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Introduction: Legionnaires’ disease is a severe pneumonia predominantly caused by Legionella pneumophila (Lp), whose major reservoirs are artificial water systems. As most human infections are caused by L. pneumophila serogroup 1 (Lp1), a reliable method for Lp distinction can be crucial for bacterial spread prevention. As the ability to withstand in environments and to cause the waterborne disease is strongly related to specific genes, the identification of virulent strains can be of great relevance to implement water environmental monitoring and to contain harmful outbreaks to public health. We aimed to test an assay for Lp identification among different Legionella species, and to determine the serogroups. Additionally, we investigated the carriage of virulence and antimicrobial resistance genes.

Methods: A total of 90 Legionella spp. isolates identified by phenotypic tests were subjected to the designed quantitative PCR assay targeting specific mip for Lp, wzm for Lp1, pvcA and ahpD for biofilm production. Eleven serogroups were investigated in all our isolates tested positive for mip gene, subsequently analyzed for 12 virulence and 8 antimicrobial resistance genes.

Results: Only the 70 Lp isolates were positive for mip. Out of 27 Lp isolates belonging to serogroup 1 based on agglutination test, 23 (85.2%) carried wzm. The presence of ahpD and pvcA was found in 94.3 and 98.6% of Lp isolates, respectively. By multiplex PCR, all 23 wzm-positive strains were confirmed as serogroup 1 that was the most predominant (33%). At least one virulence gene was detected in all Lp isolates. The most frequent gene was ispE (100%), followed by issD (96%), icmK and enhC (93%), cpxA (91%), rtxA2 (74%), lvhB8-B9 (61%), and prpA (54%). The other genes were less diffused in Lp strains (rtxA1, 44%; lvhB3-B4, 47%; pvcB, 27%; lvrE, 24%). Of the macrolide resistance genes, the ereA was found in 84% of Lp strains, while only 14 (20%) harbored the lpeAB among the efflux pump genes.

Conclusion: The assays validated in this study enable the simultaneous Lp and Lp1 detection. The differentiation of Lp strains according to their virulence properties could be useful to predict the bacterial ability to survive and to cause the disease.
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1 Introduction

The genus Legionella includes 66 different species of intracellular Gram-negative bacteria (Parte et al., 2020), categorized into 80 distinct serogroups (SGs) (Mondino et al., 2020). These inhabitants of aquatic environment were first recognized as the causative agents of legionellosis in 1976, when a severe bacterial pneumonia outbreak was reported in Pennsylvania (Fraser et al., 1977; McDade et al., 1977). As artificial water systems are the major reservoirs, Legionnaires’ disease (LD) is predominantly caused by aerosol pathogen transmission in sufficient quantity (Prussin et al., 2017; Sawczyn-Domańska, 2021; Fasciana et al., 2023). After invading the lungs, the inhaled bacteria start replicating in alveolar macrophages (Khweek and Amer, 2010). This common waterborne disease can result in a multi-system inflammatory syndrome with acute respiratory symptoms, with a mortality rate ranging from 5 to 30% in immunocompromised patients (Dominguez et al., 2009; Phin et al., 2014). Considering the high risk of nosocomial infection in hospitalized people, the presence of Legionella spp. in the hospital environment has become a significant public health concern (Farnham et al., 2014). In the recent years, LD has shown a rising trend in both Europe and United States of America (USA), with contamination level of health care facilities higher than 79% in Italy (Napoli et al., 2010); most (90%) of clinical cases have been linked to L. pneumophila (Lp) (Miyashita et al., 2020). Although this species comprises at least 15 SGs, the majority of human infections are caused by SG1 (Kozak-Muiznieks et al., 2014). Due to its ability to survive for long periods in aquatic systems, Lp occurrence in hospital water samples should be periodically monitored by using rapid and reliable methods for the sensitive detection and the specific characterization of the isolates. For this purpose, a highly efficient multiplex PCR (mPCR) assay is available to quickly identify SGs, avoiding the use of typing sera and its poor reproducibility (Nakaue et al., 2021). For further epidemiological investigation, genotyping analysis can be applied to study the genetic diversity within Lp population (Sreenath et al., 2020). As significant differences exist among isolates belonging to the same serotype, molecular characterization can promote the understanding of Lp virulence (Qin et al., 2022). The distribution of genes involved in host cell attachment and replication and cell-to-cell spread, and their association with Lp pathogenesis can provide information on outbreak prediction and targeted treatment. Among the virulence factors, the macrophage infectivity potentiator encoded by mip is known to be highly specific for Lp (Engleberg et al., 1989; Sreenath et al., 2020). Furthermore, the genes encoding the Legionella vir homolog (lvh), essential for the survival in the environment, and the repeats in structural toxin (rtxA), a pore-forming toxin contributing to cellular entry and intracellular survival (D’Auria et al., 2008), have been frequently seen in Lp strains associated with human infections (Sawczyn-Domańska, 2021). The presence or absence of the cpxA protein, of the periplasmic protein EnhC required for bacterial replication within macrophages, and of the phage repressor encoded by prpA and enhancing immunoglobulin production and macrophage infection, have had significant effects on the ability to develop infection (Sawczyn-Domańska, 2021; Qin et al., 2022). Reliable monitoring of Lp virulence is important to control and cure LD appropriately. Antimicrobial therapy is usually based on active substances able to reach high intracellular concentrations, such as macrolides, fluoroquinolones, and rifampicin; especially azithromycin is recommended as first-line drug (Pedro-Botet et al., 2006). Despite the absence of resistance to these commonly used agents in Lp isolates, treatment failures were previously linked to the reduced azithromycin susceptibility due to the presence of mefA/E or lpeAB (Massip et al., 2017; Vandewalle-Capo et al., 2017). These genes were shown to encode components of a tripartite macrolide-specific efflux pump especially in L. pneumophila serogroup 1 (Lp1) (Jia et al., 2019), highlighting the need to control the emergence of resistant strains to clinically useful antibiotics.

As Lp represents a potentially serious threat to public health, we aimed to provide a rapid and reliable tool for its detection and characterization, and a further knowledge about the epidemiology. The aim of this study was to identify Lp among different Legionella species and to determine serogroups timely and accurately. The molecular characterization of the environmental isolates could help us to monitor Lp virulence and antimicrobial resistance, to investigate their diversity and their infection potential.



2 Materials and methods


2.1 Bacterial isolate collections and culture conditions

A total of 90 Legionella spp. strains were included in this study. Eighteen of them had been previously characterized by phenotypic and antigenic analysis, and then stored at the Territorial Section of Pavia of the Istituto Zooprofilattico Sperimentale della Lombardia e dell’Emilia Romagna (IZSLER). Two were obtained from the American Type Culture Collection (ATCC) and 16 from IZSLER collection as detailed in Table 1. The remaining 72 strains were instead isolated from water samples committed to the Territorial Section of Pavia of IZSLER from June 2022 to March 2024, during the routine activities. These water samples were aseptically collected from North Italian (Lombardia and Emilia Romagna regions) water systems, belonging to commercial activities (n = 23), hospitals (n = 12), private houses (n = 11), retirement homes (n = 6), dental offices (n = 6), hotels (n = 5), sports and recreation centers (n = 3), universities (n = 1), and other public facilities (n = 5). The 37 samples from Lombardia were collected in the provinces of Pavia (n = 17), Milano (n = 8), and Sondrio (n = 12), whereas the 35 samples from Emilia Romagna were collected in Ferrara (n = 2), Piacenza (n = 17), Ravenna (n = 8), and Modena (n = 8). All of them were immediately refrigerated, kept at 4°C and shipped to the Territorial Section of Pavia of IZSLER for bacterial isolation and identification, performed following the procedure described in UNI EN ISO 11731:2017 (International Organization for Standardization, 2017). All 90 Legionella spp. isolates from both collections and routine environmental monitoring were grown at 37°C on Buffered Charcoal Yeast Extract Agar (BCYE) and Glycine Vancomycin Polymyxin Cycloheximide Agar (GVPC) agar up to 10 days. Colonies were identified as Legionella spp. based on stereomicroscope observation of colony morphology on culture medium (BCYE and GVPC), absence of growth on blood agar, and agglutination on slide using polyclonal antisera. Lp1 and Lp serogroup 2–14 (Lp 2–14) were confirmed by a commercially available slide agglutination test (Legionella Latex Test-Thermo Scientific™ Oxoid, Basingstoke, United Kingdom).



TABLE 1 Legionella spp. strains from collections used as reference in this study.
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2.2 Genomic DNA extraction from pure cultures

DNA was isolated from each Legionella spp. strain (2–3 colonies from the same strain pure culture were suspended in PBS) using the commercial Mag Max™ CORE kit (Thermo Fisher Scientific, Rodano, Italy), following the manufacturer’s instructions.



2.3 TaqMan™ probe design for PCR amplification

Based on Lp genome sequences representing various serogroups available in the NCBI database,1 the mip gene was downloaded as species-specific target to discriminate Lp respect to Legionella spp., and the wzm gene to identify Lp1 (Collins et al., 2015). Similarly, pvcA and ahpD target genes were chosen based on sequences available in the same database to specifically detect Lp biofilm producing strains. After selection of the target genes, specific target probes were designed using Primer Express R v3.0 (Applied Biosystems, Foster City, CA, United States), by setting the annealing temperature of primers and probes at 60 and 70°C, respectively. The nucleotide BLAST tool2 was used to confirm the specificity of oligonucleotides in silico. Primers and TaqMan™ probes were synthesized by Applied Biosystems (Life Technologies Inc., Monza, Italy). Primers, 5′ 6-fluorescein-labeled (FAM) TaqMan probes, target genes, and reference sequences are listed in Table 2.



TABLE 2 TaqMan™ assays for qPCR.
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2.4 TaqMan™ quantitative PCR assay for Lp detection

The DNAs from the 90 Legionella spp. (18 strains from ATCC and IZSLER collections, and 72 isolates from environmental samples) were tested to determine the analytical specificity of the designed qPCR assay for the presence of mip and wzm genes, and for the occurrence of the two genes involved in biofilm formation (pvcA and ahpD). The limit of detection (LoD) for each qPCR TaqMan assay was determined with strains from collections, starting from 40 ng/μL of the DNA template, using a 10-fold dilution, up to 0.04 pg/μL. Given that the genome of Legionella spp. is approximately 4.3 fg (Behets et al., 2006), the theoretical number of genomic DNA units (GU) of Lp in the extract was estimated to be around 1 × 107 GU/μL. Subsequently, serial 10-fold dilutions in sterile water were performing, resulting in an external DNA standard ranging from 1 × 107 to 1 × 101 GU/μL. Reactions were carried out in 96-well plates sealed with adhesive optical covers (Applied Biosystems) and run on a QuantStudio™ 3 Real-Time PCR system (Applied Biosystems) for 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. An identical thermal cycle was used for each target. All PCRs were done in duplicate. Each 20 μL of amplification reaction mix contained 1 μL of DNA (or ultrapure sterilized water for negative controls), 10 μL of TaqMan Environmental Master Mix 2.0 (2×), 1 μL of TaqMan assay 20× (18 μM for each primer, 5 μM for probe), 2 μL of TaqMan Exogenous Internal Positive Control (IPC) Reagents VICTM-labeled (ExoIPC Mix, Applied Biosystems), 0.4 μL of the Exo IPC DNA (target DNA) and 5.6 μL of molecular-grade water.

All the confirmed Lp collection strains and the identified Lp isolates from routine environmental monitoring were characterized by further molecular analysis.



2.5 Multiplex PCR serotyping

Firstly, 8 SGs (SG1, SG2, SG5, SG7, SG8, SG9, SG11, SG13) were investigated in all Lp isolates by a highly specific and sensitive mPCR assay, previously set up by Nakaue et al. (2021). Briefly, as previously described, the reaction mixtures were prepared in 0.2-mL tubes and performed in a 25-μL volume containing 0.2 μM of each primer set (from SG1 to SG13), 12.5 μL of Qiagen multiplex-PCR master mix (Qiagen, Hilden, Germany), and 1 μL of DNA (~140 ng/μL). Amplifications were carried out in a thermocycler (Biorad, Milan, Italy); a pre-PCR step was run at 94°C for 15 min followed by 30 PCR cycles under the following conditions: denaturation at 94°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 1 min. The amplified PCR products were resolved using gel electrophoresis with 3% agarose gel (GellyPhor, Euroclone, Milan, Italy), stained with ethidium bromide (0.05 mg/mL; Sigma Aldrich, Milan, Italy) and visualized using a UV transilluminator (BioView Ltd., Nes Ziona, Israel). The DNA bands were compared with a molecular size marker (100-bp DNA ladder; Finnzymes, Espoo, Finland), and serogroups were determined following the sizes of amplification products, as previously described (Nakaue et al., 2021): SG1 = 249 base pairs (bp); SG2 = 543 bp; SG5 = 205 bp; SG7 = 835 bp; SG8 = 166 bp; SG9 = 634 bp; SG11 = 314 bp; SG13 = 461 bp. Subsequently, Lp isolates which did not generate any DNA amplicons were analyzed by standard PCR, using three different SG complexes (SG3/15, gene name sg3-48/sg15/49; SG6/12, gene name sg12-57; SG4/10/14 gene name sg4-40/sg10-36/sg14-36 (patA)), and the same PCR conditions described above (Nakaue et al., 2021).



2.6 Standard PCR identification of virulence and antimicrobial resistance genes

All Lp isolates were subjected to the detection of 12 virulence genes (pvcB, IssD, IspE, icmK, rtxA1, rtxA2, prpA, cpxA, enhC, lvhB3-B4, lvhB8-B9, lvrE), and 8 antimicrobial resistance genes (lpeAB, ereA, ereB, mefA, ermA, ermB, ermC, ermF), using PCR analysis. The primer used in this study are reported in Table 3. All PCR reactions were carried out by using a thermocycler (Bio-Rad, Segrate, Italy), in 0.2-mL tubes containing 12.5 μL of 2× PCR Master Mix (Fermentas, M-Medical SRL, Milan, Italy), 0.2 μL of each of the primers, 1 μL of extracted DNA, and sterile water in a total reaction volume of 25 μL. For the target genes designed in this study, a pre-PCR step was run at 94°C for 5 min, followed by 30 PCR cycles of denaturation at 94°C for 1 min, annealing at 56°C for 1 min and extension at 72°C for1 min, and the final step at 72°C for 10 min to complete the reaction. For the remaining genes, amplification conditions of the specific references were followed. The amplified PCR products were resolved using gel electrophoresis with 2% agarose gel (GellyPhor, Euroclone, Milan, Italy), stained with ethidium bromide (0.05 mg/mL; Sigma Aldrich, Milan, Italy), and visualized under UV transilluminator (BioView Ltd., Nes Ziona, Israel), by using the 100-bp DNA ladder as molecular size marker (Finnzymes, Espoo, Finland).



TABLE 3 Sequences of PCR primers used in this study for analyzing virulence and antimicrobial resistance genes.
[image: Table3]



2.7 Statistical analysis

Descriptive and inferential statistics were carried out using SPSS 29.0 (IBM, SPSS, Armonk, United States). The distribution of Lp1 and Lp 2–14 groups across regions was compared using a 2×2 contingency table and a Fisher exact test, while their frequencies at different sampling points categories, and the frequencies of virulence factors and antimicrobial resistance genes were compared with a binary logistic regression.




3 Results and discussion


3.1 Legionella speciation and Lp1 identification

Out of 90 Legionella spp. isolates (2 from ATCC collection, 16 from IZSLER collection, and 72 from environmental samples), we obtained a total of 70 Lp isolates (12 from IZLER collection and 58 from environmental samples) from positive colonies. The serogroups of all Lp strains were confirmed or determined via slide agglutination test, with 27 (39%) identified as Lp1 (6 from IZSLER collection and 21 from environmental samples). The remaining 43 (61%) isolates (6 from IZSLER collection and 37 from environmental samples) were classified as Lp 2–14. The statistical analysis revealed a different distribution of the two groups (Lp1 and Lp 2–14) across regions, with a significant association between Lp 2–14 and the environmental isolates from Lombardia (p = 0.002). Further results of Lp serogrouping, obtained by mPCR analysis, are described in 3.4 section.



3.2 Probe.design, analytical specificity, and sensitivity

Each TaqMan® assay was analyzed in silico using a BLAST search on GenBank (see text footnote 2), confirming that only the targeted sequences were identified with 100% query cover and maximum identity. The specificity of the MIP and WZM TaqMan® assays was confirmed by testing against the 18 Legionella spp. strains from ATCC and IZSLER collections, as listed in Table 1. In particular, the MIP assay targeted the sequence of the Lp species-specific mip gene, while the WZM assay was exclusive for Lp1. Out of these 18 strains, the mip gene was identified only in the 12 Lp strains without generating false positive or negative results (data not shown). Also, none of the six non-pneumophila Legionella strains were tested positive for the mip sequence detected by this qPCR assay, demonstrating the unique specificity and efficiency of this tool in detecting Lp. Simultaneously, WZM TaqMan® assay confirmed 5 strains as Lp1. This molecular method enabled the detection of high-risk Lp1, and the results were subsequently confirmed by mPCR serogrouping in section 3.4, to ensure accuracy. As previously reported (Collins et al., 2015), the specificity of these optimized assays offers the potential for a rapid and selective approach during epidemiological investigations.

The analytical sensitivity of all TaqMan assays tested in triplicate in this study was approximately 0.4 pg/μL (102 GU/μL) of total DNA, with mean cycle threshold (CT) values from 32.4 ± 0.14 for MIP TaqMan assay to 37.7 ± 0.22 for PVCA TaqMan assay. The MIP TaqMan assay also showed good sensitivity at 0.04 (35.3 ± 0.24; 101 GU/μL) and 0.004 pg/μL (38.6 ± 0.72; 1 GU/μL), similar to previously obtained results (Benitez and Winchell, 2016).



3.3 Comparison of culture and qPCR for Lp and Lp1 detection

Out of 90 Legionella spp. strains included in this study, 70 isolates were correctly identified as Lp by the mip gene qPCR. Of these, 12 strains were obtained from the IZSLER collection and 58 isolates from environmental samples tested positive by culture (Table 4). These strains were also subjected to the wzm gene identification, resulting in a total of 23 wzm-positive strains. Of the six strains from the IZSLER collection identified as belonging to serogroup 1 by slide agglutination test, five were confirmed as Lp1 by wzm gene qPCR, as previously described. Out of 21 isolates from environmental samples that initially agglutinated with the SG1 antiserum, 18 (85.7%) were identified as Lp1, while three were not confirmed as Lp1 by qPCR. The WZM TaqMan® assay confirmed 85.2% of the positive results obtained by culture (Table 4), and correctly identified none of the strains as other serogroups, in agreement with previous studies (Mérault et al., 2011). In order to clarify the discrepancies between the two methods, the 4 strains not confirmed as Lp1 by qPCR were further investigated by mPCR as described below.



TABLE 4 Comparison of the detection of Legionella pneumophila (Lp; mip) and serogroup 1 (Lp1; wzm) by qPCR relative to culture results.
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3.4 SGs identification

The mPCR showed that 37 Lp isolates belonged to a single SG, while 33 to one of the three different SG complexes (3/15, 6/12 and 4/10/14). The PCR serotyping assay was not performed on the non-pneumophila Legionella isolates. Out of 70 Lp strains, the SG distribution in the 58 environmental isolates from different geographical regions is reported in Figure 1. The SG1 was recognized as the most predominant serogroup in Emilia-Romagna (Figure 1A; 48%), and its overall prevalence agreed with the results previously obtained in Japan (Komatsu et al., 2023). In the Southern Italy, on the contrary, positive samples with Lp of serogroup 2–15 were more frequent in different hospital areas, than SG1 (Arrigo et al., 2022). All 23 (33%) strains confirmed as SG1 using mPCR had been previously identified as Lp1 using agglutination test and, then, by qPCR. The results obtained for 4 wzm-negative strains were not consistent with those of the agglutination test, showing the higher accuracy of the wzm gene qPCR and validating the molecular support for culture-based detection in a frontline public health laboratory (Collins et al., 2015). In particular, one strain from the IZSLER collection previously belonging to serogroup 1 was classified into the SG complex 4/10/14, while three environmental Lp isolates showing agglutination in SG1 serum were grouped in SG4/10/14, SG6/12, and SG3/15, respectively. Facing the same Lp detection ratio, data in this study revealed a lower proportion of Lp1 results by qPCR compared to culture, as opposed to previous works (Collins et al., 2015). Being easier to interpret than culture, this sensitive and high throughput testing procedure could improve the rapid detection and the correct characterization of LD (Benitez and Winchell, 2013). Out of 70 Lp strains, the wzm-negative strains were classified mostly into the SG4/10/14 (19%; 13/70), followed by SG6/12 (16%; 11/70), and SG3/15 (13%; 9/70). Among these SG complexes, the SG6/12 (30%) was the most found in Lombardia, where also SG4/10/14 and SG3/15 were detected with higher frequency (19%) than in Emilia-Romagna (Figure 1B). Our findings were in agreement with previous outcomes in an Italian prison, where SG6 was the most prevalent serogroup, followed SG1 (Fasciana et al., 2019). These results confirmed Lp 2–14 as significantly prevalent in Lombardia. The statistically different distribution of Lp1 and Lp 2–14 between the two investigated regions confirmed that the diverse LD prevalence was related to Italian geographic variability (Fasciana et al., 2023), and suggested that the genetic diversity of Lp isolates could be related to their geographical origin. However, further studies are needed to correlate these findings with clinical samples, in order to investigate a link between the virulence of environmental isolates with LD outcomes. Despite all isolates coming from human-made environments, the region of interest might be useful for identifying harmful strains, requiring separate control and treatment measures. Although our findings agreed with previous ones (Komatsu et al., 2023), some strains identified as SG4/10/14 might belong to other serotypes, as they were subjected to PCR using primers designed to detect this SG complex according to the ORFs shared by SG4, SG5, SG7, SG8, SG9, SG13, and SG14 (Nakaue et al., 2021). All the others belonged to a single serogroup among SG8 (10%; 7/70), SG5 (6%; 4/70), SG7 (3%; 2/70), SG2 (1%; 1/70), and none was grouped in SG9, SG11, or SG13. The overall predominance of LD cases caused by Lp strains belonging to serogroup 1 (Yu et al., 2002) can be due to the possibility to detect only Lp1, using available diagnostic tests. As most LD cases are identified using the antigenic urinary test (ECDC, 2023) validated only for Lp1, the prevalence of all other serogroups can be underestimated and underdiagnosed (WHO, 2007) In this scenario, our study can provide further useful information to understand the environmental prevalence of Lp and, thus, monitoring its health hazard in order to predict the risk of possible outbreaks and to set up more targeted treatment.

[image: Figure 1]

FIGURE 1
 Distribution of serogroups (SG) in 58 Legionella pneumophila isolates from Lombardia (A) and Emilia-Romagna (B), based on a mPCR serotyping assay.




3.5 Lp molecular characterization

At least one virulence-associated gene was detected in all Lp isolates. By qPCR, the occurrence of ahpD and pvcA genes was 94.3% (66/70) and 98.6% (69/70), respectively. Both genes involved in biofilm formation were simultaneously found in all the strain from IZSLER collection and in 53 environmental isolates while the other five were negative for either one (Table 5). These results suggested that Lp1 as well as Lp 2–14 could be resistant to water disinfection processes and, thus, could be difficult to eradicate from the environment (Fasciana et al., 2023). By PCR analysis, the most frequently detected gene was ispE and it was found in all Lp strains (100%), followed by issD (96%; 67/70), icmK and enhC (93%; 65/70), cpxA (91%; 64/70), rtxA2 (74%; 52/70), lvhB8-B9 (61%; 43/70), and prpA (54%; 38/70). The other genes, rtxA1 (44%; 31/70) related to host cell adherence and cellular entry, lvhB3-B4 (47%; 30/70) and lvrE (24%; 17/70) involved in secretion system, pvcB (27%; 17/70) responsible for biofilm formation, were detected in less than half of Lp strains. No significant differences in virulence distribution were observed between Lp1 and Lp 2–14 for ispE and enhC, confirming their essential role not only for bacterial pathogenesis but also for environmental survival (Samrakandi et al., 2002; Sawczyn-Domańska, 2021). Furthermore, issD and icmK genes were found with less frequency only in SG3/15 (78 and 67%, respectively). Of the genes involved in adherence (Cirillo et al., 2001), only 67% of the strains belonged to SG3/15 was positive for the rtxA2, that was less diffused also in SG1 (43%) as well as rtxA1 (52%), both of which were previously found more often in isolates from human infections (Sreenath et al., 2020). The less distributed rtxA1 showed a stronger association with SG2 (100%), SG8 (86%), and SG4/10/14 (69%) than with SG5 (25%) and SG3/15 (22%); moreover, its presence was not detected in SG7 and SG6/12. Among the genes related to the secretion system (Buse et al., 2015), higher variability was found for those encoding Legionella vir homolog (lvh), and contributing to conjugation and virulence (Segal et al., 1999). Both lvhB3-B4 and lvhB8-B9 genes were carried by both strains of SG7 (100%), and more than half of those grouped in SG8 (71 and 57%, respectively), SG4/10/14 (62 and 77%, respectively), and SG 3/15 (56%). On the other hand, lvhB3-B4 than lvhB8-B9 were less linked to SG1 (35 and 52%, respectively), SG2 (0 and 100%, respectively), SG5 (0 and 50%, respectively), and SG6/12 (18 and 64%, respectively). The simultaneous absence of lvh and rtxA was not registered in any Lp strains, while both genes encoding the Legionella vir homolog (either lvhB3-B4 or lvhB8-B9 or both) and the dot/icm-regulated pore-forming toxin (either rtxA1 or rtxA2 or both) were detected in 51 (72.9%) of them. Most isolates bearing rtxA but not lvh belonged to SG1 (40%), followed by SG6/12 (26%) and SG5 (13%), in addition to one isolate of SG8 (7%), one of SG4/10/14 (7%), and one of SG 3/15 (7%). On the contrary, four isolates with lvh but without rtxA, two grouped in SG1 and two in SG6/12, may show a reduced ability for attachment, cytotoxicity, and intracellular growth (Cirillo et al., 2001). Although their role might not be essential to survive in aquatic environments, the statistically analysis showed the significant occurrence of rtxA2 in Lp 2–14 isolates (p = 0.02), confirming that the association with lvh could be used as indicators of Lp infection potential (Huang et al., 2004; Huang et al., 2006). Moreover, the lvrE was statistically significant related with Lp1 (p = 0.035), whose presence together with lvhB3-B4 or lvhB8-B9 was found in 43% of SG1 and SG8 isolates other than three strains of SG4/10/14 and one of SG7. Among the genes involved in host cell adherence and cellular entry, the cpxA was widely spread, with the slight exception of SG5 (75%) and SG8 (67%), that could be more virulent precisely for this lack (Qin et al., 2022). On the contrary, greater variation was seen for prpA, found in both strains of SG7 (100%) and in most strains of SG8 (71%), SG3/15 (67%), and SG1(61%), as well as in around half of the strains belonging to SG4/10/14 and SG5, but only 18% of the strains grouped in SG6/12; the absence of this gene could be related to a significantly lower virulence in this SG complex (Qin et al., 2022). Even the gene responsible for biofilm production (pvcB) displayed high distribution diversity, with a frequency of 100% in SG2, 50% in SG5 and SG7, and 45% in SG6/12; only 33% of SG3/15, 23% of SG4/10/14 and 17% of SG1 isolates were positive for this gene, that was not detected in any strain grouped in SG8. We explored the presence of three different macrolide antibiotic resistance mechanisms, encoded by methylase genes (ermA, ermB, ermC, and ermF), macrolide esterase genes (ereA and ereB), and efflux pump genes (mefA and lpeAB; Massip et al., 2017). Their concurrent absence was observed in 11 (16%) Lp positive samples, most of which belonging to SG1. As shown in Table 6, the ereA was found in 84% of Lp strains, while none was positive for ereB, as well as for all erm genes (ermA, ermB, ermC and ermF). Macrolides and fluoroquinolones are still the most used therapeutic agents to treat LD, as exert a bacteriostatic effect by interacting with the site of peptide bond formation and inhibiting protein synthesis disease (Pedro-Botet et al., 2006; Woodhead et al., 2011). However, the high frequency of ereA-positive strains detected in Italy compared to China, where both macrolide esterase (ereA and ereB) and methylase (erm) genes were not previously observed (Jia et al., 2019), may suggest a decreased efficiency of this antimicrobial class to treat environmental isolates of Lp. On the other hand, the efflux pump genes (mefA and lpeAB) were investigated to explore the reduced azithromycin susceptibility and their presence agreed with previous data (Jia et al., 2019). The mefA was not detected in any isolate, while only 14 (20%) Lp isolates possessed the lpeAB. In particular, the only one (100%) of SG2 carried both ereA and lpeAB, while all (100%) strains grouped in SG7 and SG6/12 were positive for ereA, but negative for IpeAB (0%). This gene was not amplified also in SG3/15 and SG5, that harbored the other macrolide resistance gene (ereA) with a frequency of 89 and 75%, respectively. Interestingly, the highest prevalence of lpeAB (43 and 35%, respectively) was found in SG8 and SG1, bearing ereA in 71 and 78% of isolates, respectively.



TABLE 5 Detection of virulence genes in Legionella pneumophila (Lp) isolates grouped by serogroups.
[image: Table5]



TABLE 6 Detection of azithromycin resistance genes in Legionella pneumophila (Lp) isolates grouped by serogroups.
[image: Table6]




4 Conclusion

As Lp continues to be a potentially serious threat to human health, especially due to the wide spread of Lp1, a fast and accurate monitoring technique can be crucial for an effective LD prevention and control. The assays validated in this study enable the simultaneous Lp detection and distinction. In routine laboratory testing of Legionella spp., the Lp identification at species level is required to subsequently define the specific serogroups by using slide agglutination test. However, the serogroup assignment of the isolates agglutinating to specific monoclonal antibodies is expensive and time consuming. Although bacterial culture remains the gold standard for the LD diagnosis, this study proposes a qPCR approach as a rapid and reliable supplementary tool for Lp culture-based distinguishing. Both Lp and Lp1 detection could be performed in one-step process, supporting a timely and cost-effective epidemiological investigation of LD outbreaks. The molecular approach can be used for surveillance purposes and can be applied to screen environmental samples. The synergic use of this molecular method in addition with the previously described routine diagnostic tests may help with more effective responses in public health protection. Although this assay was focused on Lp1, being the most frequently associated with human diseases, the same approach can be further applied to other serogroups. But meanwhile, the mPCR still represents an additional and suitable molecular technique for SG differentiation, increasing the opportunity to improve the diagnostic performance in classifying Lp isolates other than Lp1 and yielding a better understanding of the LD causative agent. As the results showed the genetic diversity even within Lp isolates being of same serotypes, the results can be further supplemented by in vitro macrophage assay, in order to correlate their virulence profiles with the bacterial survival ability and, thus, to predict the capacity to cause the disease. The molecular identification and characterization of virulent strains can be of great relevance to implement control measures of water environment and to prevent human cases. Although a subpopulation carried genes responsible for reducing macrolide and azithromycin susceptibility, most of the isolates analyzed in this study showed the absence of resistance genes to the most frequently used antimicrobial to treat LD.
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