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Abstract

Two Legionella-like strains isolated from hot water distribution systems in 2012 have been characterized phenotypically, bio-
chemically and genomically in terms of DNA relatedness. Both strains, HCPI-6T and EUR-108, exhibited biochemical pheno-
typic profiles typical of Legionella species. Cells were Gram-negative motile rods which grew on BCYEα agar but not on blood 
agar and displayed phenotypic characteristics typical of the family Legionellaceae, including a requirement for l-cysteine and 
testing catalase positive. Both strains were negative for oxidase, urease, nitrate reduction and hippurate negative, and non-
fermentative. The major ubiquinone was Q12 (59.4 % HCPI-6T) and the dominant fatty acids were C

16 : 1
 ω7c (28.4 % HCPI-6T, 

≈16 % EUR-108), C
16 : 0

 iso (≈22.5 % and ≈13 %) and C
15 : 0

 anteiso (19.5 % and ≈23.5 %, respectively). The percent G+C content of 
genomic DNA was determined to be 39.3 mol %. The 16S rRNA gene, mip sequence and comparative genome sequence-based 
analyses (average nucleotide identity, ANI; digital DNA–DNA hybridization, dDDH; and phylogenomic treeing) demonstrated that 
the strains represent a new species of the genus Legionella. The analysis based on the 16S rRNA gene sequences showed that 
the sequence similarities for both strains ranged from 98.8–90.1 % to other members of the genus. The core genome-based 
phylogenomic tree (protein-concatemer tree based on concatenation of 418 proteins present in single copy) revealed that these 
two strains clearly form a separate cluster within the genus Legionella. ANI and dDDH values confirmed the distinctiveness 
of the strains. Based on the genomic, genotypic and phenotypic findings from a polyphasic study, the isolates are considered 
to represent a single novel species, for which the name Legionella maioricensis sp. nov. is proposed. The type strain is HCPI-6T 
(=CCUG 75071T=CECT 30569T).

INTRODUCTION
The first identification of the genus Legionella was in 1977, following an epidemic of acute pneumonia in Philadelphia [1, 2]. 
Legionella is the single genus of the family Legionellaceae, with 63 species with validly published names (https://lpsn.dsmz.de/​
genus/legionella) [3]. The genus was originally characterized as Gram-negative rods bacterium, aerobic, amoebae-associated, 
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nutritionally fastidious with a requirement for iron and l-cysteine [4]. Legionella is widely distributed in natural aqueous environ-
ments and can become a health concern when they colonize and grow in human-made water systems, such as hot and cold water 
distribution systems, cooling towers (for air conditioning and industrial cooling purposes), recreational waters and other complex 
water systems capable of generating aerosols [5–8]. Legionella can be transmitted to humans mainly through the inhalation of 
contaminated aerosols, causing an infection often termed legionellosis. The term legionellosis is associated with respiratory 
pathologies [9] and includes both Pontiac fever, which is a non-pneumonic, mild flu-like illness, and Legionnaires’ disease (LD), 
a severe, potentially fatal form of pneumonia [6, 10, 11]. Although L. pneumophila causes more than 90 % of legionellosis with an 
average fatality rate of 12 % [12], at least 25 other Legionella species have been isolated from clinical specimens and are considered 
to be pathogenic or opportunistic emerging pathogens (EN ISO 11731 : 2017).

In this report we describe the genotypic, genomic, phylogenetic and phenotypic characteristics of two Legionella-like strains 
isolated from the hot water distribution systems of a hospital (strain HCPI-6T) and a shopping centre (strain EUR-108) during 
routine sampling. Given the specific characteristics, distinct from those observed in other species of the genus Legionella, we 
propose them to be classified as a novel species with the name Legionella maioricensis sp. nov., for which type strain HCPI-6T is 
proposed (=CCUG 75071T=CECT 30569T).

ISOLATION AND ECOLOGY
The samples were taken and processed according with EN ISO 11731 : 2007. The methods used were accredited. The isolates were 
cultured on Glycine Vancomycin Polymyxin Cycloheximide (GVPC) media at 36.0±2 °C for 7–10 days, and further identified 
by serology and sequencing of the macrophage infectivity potentiator (mip) gene [13]. During a routine sampling in a hospital 
(Mallorca, Spain) in 2012, 10 samples were collected for Legionella testing. Five samples from different points of the hospital 
hot water distribution network were positive for Legionella; one for Legionella pneumophila serogroup 3 and the other four 
were identified as Legionella species. The counts for Legionella species were in the range of 300–400 c.f.u. l−1. The Legionella-like 
isolate HCPI-6T was obtained from the shower of the hot water distribution system (57.3 °C). Strains of morphologically similar 
Legionella species were isolated repeatedly at later samplings in the same hospital. Strain EUR-108 was also isolated during a 
routine sampling from the hot water distribution system (62 °C) of a supermarket (Příbor, Czech Republic) in 2012.

Different strategies to prevent colonization and subsequent growth of Legionella in hot water systems have been proposed, and 
the main one is the maintenance of high temperatures (50–60 °C) [14]. In addition, different European guidelines and regulations 
for the prevention of legionellosis in public facilities include the recommendation of a periodical thermal shock in the hot water 
system [14]. Nevertheless, isolation of Legionella at elevated temperatures (i.e., >55 °C) occurs with some frequency, along with 
the appearance of positive samples when using a real-time PCR (qPCR) detection method; although it is necessary to keep in 
mind that qPCR detects cells either in viable but non-culturable (VBNC) state or free DNA and dead cells [15–18]. Also, seems 
that some strains of Legionella subjected to high temperatures usually lose culturability; possibly developing resistance to high 
temperatures as proved by the still high percentages of culturable cells and VBNC present even after a 30 min treatment at 70 °C 
[16]. This phenomenon is probably related to changes in biotic or abiotic factors that affect the ecosystem in which Legionella 
proliferates [16, 19–21]. Consequently, when considering the ecology of Legionella it is necessary to recognize the importance 
of the factors that fosters its survival within stressful environments [22–25], such as those in which L. maioricensis strains were 
isolated. The enhanced survival in hot water system facilities is probably linked to the biofilm formation capabilities of Legionella 
species, affecting negatively to the efficiency of disinfection treatments, or the fluctuation of temperatures [22–25]. Although, if in 
such hot water system facilities, the found temperature in the sampling point is 60 °C, it does not mean that the microorganism 
is exposed to such temperatures permanently. For example, the micro-organism can survive in biofilms in various parts of the 
system where temperatures can fluctuate for different reasons i.e., flow differences. At the time of sampling, sudden changes in 
pressure can facilitate the detachment of pieces of biofilm with Legionella that can be sampled.

16S rRNA AND MIP GENE PHYLOGENIES
The detection of Legionella species in environmental and clinical samples is frequently performed by PCR amplification of the 
mip and/or 16S rRNA genes [13]. The mip gene codes for the macrophage infectivity potentiator (Mip), a 24 kDa surface protein 
that exhibits peptidyl-prolyl-cis/trans isomerase (PPIase) activity and is required for optimal infection of macrophages, and is 
also required for growth in amoebae [26, 27]. The Mip protein has been identified in both, virulent and avirulent Legionella 
species [28]. Combined with DNA sequencing, these two genetic loci (mip and 16S rRNA genes) can be used to distinguish 
different species of Legionella and identify L. pneumophila [13]. Therefore, a preliminary analysis based on 16S rRNA gene and 
mip sequences was conducted to identify the strains HCPI-6T and EUR-108.

Thus, we applied a 16S rRNA gene sequencing comparative analysis to identify both isolates, against the currently 70 species 
available at the List of Prokaryotic names with Standing in Nomenclature for the genus Legionella [3]. The pairwise sequence 
similarities were calculated, using the method recommended by Meier-Kolthoff et al. [29] for the 16S rRNA gene available via 
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the Genome-to-Genome Distance Calculator (GGDC) web server available at http://ggdc.dsmz.de/ [30]. Phylogenies were 
inferred by the GGDC web server, using the DSMZ phylogenomics pipeline adapted to single genes [31]. A multiple sequence 
alignment was created with muscle [32]. Maximum-likelihood (ML) and maximum-parsimony (MP) trees were inferred from the 
alignment with RAxML [33] and TNT [34], respectively. For the ML tree, rapid bootstrapping in conjunction with the autoMRE 
bootstopping criterion [35] and subsequent searches for the best tree were used; for the MP tree, 1000 bootstrapping replicates 
were used in conjunction with tree-bisection-and-reconnection branch swapping and ten random sequence addition replicates. 
The sequences were checked for a compositional bias, using the Χ² test as implemented in PAUP* [36]. As a result, the input 
nucleotide matrix comprised 33 operational taxonomic units and 1615 characters, 228 of which were variable and 122 of which 
were parsimony informative. The base-frequency check indicated no compositional bias (P=1.00, α=0.05). ML analysis under the 
GTR+GAMMA model yielded the highest log likelihood of −5710.07, whereas the estimated alpha parameter was 0.11. The ML 
bootstrapping did not converge; hence 1000 replicates were conducted; the average support was 63.3 %. MP analysis yielded a best 
score of 615 (consistency index 0.48, retention index 0.61) and 11 best trees. The MP bootstrapping average support was 70.8 %.

The 16S rRNA gene sequence similarities with species of Legionella, using 1539 nt, ranged between 98.8–90.1 % (Table S1, available 
in the online version of this article). The results obtained from both strains (HCPI-6T and EUR-108) are depicted in Fig. 1, and 
clearly indicated that the two strains formed a separate phylogenetic cluster inside the ‘L. pneumophila’ clade, together with L. 
fallonii LLAP-10T (X97363), L. shakespearei DSM 23087T (Z49736), L. moravica NCTC 12239T (Z49729), L. quateirensis NCTC 
12376T (Z49732) and L. worsleiensis NCTC 12377T (Z49739); and having the closest phylogenetic affinity to a species with a 
recently validly published name, Legionella antarctica TUM19329T (AP022839) [37, 38].

A classification scheme targeting the mip sequence to obtain a higher resolution identification of new Legionella environmental 
isolates was applied [39]. Accordingly, the sequence similarity values for a mip PCR amplicon (574 nt) among the strains HCPI-6T 
and EUR-108 and other related type strains within the genus Legionella was determined through pairwise comparisons (Table 

Fig. 1. 16S rRNA gene sequence-based ML phylogenetic tree inferred under the GTR+GAMMA model and rooted by midpoint-rooting [83]. The branches 
are scaled according to the expected number of nucleotide substitutions per site. The numbers above the branches are support values when larger 
than 60 % from maximum-likelihood estimation (left) and maximum-parsimony (right) bootstrapping. The novel isolates are highlighted (•).
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S1). The analysis based on mip [28, 39, 40] sequences indicated that the similarities among strains HCPI-6T and EUR-108 (100 %) 
and all 63 type strains of Legionella ranged between 91.5 % (L. antarctica TUM19329T) and 68.9 % (L. geestiana ATCC 49504T); 
i.e., the interspecies variation of mip sequences in Legionella ranged between 8.5–31.1 %. According to Ratcliff et al. [39], the least 
mip sequence interspecies (between species) variation for a new taxon of the genus Legionella is >3.6 %.

GENOME FEATURES
Genomic DNA of strain HCPI-6T was obtained with the EZ1 Virus Mini Kit v2.0 (Qiagen) from pure cultures grown in buffered 
charcoal yeast extract medium supplemented with α-ketoglutaric acid (BCYEα) and following the manufacturer’s instructions. 
Genomic DNA of strain EUR-108 was obtained from fresh biomass, using a modified version [41] of a previously described 
protocol [42]. The genome sequence of HCPI-6T was obtained by using the Nextera XT DNA Library Preparation Kit and running 
on Illumina MiSeq sequencing technology with 300 bp paired-end reads. The confirmed high quality-filtered read sets were then 
assembled with Unicycler version 0.4.7 [43] at a 65.0× genome coverage. Similarly, for strain EUR-108 a standard genomic library 
preparation was performed, and sequencing was done on an Illumina NovaSeq system (read mode NovaSeq 6000 S4 PE150), 
obtaining 151 bp paired-end reads. High-quality Illumina paired-end reads were used for de novo assembly, using SPAdes v3.13.1 
[44], with a total genome coverage of 256×.

The Table 1 summarizes the main features for the genomes of the L. maioricensis sequenced strains. The genome completeness 
and contamination degree were assessed by CheckM [45]. The CheckM completeness and contamination obtained for both 
genomes (Table 1) fall within the range of ≥95 % complete with ≤ % contamination that makes excellent reference genome for 
analysis [45, 46]. The annotation was done by the NCBI Prokaryotic Genome Annotation Pipeline [47], software revision 5.3.

A comparative genomics analysis of strains HCPI-6T and EUR-108 with 63 species within the genus Legionella was carried out 
through identification of homologous genes to reconstruct a single-copy core genome tree to infer phylogenomic relations. Briefly, 
a pangenome based analysis was performed, applying an in-house pipeline (UHGene) designed for annotation [48], orthologous 
identification, gene clustering, determination of the genomic subsets of the of the core- and pangenome [49], and estimation of ML 
phylogenies. The core-genome based tree was calculated from a protein-concatemer, based on 418 single-copy orthologous protein 
sequences determined through different clustering algorithms (Fig. 2), i.e., Bi-Directional Best-Hits (BDBH) [49], COGtriangle 
(COG) [50], and OrthoMCL (OMCL) [51], alignment of individual protein clusters [52], concatenation of resulting alignments, 
and elimination of poorly aligned positions and divergent regions of protein sequences [53]. The resulting amino acids alignment 
contained 127  008 positions (80 % of the original) and was used as input data for PhyML version 3.0 [54, 55]. An ML phylogenetic 
model was first estimated, using simultaneous nearest-neighbour interchange moves to improve a BioNJ [56] initial tree under 
the LG amino acids substitution model [57]. The shape parameter (α) of a gamma distribution with four categories was estimated. 
The support of the data for each internal branch of the phylogeny was estimated using non-parametric bootstrap analysis (100 

Table 1. Main features of Legionella maioricensis sp. nov. genomes

Features HCPI-6T EUR-108

Contigs 68 79

Genome size (Mbp) 3.96 3.97

Plasmid∗ 1 1

Completeness (%) 100.0 100.0

Contamination (%) 2.19 2.19

G+C content (mol%) 39.3 39.3

Total genes 3502 3506

Genes coding for proteins 3423 3422

RNA genes 48 51

Ribosomal operons 1 1

tRNA 41 42

ncRNA 4 4

∗Similarity evidences for genetic mobility elements, including a RepB family plasmid replication initiator, were detected in the genomes of 
HCPI-6T (contig 8, 160.4 Kbp) and EUR-108 (contig 7, 157.7 Kbp) for plasmids pLPP of Legionella pneumophila str. Paris (131.9 Kbp) and pLLO of 
Legionella longbeachae NSW150 (71.8 Kbp) [84].
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replicates). The estimated phylogeny is presented in Fig. 2. Similarly, to the ML tree inferred from 16S rRNA gene sequences, both 
strains formed a separate phylogenetic branch cluster inside the ‘L. pneumophila’ clade. Again, the genomes of the type strains of 
L. antarctica, L. fallonii, L. shakespearei, L. moravica, L. quateirensis and L. worsleiensis, together with L. norrlandica, L. waltersii 
and L. pneumophila, shaped the most immediate proximity within the phylogenomic tree (Fig. 2).

The phylogenomic inferences based on pairwise comparisons among the genome sequences of HCPI-6T, EUR-108 and the genome 
sequences of type strains available in databases for Legionella were computed, using overall genome relatedness indices [58] 
useful for species delineation as pairwise average nucleotide identity (ANI) based on blast (ANIb) [59] and digital DNA–DNA 
hybridization (dDDH). The ANIb percentages were calculated using JSpeciesWS [60, 61]. The dDDH values and confidence 
intervals and G+C content differences were determined at the GGDC server (see above), using the recommended settings of the 
GGDC 3.0 [30, 62].

Fig. 2. Comparative genomic relationships of strains HCPI-6T and EUR-108 with the type strains of 63 species of the genus Legionella [30], based on the 
resulting protein-concatemer of 418 single-copy orthologous sequences; i.e., those forming in the Venn diagram the consensus cluster intersection 
calculated by the three clustering strategies applied: BDBH, COG and OMCL. The bootstrap values are 100, except where indicated at the nodes. The 
genome of L. geestiana ATCC 49504T (LNYC01000063.1) was used as an outgroup. The clade distributions are as described previously [72]. Bar, 0.25 
substitutions per nucleotide position. The novel isolates are highlighted (•).
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The resulting values for ANIb and dDDH were below the accepted thresholds for new species (i.e., <95 and <70 % for ANI and 
dDDH, respectively). The ANIb values between HCPI-6T and EUR-108 and related type strains of the genus Legionella indicate 
that L. antarctica is the most closely related species (82.8 %), followed by L. fallonii (77.1 %) (Table S2) [63, 64].

Attending to the dDDH results obtained by applying the formula d4 (also known as GGDC formula 2), which is independent of 
genome length and is, thus, robust when using incomplete draft genomes (Table S2); besides the value between strains HCPI-6T 
and EUR-108 (99.9 %), the highest values obtained for the species more closely related, from the trees inferred from 16S rRNA 
gene sequences and phylogenomics, are for L. antarctica (28.0 %) and L. fallonii (24.0 %). However, some genomes of other species 
showed values even higher than the one obtained for L. antarctica, like L. steigerwaltii ATCC 35302T (34.3 %), L. maceachernii 
ATCC 35300T (32.4 %), L. saoudiensis LH-SWCT (31.0 %) or L. hackeliae ATCC 35250T (30.0 %), which is a species belonging to 
the 'Legionella micdadei' clade. Therefore, considering >70 % dDDH similarity value (formula d4) as the ‘gold standard’ threshold 
for species boundaries, and using a 79 % dDDH threshold for subspecies clustering, as previously introduced [31, 65], the 
dDDH results obtained also confirmed that both strains, i.e., HCPI-6T and EUR-108, are a clearly a distinct species (Table S2). 
Similarly, a >1 mol% G+C content difference indicates a potentially unreliable identification result for the provided query strains; 
considering that, if computed from genome sequences, within-species G+C content varies no more than 1 mol% [66]. From the 
set of species more closely related, L. antarctica (0.15 mol%) and L. fallonii (0.96 mol%) are below 1 mol% G+C content. Further-
more, other species included in the 'L. pneumophila' clade, with the exception of L. hackeliae (0.32 mol%), have values ranging 
from 0.04 mol% (L. drancourtii) and 0.72 mol% (L. moravica); including L. saoudiensis (0.14 mol%), L. waltersii (0.22 mol%), L. 
quateirensis (0.28 mol%), L. dumoffii (0.35 mol%) and L. steelei (0.52 mol%).

The genome mining of HCPI-6T and EUR-108 to gain insights into the genome features related to pathogenicity raised up to 101 
sequences at the VFDB [67] and 176 at TrueBac ID [68]. The putative virulence factors detected in L. maioricensis comprised 
genes for adherence, intracellular survival (mip), iron uptake and regulation, chemotaxis and motility, nutrient acquisition, genes 
coding for stress proteins, invasion, regulation virulence-related genes (e.g., LetA/S two-component system and RelA) and a type 
II toxin-antitoxin system PrlF family detected in a putative plasmid [69]. Moreover, the secretion systems identified included a 
type II Lsp, an Lvh system homologous to type IVA (T4ASS) and type IVB Icm/Dot together with effector proteins associated 
to this secretion complex; such as LepA and LepB which are related to nonlytic release of L. pneumophila from protozoa for 
the pathogen’s dissemination [70, 71]. Finally, a class A β-lactamase gene was detected in both strains, HCPI-6T and EUR-108. 
Consequently, the pathogenetic analysis of HCPI-6T and EURO-108 for genes and combinations related to virulence factors 
predicted this micro-organism as a potential human pathogen.

PHYSIOLOGY AND CHEMOTAXONOMY
The growth characteristics of strains HCPI-6T and EUR-108 were tested, using BCYEα agar, BCYEα agar without l-cysteine and 
Columbia blood agar. The optimal growth for both strains was at 30 °C on BCYEα for 5 days. These cultivation conditions were 
used to perform the phenotypic tests. Neither of the two strains grew on blood agar. Furthermore, no growth was observed at 4 °C 
after 10 days. Although at slower rates and with lower biomass production, both strains grew at 37 °C. Growth under microaero-
philic (from 5.5–12 % O2 after 24 h) and anaerobic conditions (< 0.1 % O2 after 2.5 h and >15 % CO2 after 24 h) was tested on BCYEα 
agar at 30 °C for 7 days with the corresponding GENbag systems (bioMérieux). The Gram and acid-fast staining’s were carried 
out by conventional methods. Cell morphology was investigated by transmission electron microscopy (TEM) (Fig. 3). Colonies 
were examined for autofluorescence under long-wavelength ultraviolet (Wood’s Lamp). Phase-contrast microscopy was used to 
assess spore formation, after incubating the strains on BCYEα MnSO4·H2O agar (BCYEα supplemented with 5 mg MnSO4·H2O 
l−1) for 3 days [72]. Cell motility was assessed under light microscopy, using the hanging-drop method. Colony morphology was 
observed macroscopically, using cells grown on BCYEα agar. Bromocresol purple assay was performed on BCYEα-BCP agar 
(BCYEα supplemented with 10 µM bromocresol purple) [73]. The biochemical tests for catalase, urease, nitrate reduction, indole 
tests, glucose fermentation, starch hydrolysis and hippurate hydrolysis were determined by using cultures grown at 30 °C on 
BCYEα agar, as described previously [72, 74]. Oxidase was tested by using a test paper containing tetramethyl-phenylenediamine 
dihydrochloride (bioMérieux). A modified Gots test [75] was applied to determine the β-lactamase production of L. maioricensis 
strains. Briefly, single colonies of L. maioricensis strains under study were inoculated on BCYEα by a single streak from the plate 
centre outward, and incubated for 3 days at 30 °C. To 4 ml of melted Mueller–Hinton agar 0.7 % (w/v) at 45 °C, 0.1 ml of a 24 h 
broth culture of a penicillin sensitive Micrococcus luteus strain were added, mixed and immediately poured on the surface of 
the BCYEα agar with Legionella streaks. Plates were allowed to harden at room temperature and a penicillin susceptibility disc 
(6 µg/10 IU) was added to the centre of the plate and incubated for 24 h more at 30 °C.

The two strains were Gram-negative (HCPI-6T cells were Gram-negative, rod-shaped with an average size of 2.4±0.5 µm cell 
length and 0.6 ±0.1 µm width), acid-fast-staining negative, microaerobic, presented cell mobility, non-spore forming with growth 
dependent on l-cysteine. Both strains grew well on BCYEα agar after incubation for 3–5 days, but not on BCYEα agar without 
l-cysteine or Columbia blood agar. Colonies on BCYEα agar were grey, glistening, convex and circular with an entire edge (Fig. 
S1). The two strains grew at temperature ranging from 25 to 37 °C, with optimum growth at 30 °C. Both strains were positive 

http://doi.org/10.1601/nm.2337
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2354
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2354
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2383
http://doi.org/10.1601/nm.2368
http://doi.org/10.1601/nm.29164
http://doi.org/10.1601/nm.2360
http://doi.org/10.1601/nm.2369
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2354
http://doi.org/10.1601/nm.10820
http://doi.org/10.1601/nm.2360
http://doi.org/10.1601/nm.8668
http://doi.org/10.1601/nm.2370
http://doi.org/10.1601/nm.29164
http://doi.org/10.1601/nm.2387
http://doi.org/10.1601/nm.2375
http://doi.org/10.1601/nm.2375
http://doi.org/10.1601/nm.2350
http://doi.org/10.1601/nm.23238
http://doi.org/10.1601/nm.10820
http://doi.org/10.1601/nm.5829
http://doi.org/10.1601/nm.2337
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for catalase; negative for oxidase, urease, gelatinase, glucose fermentation, hippurate hydrolysis, nitrate reduction, indole and 
starch tests. Neither of the two strains exhibited blue-white or red autofluorescence under long-wavelength ultraviolet. Browning 
of tyrosine-containing media tests were initially performed on yeast extract agar with tyrosin, following a reference from 1978 
[76], but none of the L. maioricensis strains grew, even after 10 days of incubation at 30 °C. An alternative method using BCYEα 
supplemented with tyrosine was applied [77]. The bromocresol purple assay was negative since the colonies of L. maioricensis 
strains growing on the BCYEα-BCP agar were grey rather than purple. Differential characteristics of HCPI-6T and EUR-108 
with closely related type strains are listed in Table 2, while the detailed characteristics of strain HCPI-6T are given in the species 
description. Attending to the phenotypic characteristics of the most closely related species, the psychrotolerant Antarctic strain 
TUM19329T, which is able to grow at 4 °C and up to 25 °C but not above 30 °C [37], while the opposite occurs for the two novel 
strains.

The analysis of isoprenoid quinone composition was carried out by the Identification Service, Leibniz-Institut DSMZ - Deusche 
Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). The analysis of respiratory quinones 
results (Table S3) concluded that the major ubiquinones in both strains were Q12 and Q13; these features were shared with the 
type strains of the closest related species, Legionella antarctica TUM19329T and L. fallonii LLAP-10T.

The predominant cellular fatty acids (CFAs) of strain HCPI-6T and EUR-108 were determined after growth on BCYEα agar, at 
48 h and 30 °C. The bacterial biomass was harvested (100 mg for HCPI-6T and 60 mg for EUR-108) and the fatty acid methyl ester 
(FAME) extraction was performed as described by Sasser [78]. The CFA-FAME profiles were determined with a gas chromatograph 

Fig. 3. TEM image of Legionella maioricensis HCPI-6T.

http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2354
http://doi.org/10.1601/nm.2337
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(HP 5890, Hewlett-Packard) and a variation of the midi Sherlock Microbial Identification System (MIS) (http://www.ccug.se/​
identification/chemotyping). The CFA-FAME profiles obtained for L. maioricensis strains are shown in Table 3; which also includes 
the profiles of the type strains of the most closely related species, L. antarctica TUM19329T [37] and L. fallonii LLAP-10T [79]. 
With the exception of L. antarctica TUM19329T, which profile was obtained at 25 °C, all other strains were grown at 30 °C and 
makes profiles comparison feasible with those obtained for L. maioricensis. Since each bacterial strain possesses a unique fatty 
acid profile when grown on a given culture conditions, including at a certain temperature, each bacterial strain possesses a unique 
fatty acid profile and comparing CFA-FAME profiles of L. antarctica with the rest of strains is not realistic.

Strain HCPI-6T presented the straight-chain monounsaturated C16 : 1 ω7c as the predominant CFA (28.4 %), followed by methyl 
branched fatty acids C16 : 0 iso (22.4 %) and C15 : 0 anteiso (19.5 %) in similar proportions; lower amounts of C16 : 0 (6.4 %), C17 : 0 cyclo 
(5.1 %) and C14 : 0 iso (5.1 %) were observed (Table 3). Strain EUR-108 showed the methyl branched fatty acid C15 : 0 anteiso (23.3 %) 
as the predominant CFA; followed by an unsaturated CFA C16 : 1 ω7c (15.9 %); and the methyl-branched FA C16 : 0 iso (12.9 %), C17 : 0 
anteiso (7.3 %), C14 : 0 iso (6.5 %) and C15 : 0 (5.2 %) (Table 3).

Chemotyping has been shown to be useful for differentiating Legionella species from other Gram-negative bacteria [80, 81]. The 
species of Legionella are usually characterized relative amounts of methyl-branched fatty acids (iso and anteiso) and inconse-
quential amounts of hydroxy fatty acids [80, 82]. Both novel isolates showed a high relative proportion (%) of methyl-branched 
CFA, 47.0 % (HCPI-6T) to 50.0 % (EUR-108), and lower amounts of hydroxy CFA, two saturated branched-chain hydroxy CFA 
(C14 : 0 iso 3OH and C15 : 0 iso 3OH) ranging from 2.8 % (HCPI-6T) to 6.6 % (EUR-108), approximately.

Although L. pneumophila subsp. pneumophila CCUG 9568T, L. nautarum CCUG 44900T and L. worsleisensis CCUG 44923T were 
not analysed in the present study and are not present in Table 3, the CFA profiles for these species were previously analysed at 
CCUG (http://www.ccug.se) and were observed to be similar to those reported previously [81]. Strain HCPI-6T has a similar 
CFA profile pattern to the type strain of the type species of the genus, L. pneumophila subsp. pneumophila CCUG 9568T, and L. 
worsleiensis, with C16 : 1 ω7c and C16 : 0 iso as the predominant CFAs. However, EUR-108 has a similar profile pattern to that of L. 
nautarum [80, 81], with C15 : 0 anteiso as the predominant CFA, followed by high amounts of C16 : 1 ω7c and C16 : 0 iso, wherein the 
C15 : 0 anteiso relative amount is approximately double that of C16 : 0 iso (23.3 and 12.9 %, respectively) (Table 3). Both strains differed 
from the type species of the genus in that, C15 : 0 anteiso is one of the predominant CFA (19.5 and 23.3 % for HCPI-6T and EUR-108 
respectively), whereas C15 : 0 anteiso in L. pneumophila subsp. pneumophila is 9.4 %. C16 : 0 was observed as relatively high amounts 

Table 2. Selected characteristics of Legionella mairocensis sp. nov. and selected closely related species of the genus Legionella

Strains∗: 1, HCPI-6T; 2, EUR-108; 3, L. antarctica [37]; 4, L. fallonii [79]; 5, L. moravica; 6, L. norrlandica LEGNT [85]; 7, L. quateirensis; 8, L. shakespearei; 
9, L. waltersii ATCC 51914T; 10, L. worsleiensis ATCC 49508T; 11, L. pneumophila subsp. pneumophila Philadelphia 1T. Characteristics based on varying 
numbers of strains. +, Positive; ‒, negative; ±, strain dependent; w, weakly positive; nd, which means the information for the related species was not 
determined.

Characteristics 1 2 3 4 5 6 7 8 9 10 11

Gram-staining reaction − − − − − − − − − − −

Acid-fastness − − nd − nd − − − − −

Spore-forming − − − nd nd nd nd nd nd nd −

Growth requirement for l-cysteine + + + + + + + + + + +

Browning of tyrosine-containing media − − nd nd w nd + − − + +

Acid from carbohydrates − − − − − nd − − − − −

Nitrate to nitrite − − nd − nd − − − − −

Hippurate hydrolysis − − − nd − nd − − + − +

Gelatin liquefaction (gelatinase) − − − nd + nd + + + + +

β-Lactamase production + + nd nd + nd + + + + +

Catalase + + + + + nd + + + − +

Oxidase − − − w − or w − − w + − + or ±

Motility + + nd nd + nd + + + + +

Autofluorescence − − nd − − − − − − − −

∗ Except where indicated, data were obtained from [4].

https://www.ccug.se/identification/chemotyping
https://www.ccug.se/identification/chemotyping
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2354
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2337
http://doi.org/10.1601/nm.2337
http://doi.org/10.1601/nm.2338
http://doi.org/10.1601/nm.2371
http://www.ccug.se/
http://doi.org/10.1601/nm.2338
http://doi.org/10.1601/nm.2388
http://doi.org/10.1601/nm.2388
http://doi.org/10.1601/nm.2371
http://doi.org/10.1601/nm.2371
http://doi.org/10.1601/nm.2338
http://doi.org/10.1601/nm.2337
http://doi.org/10.1601/nm.2337
http://doi.org/10.1601/nm.41957
http://doi.org/10.1601/nm.2354
http://doi.org/10.1601/nm.2370
http://doi.org/10.1601/nm.26366
http://doi.org/10.1601/nm.2375
http://doi.org/10.1601/nm.2381
http://doi.org/10.1601/nm.2387
http://doi.org/10.1601/nm.2388
http://doi.org/10.1601/nm.2338
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of the CFA profile of L. pneumophila subp. pneumophila profile; however, straight-chain CFAs were not present in significant 
amounts in the CFA profiles of the novel strains (≤6.5 %) (Table 3).

Antimicrobial susceptibility testing for the two Legionella strains (HCPI-6T and EUR-108) using the gradient test method was 
performed according to eucast guidance on AST of L. pneumophila, dated May 2021 (http://www.eucast.org/fileadmin/src/​
media/PDFs/EUCAST_files/Guidance_documents/Legionella_guidance_note_-_20210528.pdf). Briefly, 0.5 McFarland suspen-
sions of the two strains were swabbed onto BCYEα agar plates, and a single minimal inhibitory concentration (MIC) test strip 
(Liofilchem) was applied to each plate. A total of nine antibiotics were tested. Plates were incubated for 72 h at 35 °C in a humidified 
atmosphere. An MIC value was read at the point of intersection of the growth ellipse and the gradient strip. The two test strains 
did grow on the BCYEα agar with sufficient growth to determine the MIC values after 72 h incubation. Both strains were tested 
in three biological replicates and the final MIC for each antibiotic is the median of the three individual values (Table S4). For each 
setup a QC-strain (L. pneumophila ATCC 33152T) was included to assure the method. The MICs of the QC-strain were within 
the tentative wild-type for every setup.

We applied a polyphasic approach to characterize two novel strains isolated from the hot water distribution systems of a hospital 
and a shopping centre during routine samplings. Based upon the genotypic, genomic and phenotypic analyses, the two strains, 

Table 3. Cellular fatty acid (CFA) compositions of Legionella maioricensis sp. nov. strains and the most closely related species

Strains: 1, HCPI-6T; 2, EUR-108; 3, L. antarctica TUM19329T (at 25 °C)* [37]; 4, L. fallonii LLAP-10T [79]; 5, L. pneumophila subsp. pneumophila Philadelphia 
1T (=CCUG 9568T), type species of the genus. Values are percentages of total fatty acids. Relative amounts are shown for CFAs ≥1 %; CFAs <1 % are 
indicated as trace (tr); nd, not detected. Mean value±sd of duplicates of HCPI-6T [1] and EUR-108 [2] are presented in the table when meaningful (i.e., 
>1.0%). The three main CFAs for each species are highlighted in bold.

Fatty acid (%) 1 2 3 4 5

Saturated:

 � C14 : 0 tr 2.5 tr 2–3 nd

 � C15 : 0 2.5 5.2±1.6 nd 2–3 tr

 � C16 : 0 6.4 3.9±2.5 1.7 15–19 12.0

 � C17 : 0 4.4 1.5 tr 2 1.0

 � C18 : 0 T 3.5 1.0 6–7 3.0

 � C20 : 0 nd 1.2 tr 1–2 2

Unsaturated:

 � C14 : 1 ω5c 2.0 2.2 1.2 nd tr

 � C15 : 1 ω6c nd tr 1.6 3–4 1.5

 � C16 : 1 ω7c 28.4±1.2 15.9±5.7 27.2† 21–27 29.6

Cyclopropane:

 � C17 : 0 cyclo 5.1 4.8 nd 2–6 nd

Methyl branched (iso, anteiso):

 � C15 : 0 anteiso 19.5 23.3±1.3 36.2 12–15 9.4

 � C17 : 0 anteiso tr 7.3 4.1 2–3 7.4

 � C14 : 0 iso 5.1 6.5 3.6 4–5 2.4

 � C16 : 0 iso 22.4 12.9±2.4 15.2 11–13 23.4

Branched-chain hydroxy:

 � C14 : 0 iso 3OH 2.8 4.3 tr nd tr

 � C15 : 0 iso 3OH nd 2.3 nd nd nd

*Values obtained from literature: TUM19329T was grown at 25 °C, all other strains were grown at 30 °C.
†This is given as the C

16 : 1
 ω7c/C

16 : 1
 ω6c summed feature 3 value in the Shimada et al. [37] study., the summed feature could be C

16 : 1
 ω7c and/or 

C
16 : 1

 ω6c.
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http://doi.org/10.1601/nm.10820
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Guidance_documents/Legionella_guidance_note_-_20210528.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Guidance_documents/Legionella_guidance_note_-_20210528.pdf
http://doi.org/10.1601/nm.10820
http://doi.org/10.1601/nm.2337
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HCPI-6T and EUR-108, were determined to represent a distinct and novel species within the genus Legionella. We propose the 
name, L. maioricensis sp. nov., for the species, with the strain HCPI-6T designated to be the type strain of the species.

DESCRIPTION OF LEGIONELLA MAIORICENSIS SP. NOV.
Legionella maioricensis (​mai.​or.​i.​cen’cis. M.L. fem. Adj. maioricensis, pertaining to Mallorca, where the type strain of the species 
was isolated).

The bacteria grow optimally at 30 °C (temperature range for growth: 25–37 °C) on BCYE agar medium, which contains l-cysteine; 
they do not grow on blood agar. Cells are Gram-stain negative, are negative for acid-fast staining, do not form spores and 
are motile; they are rod-shaped, microaerobic, oxidase-negative and catalase-positive. Cells do not autofluoresce under long-
wavelength ultraviolet light. The bacteria require l-cysteine in the media for growth. The bacteria do not produce acid from 
carbohydrates, they do not generate nitrite from nitrate and do not hydrolyse hippurate or liquefy gelatin. Methyl-branched CFAs 
(C16 : 0 iso, C15 : 0 anteiso and C14 : 0 iso) comprise approximately 50 % of the CFA profile with unsaturated CFA (C16 : 1 ω7c) comprising 
approximately 20 % of the CFA profile. Characteristic dominant fatty acids comprised C16 : 1 ω7c, C16 : 0 iso and C15 : 0 anteiso. The 
major respiratory lipo-quinones were determined to be ubiquinones Q12, Q13 and Q11.

Strain HCPI-6T was obtained from the shower of a hospital hot water distribution system (57.3 °C). The bacterium clusters 
phylogenetically within the spectrum of Legionella species, with a 16S rRNA gene sequence similarity of 98.8 % to the most closely 
related species, L. antarctica, and with 92.8 % sequence similarity to the type species of Legionella, L. pneumophila. Genomic 
DNA G+C content is 39.3 mol%, determined from genome sequences. The genomes were estimated to be 3.9 Mbp long, with 
approximately 3500 genes (approximately 3420 protein-coding genes).

The Whole Genome Shotgun (WGS) project of strain HCPI-6T (=CCUG 75071T=CECT 30569T) has been deposited at DDBJ/
ENA/GenBank under the genome accession number JAJKBJ000000000. Similarly, the WGS project of strain EUR-108 (=CCUG 
75021=CECT 30570) has been deposited at DDBJ/ENA/GenBank under the genome accession number JAKSZS000000000. The 
DDBJ/ENA/GenBank accession numbers for the 16S rRNA gene sequences of strains HCPI-6T and EUR-108 are OL472331 and 
OL472332, respectively. All the versions described in this paper are the first versions.
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