)]; for 30cs62T a DDH estimate 
(GLM- based) of 44.10 % (probability that DDH >70% (i.e., same species) of 6.93 % (via logistic regression)). The genomic DNA 
of the two respective organisms revealed an in silico DDH similarity of below 70 %, regarding them as distinct species [23]. 
Considering the thresholds established for ANI (95 %) and dDDH (70 %) analysis, our results led us to consider these strains as 
new species [23, 24].

Moreover, based on WGS results, the phylogenetic analyses were performed both with single and concatenated gene (16S rRNA, 
mip, rpoB, rnpB) sequences. The tree was built using implemented software in Geneious Prime genome browser (Geneious Prime 
2021.1.1; www.geneious.com) [16]. The sequences were aligned using the muscle algorithm [25]. The subsequent multiple 
sequence alignment was passed to FastTree [26], using the Jukes- Cantor (default parameters) as a genetic distance model. The 
concatenated tree (Fig. 1) showed that strains 27fs60, 30fs61 and 30cs62T were strictly related to each other, and belonged to 
a monophyletic group comprising L. quateirensis, L. moravica, L. shakespeari and L. fallonii strains. Particularly, they formed 

Fig. 1. Phylogenetic tree of the three strains (27fs60, 30fs61 and 30cs62T) and closely related Legionella species based on concatenation of four genes 
(16S rRNA, mip, rpoB, rnpB). Branch lengths are transformed to be equal like a cladogram. Branch labels display the substitutions per site.
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a sister group with the L. quateirensis ATCC 49507T. The branching structure of the individual gene trees also supported the 
differentiation of our three strains from L. quateirensis, and the relationship with the other species included in the major clade 
described above (Figs S3–S6).

PHYSIOLOGY AND CHEMOTAXONOMY
For the physiological and chemotaxonomic characteristics, the 30cs62T was taken as a model.

The subculture was performed on BCYE Cys  + agar plates and the growth at different temperatures was evaluated: 32, 35 and 
37 °C with 2.5 % of CO2.

The strain was analysed with Gram- and Ziehl Neelsen- staining and autofluorescence was evaluated under a Woods lamp (long- 
wave length UV light at 365 nm). Morphological features and the presence of flagellum were investigated by using a Zeiss EM109 
transmission electron microscope (TEM). Images were captured using a Nikon Dmx 1200F digital camera and ACT- 1 software 
(Nikon Corporation). Cells were negatively stained with 2 % uranyl acetate.

Biochemical parameters for enzyme activities were investigated. The oxidase and catalase tests were performed by Oxidase test 
strips (Biolife) and a catalase colorimetric activity kit (Thermo Fisher Scientific Diagnostic), respectively. The hippurate and 
gelatinase reactions were evaluated using Diatabs kit and nutrient gelatin medium, respectively (Biolife). Moreover, the strain 
reaction was evaluated using BBL Crystal Enteric/Non- Fermenter ID kit (Becton Dickinson Systems) and a Remel RapID NF 
Plus system (Thermo Fisher Scientific Diagnostic), following manufacturer’s procedure.

The detection of β-lactamase production was evaluated using Oxoid nitrocefin solution (Thermo Fisher Scientific Diagnostic).

Fig. 2. Strain 30cs62T from a water sample on glycine–vancomycin–polymyxin B–cycloheximide (GVPC) agar medium.

Fig. 3. Transmission electron microscopy (TEM) images of strain 30cs62T grown on BCYE Cys+ agar for 2 days at 35 °C with 2.5 % CO
2
. (a) Aflagellate 

30cs62T form and (b) flagellate 30cs62T form. Bar, (a) 0.5 µm and (b) 0.2 µm. Magnification: (a) ×12 000 and (b) ×20 000.

http://doi.org/10.1601/nm.2375
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Antimicrobial susceptibility testing was carried out by MIC Test Strip (Liofilchem s.r.l.), on isolates grown on BCYE Cys + agar 
at 35 °C in a humidified atmosphere, according to manufacturer’s instructions. The antibiotics tested were: azithromycin, eryth-
romycin, ciprofloxacin, rifampicin, tigecycline and imipenem. EUCAST (European Committee on Antimicrobial Susceptibility 
Testing) guidance documents, provided by European Society of Clinical Microbiology and Infectious Diseases (ESCMID) were 
used for the interpretation of minimal inhibition concentration (MIC) data [27].

Moreover, the three strains were tested by matrix- assisted laser desorption ionization time- of- flight (MALDI- TOF) MS technique 
with MALDI Biotyper system (Bruker Daltonik GmbH) following manufacturer’s instruction. The acquired spectra were analysed 
using Bruker database (version BDAL 7854). Although the isolates were classified as belonging to the genus Legionella according 
to ISO 11 731 : 2017, the MALDI- TOF MS technique returned a non- identification, neither at genus level.

The isolation on GVPC agar from water samples showed road shape colonies, white frosted with concentric circles, with an approximate 
diameter of 6 mm (Fig. 2). The sub- culture of the strain 30cs62T on BCYE Cys + displayed a growth after 2 days of incubation at 35±2 °C 
with 2.5 % CO2. The colonies were convex, grey and road shape, with an approximate diameter of 1 mm (Fig. S7). Moreover, the best 
growth was observed at 32 °C, respect to 35 and 37 °C, without differences between the presence of CO2, in respect to microaerophilia.

Strain 30cs62T was Gram- and Ziehl Neelsen- stain- negative. Light microscopy observation showed the motility of strain 30cs62T. 
The strains observed under long- wave length UV light (365 nm) did not show a fluorescence (Fig. S8). The cells of strain 30cs62T in 
TEM images were 0.4±0.1 µm wide, 1.7±0.4 µm long and not all the cells had flagella (Fig. 3). The transitory flagella presence could be 

Table 4. Biochemical characteristics of strain 30cs62T

+, Positive; −, negative; w, weakly positive.

Substrates Result Substrates Result

ARA (arabinose) − GLU (glucose) −

MNS (mannose) − PRO (proline-β-naphthylamide) w

SUC (sucrose) − PYR (pyrrolidine-β-naphthylamide) −

MEL (melibiose) − GGT (g- glutamyl β-naphthylamide) +

RHA (rhamnose) − TRY (tryptophane β-naphthylamide) −

SOR (sorbitol) − IND (tryptophane) +

MNT (mannitol) − NO3 (sodium nitrate) +

ADO (adonitol) − GLR (p- nitrophenly β-glucuronide) −

GAL (galactose) − NAG (ρ-nitrophenyl- N- acetyl-β,d- 
glucosaminide)

−

PHO (p- nitrophenyl phosphate) + GGL (γ- l- glutamyl p- nitroanilide) −

BGL (p- nitrophenyl α-β-glucoside) − ESC (aesculin) −

NPG (p- nitrophenyl β-galactoside) − PHE (p- nitro- dl- phenylalanine) −

BPH (p- nitrophenyl bis- phosphate) − URE (urea) −

BXY (p- nitrophenyl xyloside) − CIT (citrate) −

AAR (p- nitrophenyl α-arabinoside) − MLO (malonate) −

PHC (p- nitrophenyl 
phosphorylcholine)

− TTC (tetrazolium) −

ADH/ARG (arginine) − LYS (lysine) −

TRD (aliphatic thiol) + GLY (glycine) +

PHS (ρ-nitrophenyl- phosphoester) + BANA (N- benzyl- arginine-β-naphthylamide) −

αGLU (ρ-nitrophenyl-α,d- glucoside) − EST (triglyceride) +

βGLU (ρ-nitrophenyl-β,d- glucoside) − INO (inositol) −

ONPG (ρ-nitrophenyl, β,d- 
galactoside)

−

http://doi.org/10.1601/nm.2337
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explained by the bacteria growth phase that is strictly linked to several environmental factors, such as temperature, medium viscosity 
and nutrient availability (e.g. amino acids and fatty acids) according to Appelt and Heuner [28].

Strain 30cs62T was positive for oxidase, weakly positive for catalase and a positive reaction for hippurate and gelatinase tests was 
observed. Moreover, a beta- lactamase production was observed. The results of the biochemical parameters tested are shown in 
Table 4.

The results for antibiotic susceptibility are shown in Table S4. Based on the epidemiological cut- off established for L. pneumophila 
by EUCAST [27], strain 30cs62T does not exhibit resistance.

The dendrogram developed on MALDI- TOF MS results (Fig. 4), demonstrated a clear separation between the three strains with 
respect to the closely related Legionella reference strains available in the instrument database.

DESCRIPTION OF LEGIONELLA BONONIENSIS SP. NOV.
Legionella bononiensis ( bo. no. ni. en’sis. L. fem. adj. bononiensis, pertaining to the city of Bologna, which was called ‘Bononia’ in 
the Roman period).

Cells are Gram- negative, Ziehl Neelsen- negative and rod- shaped when grown on BCYE Cys+, GVPC or MWY agars. Able to grow at 
temperatures between 32–37 °C (optimal, 32 °C). Positive for oxidase, hippurate and gelatinase, weakly positive for catalase, with beta- 
lactamase production. The BBL crystal and Remel RapID tests show positive reactions for γ- glutamyl β-naphthylamide, tryptophane, 
sodium nitrate, p- nitrophenyl phosphate, aliphatic thiol, glycine, ρ-nitrophenyl- phosphoester and triglyceride. Weakly positive for 
proline-β-naphthylamide.

This species was isolated from hot and cold hotel water distribution system, in the Emilia- Romagna region, Italy. The type strain, 
30cs62T (=ATCC TSD- 262T=DSM 112526T), has a G+C content of 39.0 mol%.
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