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ABSTRACT Eight cases of Legionnaires’ disease caused by Legionella pneumophila
serogroup 1 sequence type (ST) ST2858 were detected within 4 years in Montréal,
Canada. Most cases were associated with a single healthcare facility, and one of them
presented with a co-infection, from which ST378 was isolated as well. The source
of ST2858 was not identified, despite extensive environmental sampling. The goal
of this study was to determine the diversity of both STs and confirm the source
of each by matching clinical to environmental isolates. Comparative genome analy-
sis was performed to investigate the genetic relatedness of the isolates. Long- and
short-read hybrid assembly was used to produce high-quality closed genomes. A PCR
assay, amplifying a unique gene of ST2858, was also developed. None of the 599
environmental isolates screened by PCR was ST2858. The ST2858 clinical isolates had
a maximum of two single nucleotide polymorphisms in pairwise comparison, suggest-
ing a common source. ST378 isolates had higher genomic diversity, and the isolate
from the co-infection was similar to environmental ST378 from the healthcare facility’s
hot water distribution system. The isolate from the co-infection harbored a plasmid
conferring increased copper resistance. Understanding genomic diversity could help
identify potential sources and should be considered for matching clinical with envi-
ronmental isolates. Phenotypic diversity may be relevant for outbreak investigation,
surveillance, and management.

IMPORTANCE Legionnaires’ disease (LD) is transmitted to humans by inhalation of
aerosols contaminated with Legionella. When an outbreak occurs, identification of the
source allows public officials to make sure the source is controlled to prevent further
cases. In this study, whole genome sequencing was used to investigate the related-
ness between clinical and environmental isolates collected during the epidemiological
investigation of cases of LD centered around a single healthcare facility, providing
valuable information about the diversity of Legionella within water systems and similarity
thresholds for matching clinical and environmental strains. The genomic data were also
used to design a methodology to rapidly screen hundreds of historical isolates and
DNA extracts, which could benefit source identification in other outbreaks. Furthermore,
Legionella isolates may differ in their ability to resist disinfection methods and potentially
acquire novel genetic determinants, and water system characteristics may select for
specific Legionella strains.

KEYWORDS Legionella pneumophila, co-infection, copper resistance, hot water
distribution systems, single nucleotide polymorphism, healthcare facility
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egionella are water-borne opportunistic pathogens responsible for Legionnaires’

disease (LD), a severe form of pneumonia in humans (1). About half of the 73 species
of Legionella have been reported to cause disease in humans (2); however, Legionella
pneumophila serogroup 1 is responsible for ~80% of the cases for which an isolate
can be typed (3). The bacterium inhabits water systems while relying on protozoans,
including amoeba and ciliates, for replication (1). Engineered water systems (EWS) such
as water cooling towers (WCTs), whirlpools, and hot water distribution systems (HWDS)
can harbor L. pneumophila, leading to human infection through aerosolization of the
bacterium (4). In humans, L. pneumophila infects alveolar macrophages and prolifer-
ates intracellularly using the Icm/Dot Type IVb secretion system to translocate effector
proteins into host cells (5).

Recent estimates by the US Centers for Disease Control and Prevention (CDC)
highlight the increasing burden of water-borne opportunistic pathogens, such as L.
pneumophila, Pseudomonas, and non-tuberculous Mycobacteria, with 10,800 hospitaliza-
tion stays per year and a cost of 402 M$ attributed to Legionella in the United States
(6-8). LD has a high individual and population burden, representing 3.75% of total
DALYs in Europe prior to COVID-19 (9). These pathogens are responsible for the majority
of hospitalizations, costs, and fatalities associated with drinking water outbreaks (8).
According to the Canadian Notifiable Disease Surveillance System, the number of LD
cases in Canada has increased approximately 15-fold between 2004 and 2019 (Public
Health Agency of Canada (10). Worldwide increase in the prevalence of LD is likely due to
aging populations and infrastructures, improved surveillance, urbanization, and climate
change, but the contribution of each of these factors is uncertain (11). In Quebec, LD
became a notifiable disease in 1987 and shows increasing incidence since 2006 (12). In
2012, Quebec City reported an outbreak consisting of 183 cases and 13 deaths (13). As a
result, the Quebec government enacted regulations for the operation and maintenance
of WCTs (14).

Confirming the source of LD outbreaks requires matching L. pneumophila clinical
strains with environmental strains. This allows public health officials to ensure that the
source has been eliminated or controlled, thus preventing further cases and protect-
ing the community from continued exposure (15). Confirming the source also enables
targeted remediation efforts, such as disinfection of water systems, cleaning WCTs, or
replacing contaminated plumbing fixtures (16). Additionally, it aids in understanding
the bacteria’s transmission pathways and the environmental conditions favoring its
growth (17). Moreover, identifying and addressing the outbreak’s source helps prevent
future occurrences by improving maintenance and surveillance protocols and possibly
updating regulations (17)18.

Sequence-based typing (SBT), consisting of analyzing the sequence of specific
regions of seven housekeeping genes (flaA, pilE, asd, mip, mompS, proA, and neuA), is
used to classify strains into sequence types (STs) (19). While SBT has been instrumental
in identifying strains, it falls short in investigating complex outbreaks involving closely
related strains of the same ST, which requires more discriminating techniques such
as whole-genome sequencing (WGS) for higher resolution (20). WGS is now consid-
ered the gold standard to investigate and confirm the source of LD outbreaks (13,
21-25). This approach enables precise genetic characterization of strains involved in
outbreaks. For instance, several outbreak investigations have been performed using this
technique to confirm suspected environmental sources, including WCTs and hot water
systems in hospital-associated outbreaks (26, 27). Moreover, this approach facilitated the
comprehensive investigation of genetic diversity among isolates responsible for various
outbreaks over multiple years, enabling the identification of specific genetic factors
contributing to this diversity (21). A study focusing on the investigation of legionellosis
in New York State highlighted that WGS can improve strain differentiation compared
to that of pulsed-field-gel electrophoresis or SBT, suggesting a crucial role for WGS in
laboratory investigations of LD outbreaks (24).
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In the summer of 2019, a mixed community and nosocomial outbreak of legionellosis
was reported in a small area in Montréal, consisting of 14 cases (28). All cases were
determined to be caused by L. pneumophila serogroup 1 based on urinary antigen
tests or serotyping of isolates. Based on the incubation period of LD and the cases’
locations, two subclusters of LD cases were identified: four cases were associated with
an acute care healthcare facility (HF) (hereafter referred to as HF-A) and three cases
lived in the same retirement home nearby. Isolates could be retrieved from 5 of the
14 cases, including 2 from HF-A cases, 1 from the retirement home cases, 1 from a
cancer care home, and 1 case whose exposure setting was most likely a private home
nearby. One isolate showed a complete ST2858 SBT profile; partial SBT profiles were
obtained for the other four isolates, suggesting they were also ST2858. No matching
environmental source was found despite sampling and analyzing 30 WCTs, as well as the
HF-A and retirement home water systems (28). In 2021, another outbreak investigation
in the same area of Montréal revealed three more cases infected by ST2858, with one
of those cases showing a co-infection with ST2858 and ST378. This case and another
one were associated with HF-A, while the third one was associated with a retirement
home (different from the one in 2019). Epidemiological investigations suggested a
common source, located in proximity to HF-A, but extensive sampling in 2021 also failed
to identify an environmental source for ST2858, indicating potential minor or hidden
sources. A retrospective investigation revealed that a nosocomial case from 2018 was
also infected by ST2858. This also raises the question of whether the ST2858 isolates
from 2018, 2019, and 2021 are clonal; if not, multiple sources might have caused these
cases. In contrast, ST378 has been historically found in various water systems in Montréal,
but the source of ST378 in the case of the co-infection was not confirmed, although the
HWDS of HF-A was suspected. The objectives of this study were to: (i) determine the
diversity of ST2858 clinical isolates from three different years to evaluate the likelihood
of a common source, (i) identify the most likely source of ST378 from the 2021 case with
the co-infection suspected to be the water system of HF-A, and (iii) evaluate the diversity
of ST378 from different LD cases and environmental systems since 2007.

RESULTS
WGS of clinical and environmental isolates of L. pneumophila

In total, 67 isolates were subjected to WGS in this study and are described in detail in
Table 1; Table S1. Ten of these were clinical ST2858 isolates, including one from 2018,
four from 2019, and five from 2021 (including two isolates, SPF582 and SPF583, from the
co-infection case and two isolates from another case, SPF585 and SPF586). The ST378
isolates included in this analysis come from 8 clinical samples (including SPF581, from
the co-infection in 2021) and 43 environmental samples, recovered between 2007 and
2021 from various healthcare facilities and their associated HWDS.

For all ST2858 (n = 10), short and long reads were combined to obtain closed
genomes. Presumed ST2858 isolates, due to incomplete SBT profiles, were confirmed
to be ST2858 by WGS. All isolates were presented with a single chromosome averaging
3.4 Mb with no plasmid. Hybrid assemblies were also generated for 33 of the ST378
isolates, including 1 clinical isolate from the 2021 co-infection, 6 clinical isolates, and 10
environmental isolates from HF-A and 16 from HF-C (Table S2). The rest of the isolates
were subjected to short-read sequencing only and assembled using SPAdes. The average
size of the ST378 genomes was 3.4 Mb. A plasmid was detected in SPF581. Overall,
the N50 value of these genomes ranged from 1.3 to 3.4 Mbp (for the closed genome
from hybrid assembly). A general overview of assemblies for each isolate is provided
in Table S2. Functional annotation was performed with Prokka showing an average of
2951 coding sequences, 9 rRNA, and 43 tRNA (Table S3). Overall, the assemblies were
not substantially contaminated, ranging from 0.9 to 1.9, with 100% completeness as
determined by MiGA. The ST of all isolates was confirmed by using legsta.
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TABLE 1 Summary of the isolates selected for this study along with their source, type, ST and, if available

SG°

StrainID  Type® (case number)  Source or exposure setting” Year of isolation ST SG
SPF544 E HF-A 2021 ST378  Lp10
SPF580 c(8) Retirement home A’ 2021 ST2858 Lp1
SPF581 c(12) HF-A 2021 ST378  Lp4/10
SPF582 c(12) HF-A 2021 ST2858 Lp1
SPF583 c(12) HF-A 2021 ST2858 Lp1
SPF584 c(14) Private home® 2019 ST2858 Lpl
SPF585 c(19) HF-A 2021 ST2858 Lp1
SPF586 c(19) HF-A 2021 ST2858 Lp1
SPF587 C(23) Cancer care home' 2019 ST2858 Lp1
SPF588 C(24) HF-A 2019 ST2858 Lp1
SPF589 C(26) Retirement home BY 2019 ST2858 Lp1
SPF590 c(13) HF-A 2018 ST2858 Lp1
SPF597 E HF-A 2021 ST378  Lp10
SPF599 E HF-A 2021 ST378  Lp10
SPF600 E HF-A 2021 ST378  Lp10
SPF601 E HF-A 2021 ST378  Lp10
SPF629 E HF-A 2015 ST378  Lp9
SPF630 E HF-A 2015 ST378  Lp10
SPF631 C HF-A 2020 ST378  Lp10
SPF633 E HF-A 2015 ST378  Lp10
SPF634 E HF-A 2015 ST378  Lp9
SPF635 E HF-B 2017 ST378  Lp10
SPF636 E HF-B 2017 ST378  Lp10
SPF637 C HF-A 2007 ST378  Lp10
SPF638 C HF-A 2008 ST378  Lp10
SPF639 C HF-C 2009 ST378  Lp10
SPF640 E HF-C 2011 ST378  Lp10
SPF641 E HF-C 2011 ST378  Lp10
SPF642 E HF-C 2011 ST378  Lp10
SPF643 E HF-C 2011 ST378  Lp10
SPF644 C HF-C 2011 ST378  Lp10
SPF645 E HF-C 2011 ST378  Lp10
SPF646 E HF-C 2011 ST378  Lp10
SPF647 C HF-C 2011 ST378  Lp10
SPF648 E HF-C 2011 ST378  Lp10
SPF649 E HF-C 2011 ST378  Lp10
SPF650 E HF-C 2011 ST378  Lp10
SPF651 E HF-C 2012 ST378  Lp10
SPF652 E HF-C 2012 ST378  Lp10
SPF653 E HF-C 2012 ST378  Lp10
SPF654 E HF-C 2012 ST378  Lp10
SPF655 E HF-C 2012 ST378  Lp10
SPF656 E HF-C 2012 ST378  Lp10
SPF657 E HF-C 2012 ST378  Lp10
SPF658 E HF-C 2012 ST378  Lp10
SPF659 C HF-D 2012 ST378  Lp10
SPF660 E HF-C 2012 ST378  Lp10
SPF661 E HF-C 2013 ST378  Lp10
SPF664 E HF-A 2015 ST378  Lp10
SPF665 E HF-A 2015 ST378  Lp10
SPF666 E HF-A 2015 ST378  Lp10
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TABLE 1 Summary of the isolates selected for this study along with their source, type, ST and, if available

SG? (Continued)

StrainID  Type® (case number)  Source or exposure setting®  Year of isolation ST SG
M34295 E HF-A 2021 ST378  Lp10
SPF938 E HF-A 2022 ST378  ND
SPF939 E HF-A 2022 ST378  ND
SPF940 E HF-A 2022 ST378  ND
SPF941 E HF-A 2022 ST378  ND
SPF942 E HF-A 2022 ST378  ND
SPF943 E HF-A 2022 ST378  ND
SPF944 E HF-A 2022 ST378  ND
SPF945 E HF-A 2022 ST378  ND
SPF947 E HF-A 2022 ST378  ND

“ND: not determined.

Type of isolates: E, environmental; C, clinical.

For clinical isolates the most probable exposure setting based on epidemiological investigation is indicated. HF:
healthcare facility.

4isited HF-A 16 days prior to the start of the symptoms. This retirement home is nearby HF-A.

¢Visited HF-A 38 days prior to the start of the symptoms. This private home is nearby HF-A.

Visited HF-A 6 days prior to the start of the symptoms for only 2 h. The cancer care home is nearby HF-A.

9Never visited HF-A. This retirement home is nearby HF-A.

Phylogenetic analysis

Phylogenetic analysis of isolates of both STs was performed with kSNP4. ST2858 and
ST378 clustered separately and differed by approximately 35,517 single nucleotide
polymorphisms (SNPs), suggesting a significant genetic divergence between them.
Pangenome analysis showed a similar distinction between both STs, showing the
presence of 511 unique genes in ST2858 and 765 unique genes in ST378. The majority
of unique genes in ST2858 were annotated as hypothetical proteins; those with putative
function included protein TraK, translational regulator CsrA, prophage integrase IntS, and
CRISPR-associated proteins and tyrosine recombinase XerC, among others (Fig. S1; Table
S4).

SNP-based phylogenetic analysis of the 10 ST2858 clinical isolates alone revealed that
they are highly clonal (Fig. 1). No recombination events were detected using Gubbins
(data not shown), which uses high SNP density as a marker for recombined regions. The
maximum number of SNPs detected between any pair of the isolates was only 4. These
results, in combination with a few genomic reorganizations revealed by Mauve (Fig. S2),
suggest very low diversity between the ST2858 isolates, providing evidence toward a
common source of infection over the years. DefenseFinder (29-31) identified several
antiphage systems present in all ST2858 genomes including CRISPR-Cas, Restriction-
Modification (RM), and Abortive Infection (Abi) systems. The presence of these systems
provides support for the clonality of ST2858 isolates and apparent absence of genetic
changes over time.

ST378 isolates were obtained from both clinical and environmental samples between
2007 and 2022 from four different healthcare facilities all located in Montréal (HF-A,
HF-B, HF-C, and HF-D). Based on kSNP4 analysis, 645 core SNPs were detected across all
the genomes of ST378. However, further analysis with Gubbins, using the 2007 clinical
isolate SPF637 from a case associated with HF-A as the reference genome, showed
that ~38% SNPs were acquired by recombination. The phylogenetic tree, based on
polymorphic sites (n = 365) outside recombination regions (Fig. 2), indicates that the
environmental isolates cluster according to their source of isolation, thereby suggesting
probable sources of infection for clinical cases. The three strains that are poorly resolved
(SPF638, SPF639, and SPF637) are clinical isolates collected more than 8 years prior to
the environmental sampling of HF-A. SPF581 and ST378 isolates from the co-infection
clustered with isolates from the HWDS of HF-A, in agreement with the acquisition of
infection from within HF-A. Furthermore, most isolates are grouped by their year of
isolation, with the maximum pairwise difference recorded between isolates being 73. In
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FIG 1 Whole-genome-based SNP analysis of the 10 ST2858 isolates. Core SNP analysis was conducted using kSNP4, and the
resulting pairwise comparison matrix is shown. The isolates are colored according to the year of isolation: red, 2021; blue,

2019; and black, 2018.

addition to the 2021 co-infected case, one other nosocomial ST378 case from 2020 was
likely infected by the HWDS of HF-A; the isolate SPF631 clustered with environmental
isolates from HF-A. The ST378 isolates showed much more diversity between them than
the ST2858 clinical isolates. For example, the ST378 isolate from the 2021 co-infection
and an isolate from the 2020 case associated with HF-A showed 37 SNPs (Fig. S3).

One recombination event detected in the ST378 genomes is worth mentioning. It
is shared by the two isolates from HF-B, SPF635 and SPF636, containing 233 SNPs over
13 Kb with a maximum recombination-to-mutation (r/m) ratio of 5.97, indicating that the
proportion of SNPs derived from recombination events is higher than vertically inherited.
Details of recombination location and content are provided in Table S5. Genes affected
by recombination events were identified by comparing them to the annotated reference
genome.

PCR screening of isolates and DNA samples for identification of ST2858
sources

Primers were designed to amplify fragments from unique genes harbored by ST2858.
Primers designed for genes 786 and 1045 did not produce a fragment from ST2858 and
were therefore rejected (Fig. S4). Of the remaining four targets, primers for genes 783,
784, and 3056 amplified a fragment in the non-target isolates ST378, ST1427, and ST213,
respectively (Fig. S4 and S5). Primers for gene 787 were the most specific for ST2858
and were chosen for screening of historical isolates and DNA extracts. DNA quality of
those samples was confirmed by amplifying the mip gene (example shown in Fig. S6). A
total of 599 environmental isolates collected in Quebec between September 2020 and

July 2025 Volume 13 Issue 7

SNP Differences

Microbiology Spectrum

10.1128/spectrum.00513-25 6

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


https://doi.org/10.1128/spectrum.00513-25

Research Article Microbiology Spectrum

December 2022 were screened using ST2858 specific primers, but none were positive for
the target gene. Similarly, none of the 52 DNA samples tested were positive.
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FIG 2 Phylogeny of environmental and clinical ST378 isolates. A maximum likelihood (ML) tree was constructed using SNPs falling outside recombination
regions using Gubbins with the --tree-builder option set to /Q-TREE. Branch support was evaluated using 1,000 bootstrap, and transfer bootstrap support was
enabled (--transfer-bootstrap: TRUE) to provide higher support values for phylogenetic branches. In the final tree, visualized using iTOL, only bootstrap values

greater than 70% (0.7) are displayed. The scale bar indicates the number of SNPs per site. Taxa are annotated with colored stars corresponding to their source of
isolation, as indicated in the legend. The scale bar at the top represents the number of SNPs per site.

July 2025 Volume 13 Issue 7 10.1128/spectrum.00513-25 7

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


https://doi.org/10.1128/spectrum.00513-25

Research Article

ST378 isolates contain a variety of mobile genetic elements

Pangenome analysis of the 51 ST378 isolates revealed a total of 3,218 genes, comprising
2,699 core genes and 519 accessory genes, including 16 shell (genes shared by >15%
but <95% of strains), 255 cloud (genes shared by <15% of strains), and 241 soft core
genes (genes present in =95% but not all strains). Pangenome analysis revealed unique
regions in four strains consisting of genes absent in all other genomes (Fig. 3; Table
S6). Two were environmental strains SPF635 and SPF636, collected from a different
location than all other strains (HF-B). These two strains clustered together and shared the
same unique genes in their genome, including those encoded for conjugation machi-
nery and repair mechanisms. Another clinical strain, SPF638, which was also collected
from HF-A, harbored a unique chromosomal region mainly containing genes encoding
conjugal transfer proteins, Type IV secretion system protein virB4, copper-exporting
P-type ATPase, multicopper oxidase MmcO, and other multidrug resistance proteins.
Finally, SPF581, the ST378 responsible for the co-infected case, harbored unique genes.
The complete, hybrid-assembled genome of that isolate indicates the presence of an 89
kbp plasmid. We estimated that cells of SPF581 carried an average of three copies of
this plasmid, based on sequencing depth. Genes encoding for the conjugative transfer
system were identified, suggesting the plasmid was most probably acquired through
horizontal gene transfer (HGT) (Table S7; Fig. 4A [32]). Analysis against the Comprehen-
sive Antibiotic Resistance Database (CARD) with strict criteria identified no antibiotic
resistance genes on the plasmid. To confirm the presence of plasmid-derived sequences,
the assembly was checked using BLASTn against the NCBI non-redundant (nr) database.
The genome sequences exhibiting (97% or above) homology with our plasmid sequence
were used as reference for functional annotation to further confirm the sequence as
plasmid. However, genes involved in copper resistance were carried by the plasmid:
copA and mmcO encoding Copper-exporting P-type ATPase and copper monooxygenase,
respectively. Genes involved in cobalt and cadmium resistance were also identified. We
hypothesized that SPF581 harboring this plasmid may be more resistant to copper than
the other contemporary isolates. Copper susceptibility was tested by exposing ST378

A B

® HF-A OHF-B  ®HF-C O HF-D

Microbiology Spectrum

FIG 3 The pangenome analysis of ST378 isolates (n = 51) included in the study was performed using Panaroo. (A) Core-gene-based phylogeny of ST378 clinical

and environmental isolates. Isolates are marked with different colors corresponding to the source (healthcare facility [HF]). (B) Matrix showing the variable genes

presence (black) and absence (white) in the isolates.
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isolates to 0.08 mM CuCl, for 4 h and their survival was monitored by CFU count (Fig.
4B). As expected, SPF581 was not significantly affected by CuCl,; but the survival of the
other ST378, SPF544, SPF599, and SPF601, as well as the ST2858 isolate SPF580, was
significantly reduced by 0.08 mM CuCl,. The CFU count of SPF581 after exposure to
copper was significantly higher than all the other strains tested (P < 0.05).

Detection of antimicrobial-resistant (AMR) genes in the isolates

All genomes were also screened for AMR genes against the CARD. Only one resistant
gene named APH (9)-la was identified in all isolates. This gene is a chromosomal-enco-
ded aminoglycoside phosphotransferase and has been previously found in many L.
pneumophila isolates (33).

DISCUSSION

The complete genome sequence of the novel ST2858 isolates associated with two small
outbreaks in 2019 and 2021 was successfully obtained. Comparative analysis of hybrid
de novo assemblies of ST2858 genomes from the 2019 and 2021 outbreaks, as well
as the single case from 2018, showed that the isolates are highly homologous, with
SNP analysis showing very little diversity with no recombination detected and identical
gene content (3,051 core genes out of 3,052 genes with the one extra gene encoding
an IS transposase). The presence of various phage defense systems in the genomes
of ST2858 could prevent the introduction of new genes and help maintain the clonal
nature of the ST2858 isolates. Our results indicate that the same clonal strain caused
LD infections from 2018 to 2021 without undergoing major genome changes for at
least 3 years. Previous studies suggested an evolution rate for the non-recombinant
portion of the genome of 0.35 SNPs/genome/year for ST578 (34) and 0.71 for ST37 (35);
however, it is unclear if these figures are conserved between STs, and how this affects
population diversity of specific Lp lineages in EWS. Our results suggest that the ST2858
population causing these cases underwent a lower substitution rate, possibly due to low
environmental pressure, consistent with their presence in a single water system. This
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is reminiscent of outbreaks of ST23 in Bresso, where the clinical isolates from the 2014
and 2018 outbreaks also showed very similar genomes (36). The 2018 Bresso outbreak
consisted of 52 cases, but isolates could only be retrieved from 4 cases. The source of
the 2018 outbreak was identified to be a decorative fountain (37). Most environmental
isolates from the fountain showed no difference (non-recombinant SNP) with the clinical
strains of both the 2014 and 2018 outbreaks (36).

Despite extensive environmental sampling efforts in 2019 and 2021 and screening of
599 environmental isolates and 52 DNA extracts by PCR, the source of ST2858 could not
be identified. Failure to match clinical strain with environmental strain is not uncommon,
especially for sporadic cases, but it is more successful for large outbreaks (38-40). There
are three possibilities for this outcome: (i) the environmental source of the outbreak was
not sampled, (ii) the water system causing the cases was free of ST2858 at the time
of sampling, likely due to disinfection, or (iii) ST2858 represented a minor proportion
of the L. pneumophila community within the source system, reducing the likelihood of
its detection with plate culture and/or being chosen for further characterization. The
probability of the latter was initially deemed likely when a co-infection with ST2858
and ST378 was reported, and subsequent environmental sampling found ST378 in the
HWDS of HF-A. Genomic analysis of the ST378 isolates from HF-A and ST378 from other
healthcare facilities supports the hypothesis that the source of ST378 from the case with
the co-infection was the HWDS of HF-A. If the patient with the co-infection was infected
by both STs at the same time, then ST2858 likely co-occurred with ST378 in the HWDS
of HF-A. Further screening of 187 isolates and 11 DNA extracts from HF-A with our PCR
test was unsuccessful. This indicates that less than 0.5% of isolates from this HWDS are
ST2858 and that the population of ST2858 may only reach a detectable and transmissible
level on very rare occasions, which might not have been captured by our sampling
efforts.

It is also important to consider that epidemiological investigation indicated that
some cases had a most likely exposure setting outside HF-A (Table 1), suggesting that
the source of ST2858 releases aerosols that could be inhaled outside HF-A, advocating
against the HWDS being the source of ST2858. The sources of nosocomial cases are most
often the water distribution system of the hospital, but WCT has been identified as the
source in a few cases (41, 42). WCTs of HF-A were sampled, but other STs were detected
in them, such as ST-1 (Table S1). Screening of 412 isolates and 41 DNA samples from
other sources was also unsuccessful in identifying a source of ST2858. This indicates that
ST2858 might be an extremely rare strain in Quebec. Nevertheless, HF-A WCTs cannot be
ruled out as the source, because it is expected that the ST2858 would represent a minor
fraction of the Lp population and because of timing issues with sampling, as discussed
above for the HWDS of HF-A. The patient with the co-infection could have been infected
by the two strains at different times and from different sources. Co-infections by different
species of Legionella, by different serogroups of L. pneumophila, and by different STs were
previously reported (43). Sputum analysis of the LD patients by 16S rRNA sequencing
detected co-infection by Lp and other species (44). The prevalence of co-infections in
LD is likely underappreciated because only one isolate from clinical samples is typically
typed, and more efforts are needed to uncover the dynamics of co-infection in LD. The
exposure setting of the patient with the co-infection was clearly HF-A and classified as
a nosocomial case, indicating that the source of ST2858 was most likely a source nearby
HF-A, such as its WCTs. This could indicate co-infection from different sources, ST378
from the HWDS and ST2858 from the WCTs of HF-A. This is supported by the fact that
no more cases caused by ST2858 were identified after the management of the HWDS
and WCTs of HF-A were improved, including through in situ monochloramination of
the HWDS starting in 2022 (45). Alternatively, ST2858 could reside in a hidden niche
connected to both the HWDS and WCTs of HF-A. A nosocomial outbreak in 1985 was
caused by the hospital WCT, and isolates of the same subgroup as the clinical isolates
were also found in the WCT make-up water (41). Colonization of a small area of the main
drinking water pipe, such as a dead-end, supplying both the HWDS and the WCTs of
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HF-A could enable ST2858 to be sporadically aerosolized by both systems, explaining
the nosocomial and community-acquired cases and the difficulty in finding it in these
systems, as it would not be a resident of them.

Phylogenetic and pangenome analysis of both STs showed high genetic diversity
between them, suggesting different genomic backgrounds and preferred environmental
niches. Contrary to ST2858, comparative analysis of ST378 genomes showed diverse
genomes. ST378 seems endemic in Montréal and was recovered from the HWDS of four
different Montreal healthcare facilities. Overall, phylogenetic analysis revealed that the
ST378 isolates cluster according to their site of isolation. Pairwise comparison revealed
that the number of SNPs is not always different between strains from the same facility
and those from different facilities. For example, SPF600 from HF-A shows 60 SNPs
compared with SPF599 from the same facility, but also 61 SNPs compared with SPF639
from HF-C. This means that the source of the clinical ST378 would not be possible to
identify based on genomic comparison with only one environmental isolate from each
facility and could complicate source attribution for a patient transferred from one facility
to another during their incubation period. Similar diversity among isolates from large
HWDS has been reported by other groups (46). Therefore, source investigation benefits
from including several isolates from the same source to determine diversity within the
residing Lp community.

Overall, the accessory genome of ST378 was small, with 2,699 core genes and 519
accessory genes. Of those, 262 are cloud genes because they are present in less than
15% of genomes. Most of the latter are present on MGE acquired by specific strains:
73 in SPF635 and SPF636, 60 in SPF638 and 98 in SPF581. In SPF581, the putative
plasmid identified in SPF581, the isolate responsible for mixed infection harbored genes
encoding conjugative elements. This observation and the fact that other contemporary
strains (such as SPF600) do not possess it suggest it was most likely acquired through
a recent HGT event. HGT plays an important role in the diversity of L. pneumophila and
may enable it to rapidly adapt and persist in specific environments through acquisition
of new genes (47, 48). Furthermore analysis identified the presence of an extra copy
of copA as well as the mmcO gene on the plasmid. Similarly, an extra copy of these
genes was also detected in another environmental isolate SPF638. However, in that
case, the genetic region was found integrated in the chromosome. In L. pneumophila,
copA-encoded copper-translocating Pjg-type ATPase has been shown to mediate copper
resistance under high copper conditions (49). It is located within a 100-kilobase mobile
genetic element, the excision of which is controlled by the regulatory activity of the small
RNA binding protein, Hfq (49). However, in its episomal form, it is linked with higher
expression of copA, hence an increased tolerance to copper, due to gene dosage. It
was previously speculated that microevolution could be observed when L. pneumophila
strains are subjected to different selection pressures (35). It is likely that the harsh
conditions in the HWDS of HF-A, including high temperature (>55°C) and average copper
concentration of 362 ug/L selected for the acquisition of copper resistance genes and
of the plasmid, increasing its ability to persist in this system. Indeed, SPF581 shows
increased resistance to copper in vitro compared to other ST378 isolates collected at the
same time from the same water system. This is likely due to the increased expression
of copA and mmcO from the multicopy plasmid it carries. This finding and previous
investigations suggesting high genomic plasticity and variation in L. pneumophila and
other Legionella species (50, 51) due to the acquisition of new genes introduced by HGT
and recombination confirm the importance of this process in L. pneumophila evolution
and adaptation.

Since ST2858 is rare in the environment compared to ST378, how can we explain
that there are more cases caused by ST2858 than ST378? ST2858 enrichment in clinical
samples may indicate higher clinical virulence, which is supported by the presence of
lag-1 (52) in its genome, but not in ST378. This gene is enriched in clinical isolates of
Lp and confers complement resistance by acetylation of LPS (52). Therefore, while ST378
seems more adapted to persistence in HWDS, ST2858’s potential higher virulence might
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make it more likely to cause severe infections that are diagnosed. Alternatively, ST2858
might be more easily aerosolized than ST378 (53); however, no gene associated with this
trait is currently known. Nevertheless, genetic diversity in Lp does affect the frequency of
detection in both environmental and clinical samples.

Conclusion

We applied WGS to shed light on a recurrent outbreak associated with ST2858 and
centered on HF-A. Although the source could not be identified directly by confirming
the presence of live ST2858 isolates in a water system, the epidemiological investigation
and the comparative genetic analysis together strongly suggest that a single common
environmental source of ST2858 caused the 2019 and 2021 outbreaks. The presence
of both nosocomial and community-acquired cases could be explained by ST2858
colonizing a WCT of HF-A and ST378 the HWDS, with the co-infection case being
infected by separate events. Our study urges for additional research on the prevalence of
co-infection in LD and diversity of Lp within patients. The absence of nosocomial cases
after the 2021 outbreak suggests that the source is now controlled. We also described a
novel approach, based on targeting unique genes by PCR, to screen a large number of
samples for a specific strain. Application of this method requires that historical strains are
isolated and stored from the mandatory compliance testing. Diversity within the ST378
population was substantially higher than ST2858, potentially reflecting the successful
colonization of large water systems by ST378, and hence higher environmental pressure
and higher substitution rate in their genome. Finally, we showed that this genomic
diversity could lead to phenotypic diversity, exemplified by higher copper resistance
mediated by the acquisition of a plasmid. Overall, this study supports the use of WGS for
LD outbreak investigations.

MATERIALS AND METHODS
Culture and serogroup testing

Clinical and environmental isolates (Table 1; Table S1) were grown on CYE (ACES-buffered
charcoal yeast extract) agar plates (Sigma-Aldrich) and incubated at 37°C for 3 days.
Liquid cultures were grown in AYE broth (CYE without charcoal or agar) at 37°C with
shaking. All isolates were serogrouped using the Antiserum Legionella pneumophila
group 1 kit (Deika Seiken).

WGS

For WGS, genomic DNA was extracted from broth culture using the Wizard Genomic DNA
purification kit (Promega) following the manufacturer’s instructions. The DNA quality and
quantity of extracts were measured using the Nanodrop spectrophotometer (Thermo
Scientific NanoDrop 1000), and DNA integrity was assessed via gel electrophoresis.
Short-read and long-read sequencing was performed using Illumina MiSeq and Oxford
Nanopore Technologies (ONT) platforms, respectively. For lllumina sequencing, DNA was
sequenced using MiSeq PE250 or NovaSeq 6000 using PE150 chemistry. Libraries were
prepared by the McGill Genome Center. For ONT sequencing, libraries were prepared
by the Nanopore Sequencing Platform at the CHU-Sainte-Justine Research Center. High
molecular weight DNA was prepared using the ONT SQK-RBK004 or SQK-RBK110.96 rapid
barcoding protocols that were modified to use 0.8 yL of rapid adapter (RAP) per sample.
Samples were sequenced on R9.4.1 MinlON or PromethION flowcells (see Table S2).

Quality control, genome assembly, and annotation

lllumina paired-end reads were quality-checked using FastQC (54). Adapters and
low-quality reads (Phred < 25) were filtered out using fastp with default parame-
ters (55). For ONT sequencing, reads were base called with either Guppy v6.2.1
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(MinlON) or v6.4.6 (PromethlON) in super-high accuracy mode with configuration file
“dna_r9.4.1_450bps_sup.cfg” and default demultiplexing parameters were applied. Basic
quality metrics and statistics of the long reads were checked using Nanoplot before
downstream analyses (56).

Short-read assemblies were produced with SPAdes (57). Hybrid assemblies were
generated by combining short and long reads, with Illumina short reads scaffolded on
ONT long reads using NanoForms (58). The quality of the assemblies was assessed using
Bandage (59) and MiGA (60) to evaluate percent completeness, and percent contamina-
tion, and confirm taxonomic assignment. Details regarding the type of assembly and
the quality control parameters for each isolate are shown in Table S2. In silico typing of
isolates was performed with legsta (61). Prokka was used for genome annotation using
Philadelphia-1 as reference (62). Hybrid assemblies were compared using Mauve (63) to
identify conserved genomic regions and rearrangements. For all analysis tools, default
parameters were used unless otherwise specified. Assembled genomes and raw reads
are available from GenBank under project number PRJNA1186735.

Phylogenetic analysis and recombination detection

For phylogenetic analysis of both ST2858 and ST378 isolates, kSNP4 was used (v4.1),
which derives core genome SNPs based on k-mer analysis of sequences (64). kSNP4 was
run on assembled genomes using kmer size of 17 as determined by Kchooser. Parsi-
mony trees were visualized and annotated with FigTree (v1.4.4) (65). Gubbins (66) was
used for detecting recombination and phylogenetic analysis. Briefly, assembled genome
sequences of the isolates were aligned to the complete reference genomes of the
respective STs (SPF590 for ST2858 and SPF637 for ST378) using SKA2 (67). The alignment
was then subjected to Gubbins analysis for recombination detection and filtering. The
analysis was performed using the parameters --tree-builder: iqtree, --bootstrap: 1000,
and --transfer-bootstrap: TRUE, with all other parameters at default. This bootstrapping
approach has been shown to yield higher support values for the inferred branches
(68). Pairwise SNP difference between all genomes was calculated using pairsnp (https://
github.com/gtonkinhill/pairsnp).

Pangenome analysis

Pangenome analyses were conducted on the annotated genomes using Panaroo
(69). The analysis was run using sensitive mode to keep plasmids and other mobile
genetic elements under consideration. Furthermore, the gene_presence_absence.csv
file generated by Panaroo was used to identify the core and accessory genes in the
genomes.

Detection of AMR genes

All genomes were screened for antimicrobial resistance. AMR genes were identified using
ABricate (70) against the CARD (71).

Screening historical isolates and DNA extracts for ST2858

To increase the screening capacity of putative water sources, a simple PCR assay was
developed to amplify a unique gene of ST2858. Assembled and Prokka-annotated
genomes of eight isolates of ST2858, four of ST1, four of ST378, and five other STs (Table
S1) were analyzed with Roary (72) to determine which genes were unique to ST2858.
Genes with uncharacterized functions, which are less likely essential and so unique to
ST2858, were compared against the NCBI BLAST nucleotide database. Those with few
hits against other Legionella non-pneumophila or other bacterial species were chosen as
prime PCR target candidates. Primers were designed with Benchling, aiming for product
size of 200-500 bp and high specificity as determined with NCBI primer blast. Six primer
pair candidates were ordered for testing (Table S8).
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Primers were tested with cell lysates of target and non-target bacteria (Table S1) using
OneTaq DNA Polymerase (New England Biolabs) in 50 uL reactions according to the
manufacturer’s instructions with 2 L of template. DNA template was obtained by mixing
one colony in 25 pL of 0.1 N NaOH and incubating at room temperature for 20 min. Then,
25 pL of 1 M Tris pH 7.4 and 450 pL of sterile Milli-Q were added. DNA extracted from
ST2858 isolates and 2 pL of sterile PCR-grade water were used as a positive and negative
control respectively in all PCR amplifications. Tubes were placed in pre-heated Veriti
96-well thermal cycler (Applied Biosystems) and subjected to the following conditions:
initial denaturation at 95°C for 30 s, 30 cycles of denaturation at 95°C for 15 s, annealing
at 58°C or 62°C depending on primer for 15 s, elongation at 68°C for 40 s and a final
elongation at 68°C for 5 min. Products were analyzed by gel electrophoresis in 1.2%
agarose gel with ethidium bromide (0.6 pg/mL) and visualized under UV light in E-Box
gel doc (Vilber).

Isolates of serogroup 1 that were collected by private laboratories between Septem-
ber 2019 and December 2021 during compliance testing were chosen for screening,
resulting in 412 isolates from 12 administrative regions in the province of Quebec (Table
S9). In addition, 187 isolates collected by our team using Legiolert and plate culture (73)
(74) were tested. DNA was extracted from the isolates as described above. Finally, 52
DNA extracts from water samples collected in 2021 and 2022 were also tested. DNA was
extracted from 1 L of water filtered through a 0.22 um pore-size mixed cellulose-ester
membrane filter (Millipore). The filters were frozen at —20°C until processed for DNA
extractions with the MP FastDNA Spin Kit DNA extraction kit per the manufacturer’s
instructions. As a control, the presence of the gene mip was confirmed by PCR amplifica-
tion according to ESGLI protocol (75).

Copper resistance

Isolates were grown in 1 mL AYE cultures overnight at 37°C. After incubation, isolates
were pelleted at 5,000 x g for 5 min, then washed and resuspended in Fraquil, a
defined low-nutrient medium that simulates freshwater (76), to a final concentration
of 10° cells/mL and incubated at room temperature overnight. In a 24-well plate, 990 pL
of each isolate was added to the wells in triplicate, and then 10 pL of 8 mM CuCl, was
added to each well, for a final concentration of 0.08 mM CuCl,. As a control, 10 pL of
Fraquil was added instead of copper to a different triplicate of the isolate in each well
in another 24-well plate. The plates were incubated at room temperature for 4 h. A
CFU count of both the control- and copper-exposed conditions was taken to determine
survival.

ACKNOWLEDGMENTS

We are indebted to Environex for providing environmental isolates. The authors thank
Josée Harel for her help at the start of this project.

This study was funded by a grant from Genome Quebec Programme d'intégration de
la génomique, co-funded by the Laboratoire de Santé Publique du Québec, to S.PF. and
M.P.

AUTHOR AFFILIATIONS

'Department of Natural Resource Sciences, McGill University, Sainte-Anne-de-Bellevue,
Québec, Canada

?Department of Civil, Geological and Mining Engineering, Polytechnique Montréal,
Montréal, Québec, Canada

*Direction régionale de santé publique de Montréal, Centre intégré universitaire de santé
et de services sociaux du Centre-Sud-de-I'ile-de-Montréal, Montréal, Québec, Canada
“School of Global and Public Health, McGill University, Montréal, Québec, Canada

SEcole de santé publique, Université de Montréal, Montréal, Québec, Canada

July 2025 Volume 13 Issue 7

Microbiology Spectrum

10.1128/spectrum.00513-25 14

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


https://doi.org/10.1128/spectrum.00513-25

Research Article

®Department of Microbiology, Infectious Diseases and Immunology, Faculty of Medicine,
Université de Montréal, Montréal, Québec, Canada

’Infectious Diseases Division, Department of Medicine, Hopital Maisonneuve-Rosemont,
Centre intégré universitaire de santé et de services sociaux de I'Est-de-I'ile-de-Montréal,
Montréal, Québec, Canada

8Laboratoire national de santé publique du Québec, Sainte-Anne-de-Bellevue, Québec,
Canada

°School of Biotechnology and Biomolecular Sciences, UNSW Sydney, Sydney, New South
Wales, Australia

“Department of Biochemistry and Molecular Medicine, Faculty of Medicine, Université
de Montréal, Montréal, Québec, Canada

""CHU Sainte-Justine Research Centre, Montréal, Québec, Canada

“Industrial Chair on Drinking Water, Department of Civil, Geological and Mining
Engineering, Polytechnique Montréal, Montréal, Québec, Canada

3Centre de Recherche en Infectiologie Porcine et Avicole (CRIPA), Faculté de Médecine
Vétérinaire, Université de Montréal, Saint-Hyacinthe, Québec, Canada

"Centreau - Centre québécois de recherche sur la gestion de l'eau, Université Laval,
Québec City, Québec, Canada

AUTHOR ORCIDs

Sebastien P. Faucher 2 http://orcid.org/0000-0002-2721-7715

FUNDING
Funder Grant(s) Author(s)
Genome Quebec Michéle Prévost

Sebastien P. Faucher

AUTHOR CONTRIBUTIONS

Maria Najeeb, Conceptualization, Data curation, Formal analysis, Investigation, Method-
ology, Writing — original draft, Writing - review and editing | Gillian Cameron, Con-
ceptualization, Formal analysis, Methodology, Resources, Software, Writing - original
draft, Writing - review and editing | Marianne Grimard-Conea, Conceptualization,
Funding acquisition, Resources, Writing — original draft, Writing — review and editing |
Sara Matthews, Conceptualization, Formal analysis, Investigation, Methodology, Project
administration, Supervision, Writing — original draft, Writing - review and editing |
Julie Brodeur, Conceptualization, Funding acquisition, Resources, Writing — original
draft, Writing - review and editing | Geneviéve Cadieux, Conceptualization, Writing —
review and editing | Pierre A. Pilon, Conceptualization, Writing - review and editing
| Xavier Marchand-Senécal, Conceptualization, Writing — review and editing | Cindy
Lalancette, Conceptualization, Methodology, Resources, Writing — review and editing
| Martin Smith, Conceptualization, Formal analysis, Resources, Software, Writing —
original draft, Writing - review and editing | Michéle Prévost, Conceptualization, Formal
analysis, Funding acquisition, Methodology, Writing — original draft, Writing — review and
editing | Sebastien P. Faucher, Conceptualization, Data curation, Formal analysis, Funding
acquisition, Supervision, Writing - original draft, Writing — review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures (Spectrum00513-25-s0001.pdf). Fig. S1 to S6.

July 2025 Volume 13 Issue 7

Microbiology Spectrum

10.1128/spectrum.00513-2515

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


http://orcid.org/0000-0002-2721-7715
https://doi.org/10.1128/spectrum.00513-25
https://doi.org/10.1128/spectrum.00513-25

Research Article

Microbiology Spectrum

Supplementary Tables S1, S2, S4, S5, S7, S8, S9 (Spectrum00513-25-s0002.pdf). Tables
S1,S2,54,S5,and S7 to S9.
Table S3 (Spectrum00513-25-s0003.xlIsx). Genome annotation of strains included in this
study.
Table S6 (Spectrum00513-25-s0004.csv). Details of the presence and absence of
annotated orthologous genes across ST378 isolates analyzed using Panaroo.

REFERENCES

1.

14.
15.

July 2025 Volume 13

Steinert M, Hentschel U, Hacker J. 2002. Legionella pneumophila: an
aquatic microbe goes astray. FEMS Microbiol Rev 26:149-162. https://doi
.org/10.1111/j.1574-6976.2002.tb00607 .x

mgabriell1. mgabriell1/LegioSpecies: LegioSpecies v1.0.0 [Internet].
2024. Zenodo. Available from: https://zenodo.org/doi/10.5281/zenodo.1
1072745. Retrieved 26 Nov 2024.

Rello J, Allam C, Ruiz-Spinelli A, Jarraud S. 2024. Severe Legionnaires’
disease. Ann Intensive Care 14:51. https://doi.org/10.1186/s13613-024-0
1252-y

van Heijnsbergen E, Schalk JAC, Euser SM, Brandsema PS, den Boer JW,
de Roda Husman AM. 2015. Confirmed and potential sources of
Legionella reviewed. Environ Sci Technol 49:4797-4815. https://doi.org/1
0.1021/acs.est.5b00142

Mondino S, Schmidt S, Rolando M, Escoll P, Gomez-Valero L, Buchrieser
C. 2020. Legionnaires’ disease: state of the art knowledge of pathogene-
sis mechanisms of Legionella. Annu Rev Pathol 15:439-466. https://doi.or
g/10.1146/annurev-pathmechdis-012419-032742

Collier SA, Deng L, Adam EA, Benedict KM, Beshearse EM, Blackstock AJ,
Bruce BB, Derado G, Edens C, Fullerton KE, Gargano JW, Geissler AL, Hall
AJ, Havelaar AH, Hill VR, Hoekstra RM, Reddy SC, Scallan E, Stokes EK,
Yoder JS, Beach MJ. 2021. Estimate of burden and direct healthcare cost
of infectious waterborne disease in the United States. Emerg Infect Dis
27:140-149. https://doi.org/10.3201/eid2701.190676

Gerdes P, Chan D, Lundberg M, Sanchez-Luque FJ, Bodea GO, Ewing AD,
Faulkner GJ, Richardson SR. 2023. Locus-resolution analysis of L1
regulation and retrotransposition potential in mouse embryonic
development. Genome Res 33:1465-1481. https://doi.org/10.1101/gr.27
8003.123

Kunz JM, Lawinger H, Miko S, Gerdes M, Thuneibat M, Hannapel E,
Roberts VA. 2024. Surveillance of waterborne disease outbreaks
associated with drinking water - United States, 2015-2020. MMWR
Surveill Summ 73:1-23. https://doi.org/10.15585/mmwr.ss7301a1l

Cassini A, Colzani E, Pini A, Mangen M-JJ, Plass D, McDonald SA,
Maringhini G, van Lier A, Haagsma JA, Havelaar AH, Kramarz P,
Kretzschmar ME, BCoDE consortium. 2018. Impact of infectious diseases
on population health using incidence-based disability-adjusted life
years (DALYs): results from the Burden of Communicable Diseases in
Europe study, European Union and European Economic Area countries,
2009 to 2013. Euro Surveill 23:17-00454. https://doi.org/10.2807/1560-7
917.ES5.2018.23.16.17-00454

Public Health Agency of Canada. 2024. Large data extract — Notifiable
disease on-line: Legionellosis, 1924-2022. In Canadian notifiable disease
surveillance system. Government of Canada, ON, Canada.

Moffa MA, Rock C, Galiatsatos P, Gamage SD, Schwab KJ, Exum NG. 2023.
Legionellosis on the rise: a scoping review of sporadic, community-
acquired incidence in the United States. Epidemiol Infect 151:e133. https
://doi.org/10.1017/50950268823001206

Leblanc M, Markowski F, Menard S, Boivin S, Marcoux-Huard C,
Chartrand J. 2018. Vigie - Interventions: la Iégionellose. Flash Vigie 13:1-
7.

Lévesque S, Plante P-L, Mendis N, Cantin P, Marchand G, Charest H,
Raymond F, Huot C, Goupil-Sormany |, Desbiens F, Faucher SP, Corbeil J,
Tremblay C. 2014. Genomic characterization of a large outbreak of
Legionella pneumophila serogroup 1 strains in Quebec City, 2012. PLoS
ONE 9:2103852. https://doi.org/10.1371/journal.pone.0103852
GOUVERNEMENT DU QUEBEC 2014 Décret 454-2014. n.d.

Centers for Disease Control and Prevention (CDC). 2022. Legionella
(Legionnaires’ Disease and Pontiac fever) [Internet]. U.S. Department of
Health & Human Services. Available from: https://www.cdc.gov/legionell
a/communication-resources/general-fact-sheet.html

World Health Organization. 2007. The world health report 2007: a safer
future: global public health security in the 21st century. Rapp Sur Santé
Dans Monde 2007 Un Avenir Plus Sar Sécurité Sanit Mond Au XXIe Siecle

Issue 7

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

[Internet]. Available from: https:/iris.who.int/handle/10665/43713.
Retrieved 26 Nov 2024.

Fields BS, Benson RF, Besser RE. 2002. Legionella and Legionnaires’
disease: 25 years of investigation. Clin Microbiol Rev 15:506-526. https://
doi.org/10.1128/CMR.15.3.506-526.2002

ANSI/ASHRAE Standard 188-2018 -- Legionellosis: Risk Management for
Building Water Systems. 2018. Available from: https://www.ashrae.org/te
chnical-resources/ashrae-standards-and-guidelines

Ratzow S, Gaia V, Helbig JH, Fry NK, Liick PC. 2007. Addition of neuA, the
gene encoding N-acylneuraminate cytidylyl transferase, increases the
discriminatory ability of the consensus sequence-based scheme for
typing Legionella pneumophila serogroup 1 strains. J Clin Microbiol
45:1965-1968. https://doi.org/10.1128/JCM.00261-07

David S, Mentasti M, Tewolde R, Aslett M, Harris SR, Afshar B, Underwood
A, Fry NK, Parkhill J, Harrison TG. 2016. Evaluation of an optimal
epidemiological typing scheme for Legionella pneumophila with whole-
genome sequence data using validation guidelines. J Clin Microbiol
54:2135-2148. https://doi.org/10.1128/JCM.00432-16

Sanchez-Busé L, Guiral S, Crespi S, Moya V, Camaré ML, Olmos MP,
Adrian F, Morera V, Gonzélez-Moran F, Vanaclocha H, Gonzalez-Candelas
F. 2015. Genomic investigation of a legionellosis outbreak in a
persistently colonized hotel. Front Microbiol 6:1556. https://doi.org/10.3
389/fmicb.2015.01556

Nakanishi N, Komatsu S, Tanaka S, Mukai K, Nomoto R. 2022. Investiga-
tion of a Legionella pneumophila outbreak at a bath facility in Japan
using whole-genome sequencing of isolates from clinical and
environmental samples. Microorganisms 11:28. https://doi.org/10.3390/
microorganisms11010028

Timms VJ, Rockett R, Bachmann NL, Martinez E, Wang Q, Chen SC-A,
Jeoffreys N, Howard PJ, Smith A, Adamson S, Gilmour R, Sheppeard V,
Sintchenko V. 2018. Genome sequencing links persistent outbreak of
legionellosis in Sydney (New South Wales, Australia) to an emerging
clone of Legionella pneumophila sequence type 211. Appl Environ
Microbiol 84:02020-17. https://doi.org/10.1128/AEM.02020-17

Raphael BH, Baker DJ, Nazarian E, Lapierre P, Bopp D, Kozak-Muiznieks
NA, Morrison SS, Lucas CE, Mercante JW, Musser KA, Winchell JM. 2016.
Genomic resolution of outbreak-associated Legionella pneumophila
serogroup 1 isolates from New York State. Appl Environ Microbiol
82:3582-3590. https://doi.org/10.1128/AEM.00362-16

Rosendahl Madsen AM, Holm A, Jensen TG, Knudsen E, Lundgaard H,
Skov MN, Uldum SA, Kemp M. 2017. Whole-genome sequencing for
identification of the source in hospital-acquired Legionnaires’ disease. J
Hosp Infect 96:392-395. https://doi.org/10.1016/j.jhin.2017.04.020
Reuter S, Harrison TG, Kdser CU, Ellington MJ, Smith GP, Parkhill J,
Peacock SJ, Bentley SD, Térok ME. 2013. A pilot study of rapid whole-
genome sequencing for the investigation of a Legionella outbreak. BMJ
Open 3:e002175. https://doi.org/10.1136/bmjopen-2012-002175
Graham RMA, Doyle CJ, Jennison AV. 2014. Real-time investigation of a
Legionella pneumophila outbreak using whole genome sequencing.
Epidemiol Infect 142:2347-2351. https://doi.org/10.1017/509502688140
00375

Cadieux G, Brodeur J, Lamothe F, Lalancette C, Pilon PA, Kaiser D, Litvak
E. 2020. Mixed community and nosocomial outbreak of Legionella
pneumophila in Montréal, Québec, 2019. Can Commun Dis Rep 46:219-
226. https://doi.org/10.14745/ccdr.v46i78a01

Tesson F, Hervé A, Mordret E, Touchon M, d'Humiéres C, Cury J,
Bernheim A. 2022. Systematic and quantitative view of the antiviral
arsenal of prokaryotes. Nat Commun 13:2561. https://doi.org/10.1038/s4
1467-022-30269-9

Néron B, Denise R, Coluzzi C, Touchon M, Rocha EPC, Abby SS. 2023.
MacSyFinder v2: improved modelling and search engine to identify
molecular systems in genomes. Peer Community J 3:e28. https://doi.org/
10.24072/pcjournal.250

10.1128/spectrum.00513-25 16

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


https://doi.org/10.1111/j.1574-6976.2002.tb00607.x
https://zenodo.org/doi/10.5281/zenodo.11072745
https://doi.org/10.1186/s13613-024-01252-y
https://doi.org/10.1021/acs.est.5b00142
https://doi.org/10.1146/annurev-pathmechdis-012419-032742
https://doi.org/10.3201/eid2701.190676
https://doi.org/10.1101/gr.278003.123
https://doi.org/10.15585/mmwr.ss7301a1
https://doi.org/10.2807/1560-7917.ES.2018.23.16.17-00454
https://doi.org/10.1017/S0950268823001206
https://doi.org/10.1371/journal.pone.0103852
https://www.cdc.gov/legionella/communication-resources/general-fact-sheet.html
https://iris.who.int/handle/10665/43713
https://doi.org/10.1128/CMR.15.3.506-526.2002
https://www.ashrae.org/technical-resources/ashrae-standards-and-guidelines
https://doi.org/10.1128/JCM.00261-07
https://doi.org/10.1128/JCM.00432-16
https://doi.org/10.3389/fmicb.2015.01556
https://doi.org/10.3390/microorganisms11010028
https://doi.org/10.1128/AEM.02020-17
https://doi.org/10.1128/AEM.00362-16
https://doi.org/10.1016/j.jhin.2017.04.020
https://doi.org/10.1136/bmjopen-2012-002175
https://doi.org/10.1017/S0950268814000375
https://doi.org/10.14745/ccdr.v46i78a01
https://doi.org/10.1038/s41467-022-30269-9
https://doi.org/10.24072/pcjournal.250
https://doi.org/10.1128/spectrum.00513-25

Research Article

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

July 2025 Volume 13

Couvin D, Bernheim A, Toffano-Nioche C, Touchon M, Michalik J, Néron
B, Rocha EPC, Vergnaud G, Gautheret D, Pourcel C. 2018. CRISPRCas-
Finder, an update of CRISRFinder, includes a portable version, enhanced
performance and integrates search for Cas proteins. Nucleic Acids Res
46:W246-W251. https://doi.org/10.1093/nar/gky425

Grant JR, Enns E, Marinier E, Mandal A, Herman EK, Chen C-Y, Graham M,
Van Domselaar G, Stothard P. 2023. Proksee: in-depth characterization
and visualization of bacterial genomes. Nucleic Acids Res 51:W484-
WA492. https://doi.org/10.1093/nar/gkad326

Fong DH, Lemke CT, Hwang J, Xiong B, Berghuis AM. 2010. Structure of
the antibiotic resistance factor spectinomycin phosphotransferase from
Legionella pneumophila. J Biol Chem 285:9545-9555. https://doi.org/10.1
074/jbc.M109.038364

Sanchez-Busé L, Comas |, Jorques G, Gonzilez-Candelas F. 2014.
Recombination drives genome evolution in outbreak-related Legionella
pneumophila isolates. Nat Genet 46:1205-1211. https://doi.org/10.1038/
ng.3114

David S, Rusniok C, Mentasti M, Gomez-Valero L, Harris SR, Lechat P, Lees
J, Ginevra C, Glaser P, Ma L, Bouchier C, Underwood A, Jarraud S,
Harrison TG, Parkhill J, Buchrieser C. 2016. Multiple major disease-
associated clones of Legionella pneumophila have emerged recently and
independently . Genome Res 26:1555-1564. https://doi.org/10.1101/gr.2
09536.116

Ricci ML, Fillo S, Ciammaruconi A, Lista F, Ginevra C, Jarraud S, Girolamo
A, Barbanti F, Rota MC, Lindsay D, Gorzynski J, Uldum SA, Baig S, Foti M,
Petralito G, Torri S, Faccini M, Bonini M, Gentili G, Senatore S, Lamberti A,
Carrico JA, Scaturro M. 2022. Genome analysis of Legionella pneumophila
ST23 from various countries reveals highly similar strains. Life Sci
Alliance 5:€202101117. https://doi.org/10.26508/1sa.202101117

Faccini M, Russo AG, Bonini M, Tunesi S, Murtas R, Sandrini M, Senatore S,
Lamberti A, Ciconali G, Cammarata S, et al. 2020. Large community-
acquired Legionnaires’ disease outbreak caused by Legionella
pneumophila serogroup 1, Italy, July to August 2018. Euro Surveill
25:1900523. https://doi.org/10.2807/1560-7917.ES.2020.25.20.1900523
Den Boer JW, Euser SM, Brandsema P, Reijnen L, Bruin JP. 2015. Results
from the national Legionella outbreak detection program, the
Netherlands, 2002-2012. Emerg Infect Dis 21:1167-1173. https://doi.org/
10.3201/eid2107.141130

Buchholz U, Jahn HJ, Brodhun B, Lehfeld A-S, Lewandowsky MM, Reber
F, Adler K, Bochmann J, Forster C, Koch M, et al. 2020. Source attribution
of community-acquired cases of Legionnaires’ disease-results from the
German LeTriWa study; Berlin, 2016-2019. PLoS ONE 15:€0241724. https:
//doi.org/10.1371/journal.pone.0241724

Gleason JA, Cohn PD. 2022. A review of legionnaires’ disease and public
water systems - Scientific considerations, uncertainties and recommen-
dations. Int J Hyg Environ Health 240:113906. https://doi.org/10.1016/}.ij
heh.2021.113906

Garbe PL, Davis BJ, Weisfeld JS, Markowitz L, Miner P, Garrity F, Barbaree
JM, Reingold AL. 1985. Nosocomial Legionnaires’ disease. epidemiologic
demonstration of cooling towers as a source. JAMA 254:521-524. https:/
/doi.org/10.1001/jama.254.4.521

Osawa K, Shigemura K, Abe Y, Jikimoto T, Yoshida H, Fujisawa M,
Arakawa S. 2014. A case of nosocomial Legionella pneumonia associated
with a contaminated hospital cooling tower. J Infect Chemother 20:68-
70. https://doi.org/10.1016/j.jiac.2013.07.007

Wewalka G, Schmid D, Harrison TG, Uldum SA, Liick C, European Society
of Clinical Microbiology Infectious Diseases Study Group for Legionella
Infections (ESGLI). 2014. Dual infections with different Legionella strains.
Clin Microbiol Infect 20:013-019. https://doi.org/10.1111/1469-0691.12
311

Mizrahi H, Peretz A, Lesnik R, Aizenberg-Gershtein Y, Rodriguez-Martinez
S, Sharaby Y, Pastukh N, Brettar I, Hofle MG, Halpern M. 2017. Compari-
son of sputum microbiome of legionellosis-associated patients and
other pneumonia patients: indications for polybacterial infections. Sci
Rep 7:40114. https://doi.org/10.1038/srep40114

Grimard-Conea M, Marchand-Senécal X, Faucher PS, Prevost M. 2024.
Mitigation of opportunistic drinking water pathogens by onsite
monochloramine disinfection in a hospital water system. Water Res
David S, Sdnchez-Busé L, Harris SR, Marttinen P, Rusniok C, Buchrieser C,
Harrison TG, Parkhill J. 2017. Dynamics and impact of homologous
recombination on the evolution of Legionella pneumophila. PLoS Genet
13:1006855. https://doi.org/10.1371/journal.pgen.1006855

Issue 7

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Microbiology Spectrum

Gomez-Valero L, Buchrieser C. 2019. Intracellular parasitism, the driving
force of evolution of Legionella pneumophila and the genus Legionella.
Genes Immun 20:394-402. https://doi.org/10.1038/541435-019-0074-z
Joseph SJ, Cox D, Wolff B, Morrison SS, Kozak-Muiznieks NA, Frace M,
Didelot X, Castillo-Ramirez S, Winchell J, Read TD, Dean D. 2016.
Dynamics of genome change among Legionella species. Sci Rep 6:33442.
https://doi.org/10.1038/srep33442

Trigui H, Dudyk P, Sum J, Shuman HA, Faucher SP. 2013. Analysis of the
transcriptome of Legionella pneumophila hfq mutant reveals a new
mobile genetic element. Microbiology (Reading, Engl) 159:1649-1660. h
ttps://doi.org/10.1099/mic.0.067983-0

Cazalet C, Rusniok C, Briiggemann H, Zidane N, Magnier A, Ma L, Tichit
M, Jarraud S, Bouchier C, Vandenesch F, Kunst F, Etienne J, Glaser P,
Buchrieser C. 2004. Evidence in the Legionella pneumophila genome for
exploitation of host cell functions and high genome plasticity. Nat Genet
36:1165-1173. https://doi.org/10.1038/ng1447

Cazalet C, Jarraud S, Ghavi-Helm Y, Kunst F, Glaser P, Etienne J,
Buchrieser C. 2008. Multigenome analysis identifies a worldwide
distributed epidemic Legionella pneumophila clone that emerged within
a highly diverse species. Genome Res 18:431-441. https://doi.org/10.110
1/gr.7229808

Wee BA, Alves J, Lindsay DSJ, Klatt A-B, Sargison FA, Cameron RL,
Pickering A, Gorzynski J, Corander J, Marttinen P, Opitz B, Smith AJ,
Fitzgerald JR. 2021. Population analysis of Legionella pneumophila
reveals a basis for resistance to complement-mediated Kkilling. Nat
Commun 12:7165. https://doi.org/10.1038/541467-021-27478-z
Mercante JW, Winchell JM. 2015. Current and emerging Legionella
diagnostics for laboratory and outbreak investigations. Clin Microbiol
Rev 28:95-133. https://doi.org/10.1128/CMR.00029-14

Andrews S. 2010. FastQC: a quality control tool for high throughput
sequence data. Available from: http://www.bioinformatics.babraham.ac.
uk/projects/fastqc

Chen S. 2023. Ultrafast one-pass FASTQ data preprocessing, quality
control, and deduplication using fastp. Imeta 2:e107. https://doi.org/10.1
002/imt2.107

De Coster W, Rademakers R. 2023. NanoPack2: population-scale
evaluation of long-read sequencing data. Bioinformatics 39:btad311. htt
ps://doi.org/10.1093/bioinformatics/btad311

Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A. 2020.
Using SPAdes de novo assembler. Curr Protoc Bioinform 70:e102. https://
doi.org/10.1002/cpbi.102

Czmil A, Wronski M, Czmil S, Sochacka-Pietal M, Cmil M, Gawor J,
Wotkowicz T, Plewczynski D, Strzalka D, Pietal M. 2022. NanoForms: an
integrated server for processing, analysis and assembly of raw
sequencing data of microbial genomes, from Oxford Nanopore
technology. PeerJ 10:e13056. https://doi.org/10.7717/peerj.13056

Wick RR, Schultz MB, Zobel J, Holt KE. 2015. Bandage: interactive
visualization of de novo genome assemblies. Bioinformatics 31:3350-
3352. https://doi.org/10.1093/bioinformatics/btv383

Rodriguez-R LM, Gunturu S, Harvey WT, Rossellé-Mora R, Tiedje JM, Cole
JR, Konstantinidis KT. 2018. The Microbial Genomes Atlas (MiGA)
webserver: taxonomic and gene diversity analysis of Archaea and
Bacteria at the whole genome level. Nucleic Acids Res 46:W282-W288. h
ttps://doi.org/10.1093/nar/gky467

Seemann T. 2016. Legsta: in silico Legionella pneumophila sequence
based typing (SBT). Available from: https://github.com/tseemann/legsta.
Retrieved 30 Dec 2024.

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation.
Bioinformatics 30:2068-2069. https://doi.org/10.1093/bioinformatics/bt
ul53

Darling ACE, Mau B, Blattner FR, Perna NT. 2004. Mauve: multiple
alignment of conserved genomic sequence with rearrangements.
Genome Res 14:1394-1403. https://doi.org/10.1101/gr.2289704

Gardner SN, Slezak T, Hall BG. 2015. kSNP3.0: SNP detection and
phylogenetic analysis of genomes without genome alignment or
reference genome. Bioinformatics 31:2877-2878. https://doi.org/10.109
3/bioinformatics/btv271

Rambaut A. n.d. FigTree v1.3.1. Institute of Evolutionary Biology,
University of Edinburgh, Edinburgh. http://tree.bio.ed.ac.uk/software/fig
tree/.

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD,
Parkhill J, Harris SR. 2015. Rapid phylogenetic analysis of large samples
of recombinant bacterial whole genome sequences using Gubbins.
Nucleic Acids Res 43:e15-e15. https://doi.org/10.1093/nar/gku1196

10.1128/spectrum.00513-2517

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


https://doi.org/10.1093/nar/gky425
https://doi.org/10.1093/nar/gkad326
https://doi.org/10.1074/jbc.M109.038364
https://doi.org/10.1038/ng.3114
https://doi.org/10.1101/gr.209536.116
https://doi.org/10.26508/lsa.202101117
https://doi.org/10.2807/1560-7917.ES.2020.25.20.1900523
https://doi.org/10.3201/eid2107.141130
https://doi.org/10.1371/journal.pone.0241724
https://doi.org/10.1016/j.ijheh.2021.113906
https://doi.org/10.1001/jama.254.4.521
https://doi.org/10.1016/j.jiac.2013.07.007
https://doi.org/10.1111/1469-0691.12311
https://doi.org/10.1038/srep40114
https://doi.org/10.1371/journal.pgen.1006855
https://doi.org/10.1038/s41435-019-0074-z
https://doi.org/10.1038/srep33442
https://doi.org/10.1099/mic.0.067983-0
https://doi.org/10.1038/ng1447
https://doi.org/10.1101/gr.7229808
https://doi.org/10.1038/s41467-021-27478-z
https://doi.org/10.1128/CMR.00029-14
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1002/imt2.107
https://doi.org/10.1093/bioinformatics/btad311
https://doi.org/10.1002/cpbi.102
https://doi.org/10.7717/peerj.13056
https://doi.org/10.1093/bioinformatics/btv383
https://doi.org/10.1093/nar/gky467
https://github.com/tseemann/legsta
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1101/gr.2289704
https://doi.org/10.1093/bioinformatics/btv271
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1093/nar/gku1196
https://doi.org/10.1128/spectrum.00513-25

Research Article

67.

68.

69.

70.

71.

July 2025 Volume 13

Derelle R, von Wachsmann J, Méklin T, Hellewell J, Russell T, Lalvani A,
Chindelevitch L, Croucher NJ, Harris SR, Lees JA. 2024. Seamless, rapid,
and accurate analyses of outbreak genomic data using split k-mer
analysis. Genome Res 34:1661-1673. https://doi.org/10.1101/gr.279449.
124

Lemoine F, Domelevo Entfellner J-B, Wilkinson E, Correia D, Davila Felipe
M, De Oliveira T, Gascuel O. 2018. Renewing Felsenstein’s phylogenetic
bootstrap in the era of big data. Nature 556:452-456. https://doi.org/10.
1038/541586-018-0043-0

Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA,
Gladstone RA, Lo S, Beaudoin C, Floto RA, Frost SDW, Corander J, Bentley
SD, Parkhill J. 2020. Producing polished prokaryotic pangenomes with
the Panaroo pipeline. Genome Biol 21:180. https://doi.org/10.1186/5130
59-020-02090-4

Seemann T. 2022. Abricate. Github. Available from: https://github.com/ts
eemann/abricate

Alcock BP, Huynh W, Chalil R, Smith KW, Raphenya AR, Wlodarski MA,
Edalatmand A, Petkau A, Syed SA, Tsang KK, et al. 2023. CARD 2023:
expanded curation, support for machine learning, and resistome
prediction at the Comprehensive Antibiotic Resistance Database.
Nucleic Acids Res 51:D690-D699. https://doi.org/10.1093/nar/gkac920

Issue 7

72.

73.

74.

75.

76.

Microbiology Spectrum

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, Fookes
M, Falush D, Keane JA, Parkhill J. 2015. Roary: rapid large-scale
prokaryote pan genome analysis. Bioinformatics 31:3691-3693. https://d
0i.org/10.1093/bioinformatics/btv421

Water quality—enumeration of Legionella. 2017. ISO 11731. Interna-
tional Organization for Standardization, Geneva, Switzerland.

Matthews S, Trigui H, Grimard-Conea M, Vallarino Reyes E, Villiard G,
Charron D, Bédard E, Faucher S, Prevost M. 2022. Detection of diverse
sequence types of Legionella pneumophila by legiolert enzymatic-based
assay and the development of a long-term storage protocol. Microbiol
Spectr 10:e0211822. https://doi.org/10.1128/spectrum.02118-22

Gaia V, Fry NK, Harrison TG, Peduzzi R. 2003. Sequence-based typing of
Legionella pneumophila serogroup 1 offers the potential for true
portability in legionellosis outbreak investigation. J Clin Microbiol
41:2932-2939. https://doi.org/10.1128/JCM.41.7.2932-2939.2003

Mendis N, McBride P, Faucher SP. 2015. Short-term and long-term
survival and virulence of Legionella pneumophila in the defined
freshwater medium fraquil. PLoS One 10:e0139277. https://doi.org/10.13
71/journal.pone.0139277

10.1128/spectrum.00513-25 18

Downloaded from https://journals.asm.org/journal/spectrum on 11 February 2026 by 132.207.88.84.


https://doi.org/10.1101/gr.279449.124
https://doi.org/10.1038/s41586-018-0043-0
https://doi.org/10.1186/s13059-020-02090-4
https://github.com/tseemann/abricate
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1128/spectrum.02118-22
https://doi.org/10.1128/JCM.41.7.2932-2939.2003
https://doi.org/10.1371/journal.pone.0139277
https://doi.org/10.1128/spectrum.00513-25

	Comparative genome analysis investigation of nosocomial and community-acquired cases of Legionnaires’ disease caused by ST2858 and ST378
	RESULTS
	WGS of clinical and environmental isolates of L. pneumophila
	Phylogenetic analysis
	PCR screening of isolates and DNA samples for identification of ST2858 sources
	ST378 isolates contain a variety of mobile genetic elements
	Detection of antimicrobial-resistant (AMR) genes in the isolates

	DISCUSSION
	Conclusion

	MATERIALS AND METHODS
	Culture and serogroup testing
	WGS
	Quality control, genome assembly, and annotation
	Phylogenetic analysis and recombination detection
	Pangenome analysis
	Detection of AMR genes
	Screening historical isolates and DNA extracts for ST2858
	Copper resistance



