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Abstract 

The disease burden from Legionella spp. infections has been increasing in many industrialized countries and, despite decades of 
scientific ad vances, r anks amongst the highest for waterborne diseases. We re vie w here se veral ke y resear c h ar eas fr om a m ultidis- 
ciplinar y perspecti v e and list critical r esear c h needs to address some of the c halleng es of Legionella spp. manag ement in eng ineered 
environments. These include: (i) a consideration of Legionella species di v ersity and cooccurr ence , bey ond Legionella pneumophila only; 
(ii) an assessment of their environmental prevalence and clinical relevance, and how that may affect leg islation, manag ement, and 
intervention prioritization; (iii) a consideration of Legionella spp. sources, their definition and prioritization; (iv) the factors affecting 
Legionnaires’ disease seasonality, how they link to sources, Legionella spp. proliferation and ecology, and how these may be affected 
by climate change; (v) the challenge of saving energy in buildings while controlling Legionella spp. with high water temperatures and 
chemical disinfection; and (vi) the ecological interactions of Legionella spp. with other microbes, and their potential as a biological 
control str ate gy . Ultimately , we call for increased interdisciplinary collabor ation betw een multiple resear c h domains, as well as trans- 
disciplinar y enga gement and colla boration acr oss gov ernment, industr y, and science as the w ay tow ard contr olling and r educing 
Legionella- deri v ed infections. 

Ke yw ords: Legionella ; Legionnaires’ disease; legionellosis; building plumbing; opportunistic pathogens; waterborne disease 
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Figure 1. Reported Legionnaires’ disease cases during the last two 
decades in Switzerland, the Netherlands, the USA, and Canada. Data 
obtained from www .bag.admin.ch , www .ecdc.europa.eu/en , 
www .cdc.gov , www .diseases.canada.ca . 
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ntroduction 

egionella is a genus containing opportunistic pathogenic species
hat inhabit a range of natural and engineered en vironments ,
hic h ar e often closel y entwined with e v eryda y life , such as build-

ng plumbing systems, cooling to w ers, and thermal spas (NASEM
020 ). T here , the y survi ve in polymicrobial biofilms and are be-
ie v ed to m ultipl y pr edominantl y inside div erse pr otists (Boamah
t al. 2017 , Barbosa et al. 2024 ). Following dispersal from biofilms
nto water, transmission to humans occurs mostly through in-
alation of contaminated aerosols. Upon inhalation, pathogenic
egionella species cause infections in humans that manifest typ-
cally as severe pneumonia known as Legionnaires’ disease or
ilder flu-like Pontiac fe v er (Hamilton et al. 2018 ), while multi-
le other nontypical clinical pulmonary and extr a pulmonary out-
omes have been recorded (Muder and Yu 2002 ). In industrialized
ountries the disease burden fr om Legionella -deriv ed infections
anks amongst the highest waterborne diseases (Fastl et al. 2020 ,
cMullen et al. 2024 ). Despite decades of intense r esearc h that
as been translated into legislation and management strategies,
otification rates continue to increase worldwide (Fig. 1 ) (Moffa et
l. 2023 , Fischer et al. 2023a , Pareek et al. 2024 ). 
Se v er al studies ar gue that the actual incidence rates of Le-

ionnaires’ disease are grossly underestimated, by factors as high
s 2–10-fold (Cassell et al. 2019 , McMullen et al. 2024 ). Increas-
ng notification rates are partially ascribed to increased aware-
ess and impr ov ed dia gnostics (Gr aham et al. 2023 ), but also
o aging populations, building practices, air quality (Yu et al.
024 ), healthcare systems, legislation, demographics, water qual-
ty, aerosol sources, and climate change (Walker 2018 ). Mor eov er,
iffer ent countries/r egions e videntl y show differ ent disease noti-
cation trends (e.g. Campese et al. 2011 , Fischer et al. 2020 ), which
resents an opportunity for researchers to try to untangle the un-
erl ying v ariables contributing to these tr ends. 
A m ultidisciplinary gr oup of international r esearc hers r epr e-

enting differ ent Legionella -r elated scientific fields gather ed in
witzerland in June 2024 to map out the current state of the
cience with respect to Legionella spp. epidemiology, risk, man-
gement and ecology, and specifically explore the main research
eeds and opportunities for the coming years . Here , we report and
xpand on some of the k e y outcomes and perspectiv es fr om the
eeting. This is not a consensus report, and it does not cover all
spects of Legionella spp. r esearc h; r ather, we r eflected the div erse
pinions , uncertainties , and open questions on a subset of im-
ortant topics on Legionella spp. management in the engineered
quatic environment. 

nder apprecia ted and unexplored 

egionella spp. diversity 

cientific r eporting fr equentl y (and err oneousl y) gener alizes Le-
ionella spp. behavior (e.g. infectivity, growth, persistence, and
tr ess r esponse) as belonging to a singular, similar group (e.g. “Le-
ionella are bacteria that …”). The genus Legionella is, in fact, highly
iv erse; curr ent liter atur e describes 77 species/subspecies, of
hic h 74 ar e r ecognized with International Code of Nomenclature
f Prokaryotes status (an updated species list with information
egarding clinical association is available at: DOI: 10.5281/zen-
do.11072744; LeCo Project 2024 ). This number most likely under-
stimates the actual number of species. In fact, a recent pange-
omic analysis, including both genomes from isolated strains
nd metagenome-assembled genomes, advocates for moving Le-
ionella taxonomy beyond the phenotypical criteria of isolated or-
anisms and r e v ealed the presence of at least 54 still unculti-
ated species belonging to the family Legionellaceae , of which 21
r e highl y r elated to Legionella pneumophila (Gabrielli et al. 2024 ).
or eov er, amplicon sequencing surv eys hav e highlighted that Le-
ionellales bacteria are likely to include an even higher number of
ener a (Gr aells et al. 2018 ). In this section, we consider Legionella
pp. div ersity fr om an envir onmental and ecological perspectiv e,
nd its implications for Legionella spp. management. 
The historic clinical focus, as well as a recognized methodologi-

al bias to w ar d L. pneumophila detection and isolation (e.g. Lee et al.
993 , Chambers et al. 2021 ), had as a result that the environmental
iversity of Legionella spp. has largely been neglected and under-
 ppr eciated. Ho w e v er, r ecent studies challenge this perspective,
 e v ealing not onl y heter ogeneity acr oss differ ent envir onments,
ut also, criticall y, the cooccurr ence of differ ent Legionella species
ithin the same en vironment. For example , Dilger et al. ( 2018 ) re-
orted a large biogeographical investigation of cultivable Legionella
pp. in Germany, with up to 42% of isolates in some regions as Le-
ionella non- pneumophila species. Even more pronounced, a study
n the Netherlands found that only 3.1% of the 206 buildings
hat were positive for Legionella spp. were also positive for L. pneu-
ophila (van der Lugt et al. 2019 ). Moreover, genus-specific poly-
er ase c hain r eaction (PCR) and subsequent sequencing r e v ealed

hat drinking water sampled at treatment plants in the Nether-
ands consistently contained Legionella spp. and that 70% of the se-
uences belonging to not-yet-cultivated species were detected at
ater temper atur es below 15 ◦C (Wüllings and v an der Kooij 2006 ),
 dr asticall y lo w er temper atur e than what is commonl y used for
egionella spp. culturing. Changes in envir onmental conditions r e-
ect, also, on which Legionella species are present and cooccur-
ing in an envir onment. Gir olamini et al. ( 2022 ) observ ed cooccur-
ence and community shifts of various Legionella species in hospi-
al water treated with high temperature and disinfection. Lesnik
t al. ( 2016 ) tr ac ked Legionella spp. fr om source to ta p in a drink-
ng water system using genus-specific primers and demonstrated
ifferences in Legionella taxa based on sampling location and wa-

http://www.bag.admin.ch
http://www.ecdc.europa.eu/en
http://www.cdc.gov
http://www.diseases.canada.ca
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ter temper atur e , with coexistence of up to 14 unique phylotypes .
Cav allar o et al. ( 2023 ) sho w ed the presence of up to 30 unique 
Legionella spp. amplicon sequence variants based on 16S rRNA 

gene amplicon sequencing occurring in sho w er hose biofilms from 

the same building, with multiple taxa cooccurring in the same 
samples. Finall y, e v en within-species diversity is also expected,
as demonstrated by the cooccurrence of different L. pneumophila 
sequence types in the same water samples (Matthews et al.
2022 ). 

Despite the demonstrated diversity, environment-specific Le- 
gionella spp. variability and the fundamental principles underly- 
ing cooccurrence of multiple Legionella species, sequence types, 
and their variants in the same environment remain largely unex- 
plored. The high environmental diversity highlights a limitation 
in labor atory-r esearc h a ppr oac hes, whic h typicall y focus on sin- 
gle strain experiments. Such approaches do not adequately rep- 
resent the environmental d ynamics gi ven the considerable differ- 
ences in the behavior/response of different Legionella species and 
strains . For example , several studies ha ve observed considerable 
differences in temperature and protist–host preferences among 
different L. pneumophila strains and various non- pneumophila Le- 
gionella species (Ohno et al. 2008 , Buse and Ashbolt 2011 , Gomez- 
Valero et al. 2014 , van der Kooij et al. 2016 , Croze et al. 2021 ). Even 
growth on standard Buffered Charcoal Yeast Extr act (BCYE) a gar 
was distinct among different Legionella species (Lee et al. 1993 ).
A deeper understanding of such (sub-)species-level differences 
would impr ov e Legionella spp. mana gement str ategies by pr oviding 
insights into how and why certain Legionella species and L. pneu- 
mophila strains proliferate in specific en vironments , and support 
the better alignment of clinical and environmental approaches 
(Proctor et al. 2022 ). Besides providing useful insights for Legionella 
spp. mana gement, suc h understanding could inform the refine- 
ment of the media composition used for isolation (e.g. Descours 
et al. 2014 ) to aid Legionella spp. culturing and enable more ac- 
curate risk assessments, supporting the development of targeted 
contr ol str ategies. 

Research opportunities and needs: 

� There is a need for more extensive mapping of Le- 
gionella spp. diversity and cooccurrence in different envi- 
r onments, specificall y linked to different sources and sea- 
sonality in their presence and concentrations (discussed 
below). 

� There is a need to decipher the ecology of non -pneumophila 
Legionella species to better understand the conditions that 
drive their growth in engineered aquatic en vironments , and 
how that relates to the occurrence of L. pneumophila or other 
pathogenic species. 

� There is an opportunity for the isolation and identification of 
the not-yet-cultivated Legionella species, which could be sup- 
ported by a redesign of growth media and growth conditions 
based on available molecular data. 

� There is the opportunity to pair genomic data, pheno- 
typic c har acteristics, and occurr ence patterns to iden- 
tify critical genes responsible for observ ed envir onmental 
adaptation. 

� There is an ongoing need to obtain gr owth pr efer ence,
str ess toler ance, and disinfectant susceptibility data among 
Legionella species and acr oss differ ent str ains within a 
species, ideall y under r ealistic yet r epr oducible and 
standardized environmental conditions, to better predict 
species and strain abundance and diversity in engineered 
ecosystems. 
a  
ll Legionella species are not (clinically) 
qual 
egislation often considers all Legionella species as equal, with 
any guidelines and management practices developed around Le- 
ionella spp. threshold values. As an example, the new EU Drink-
ng Water Dir ectiv e r egulates a concentration of 1000 CFU/l Le-
ionella spp. in drinking water (European Commission 2020 ). This
s despite the facts that: (i) all current evidence suggest that L.
neumophila is responsible for the vast majority of waterborne 
ases, and (ii) that there exists no published dose–response data
or any Legionella species other than L. pneumophila (Armstrong 
nd Haas 2007 ) and L. longbeac hae (Pr asad et al. 2017 ). Focusing
n all Legionella species potentially misappropriates critical time 
nd financial resources toward remediation of systems with non- 
neumophila Legionella posing minimal health risks . Here , we ques-
ion whether risk-based legislation would be more sensible, sup- 
orting optimal resource allocation, and therefore , impro ved Le-
ionella spp. management. 
More than half of all Legionella species have been associated

t least once with some type of clinical outcome (Cunha et al.
016 ). Ho w e v er, numer ous studies have shown that Legionnaires’
isease is pr edominantl y caused by L. pneumophila (92%–99% of
ases), with the remaining 1%–8% of culture-confirmed cases at- 
ributed to L. anisa , L. bozemanae , L. dumofii , L. erythra , L. gormanii ,
. longbeachae , L. micdadei , L. maceachernii , L. rubrilucens , L. turinen-
is , L. tucsonensis , and L. wadsworthii (e.g. Yu et al. 2002 , Doleans et
l. 2004 , Joseph et al. 2010 , Sv arr er and Uldum 2012 , McMullen
t al. 2024 ). Clear exceptions ar e Austr alia and Ne w Zealand,
her e L. longbeac hae is often the dominant disease-causing species

Chambers et al. 2021 , Graham et al. 2023 ). Unlike other Legionella
pecies, L. longbeac hae is commonl y associated with soil, compost,
nd potting mix rather than water systems. Howe v er, the causes
or its higher clinical pr e v alence in Australia and New Zealand
re still unclear. With respect to L. pneumophila dominance, de-
ection/reporting bias is known (Kawasaki et al. 2022 , Kim et al.
022 ). For example, urinary antigen testing, which is the standard
n clinical diagnostics, is designed to primarily detect only L. pneu-
ophila ser ogr oup 1, and a slight dr op in the detection/r eporting
f other Legionella species was noted following the introduction 
her eof (Sc hoonmaker-Bopp et al. 2021 ). Ho w e v er, to our knowl-
dge, no study outside Australia and New Zealand has ever re-
orted high attribution ( > 10%) of culture-confirmed Legionnaires’ 
isease cases associated with L. non -pneumophila species. More- 
v er, m ultiple studies have demonstrated a disproportionate bal-
nce between the environmental prevalence of certain Legionella 
pecies and their clinical r ele v ance (e.g. Doleans et al. 2004 ). This
uestions the practicality of focusing management and remedia- 
ion resources on all Legionella species. In response to the new EU
egislation, the Dutch government commissioned a report to as- 
ess the state of the knowledge and potential legislative changes.
he main conclusion from this report was a recommendation to
ocus legislativ el y on L. pneumophila , and onl y use Legionella spp.
hr eshold v alues in high-risk envir onments (v an der Wielen et al.
021 ). This mirrors similar legislative approaches in, for example,
r ance whic h also focus on L. pneumophila opposed to Legionella
pp. (Hartemann 2019 ). Using a large data set, Romano Spica et
l. ( 2024 ) calculated the costs and benefits of focusing only on L.
neumophila opposed to Legionella spp. for routine monitoring, esti- 
ating this a ppr oac h to hav e substantial economic and pr actical
enefits with minor additional health risks. Ho w e v er, an a ppr oac h
ar geting onl y/mostl y L. pneumophila is not without a degree of risk
nd uncertainty (Delaney et al. 2022 ). First, a lesser-documented
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utcome of Legionella spp. infection is Pontiac fe v er, but this is
nderdiagnosed due to the relatively mild clinical presentation
hereof (Edelstein and Roy 2015 ). Hence, the actual number of Pon-
iac Fe v er cases and the open question whether L. pneumophila is
ndeed the primary causative strain of Pontiac fever, remains un-
nown. Second, it is known that at-risk populations (i.e. immuno-
ompr omised individuals) ar e mor e susceptible to w ar d infection
y non- pneumophila species (Muder and Yu 2002 ). T hus , based on
urrent knowledge, it is sensible that environments with vulner-
ble people are legislated and managed to a higher degree (i.e. all
egionella species). Further justification for a more conservative
ocus on all Legionella species is the potential that such species
an potentially be indicators for L. pneumophila pr esence (Cr ook
t al. 2024 ), although there is currently no conclusive evidence
or this. On the contrary, the absence of L. pneumophila detec-
ion in Legionella spp.-positive samples is common (van der Lugt
t al. 2019 ). With respect to the latter, it is noted that some of
he same best-practice management approaches to curb L. pneu-
ophila pr olifer ation ar e likel y to deter other Legionella species as
ell. An alternative approach may be to target a group of the Le-
ionella species associated with the highest disease burden during
 outine envir onmental monitoring, for example with a targeted
 ultiplex PCR a ppr oac h (Logan-Jac kson et al. 2021 ). Ho w e v er, this
ould only be practical if there is a methodological switch to-
 ar d replacing standard cultivation methods with quantitative
CR. Suc h a r eplacement is c hallenged by the fact that qPCR-
easur ed concentr ations often ov er estimate cultiv ation-based
nes due to their sensitivity to DNA in nonviable cells and present
xtr acellularl y in the environment, as well as the influence of
arious factors and stresses on bacterial cultivability resulting,
or example, in viable-but-not-culturable bacteria (Sylvestre et
l. 2025 ). Mor eov er, suc h tr ansition is not likel y to find legislativ e
cceptance soon. There is also a strong counter-argument to be
ade for the legislative prioritization of se v er al other opportunis-

ic micr obial pathogens, notabl y Pseudomonas aeruginosa , nontu-
erculous mycobacteria, and Aspergillus fumigatus before the less
 ele v ant Legionella species ar e consider ed (v an der Wielen et al.
021 ). 
Research opportunities and needs: 

� Quantitativ e micr obial risk assessment (QMRA) r equir es
the generation of high-quality dose–response data for
Legionella non- pneumophila species (and e v en for differ-
ent L. pneumophila strains). To do this, suitable animal
models or other a ppr oac hes need to be de v eloped and
validated. 

� There is a need for better interactions and collaborations with
hospitals and clinical microbiology laboratories to support
isolation and identification of causative species/strains of Le-
gionnaires’ disease and Pontiac fever infections, including ad-
vancement of diagnostic techniques that are not biased to-
w ar d L. pneumophila only (e.g. broader-range urinary antigen
tests). 

� There is a lack of data on coinfection by multiple
species/strains and for QMRA dose–response relationship
data for repeated infections. 

� There is an opportunity to further de v elop, optimize, and a p-
pl y m ultiplex quantitativ e PCR methods (including viability
PCR methods) for clinically relevant species , impro ved PCR
data inter pr etation, and better collection and sharing of suc h
data from environmental samples. 

� There is a need to collect detailed data sets recording the envi-
r onmental pr e v alence of clinicall y r ele v ant Legionella species,
to better understand their contributions to disease burden,
r elativ e to their environmental abundance. 

� There is a need for selected general population-based studies
on the occurrence of various Legionella species, and also Le-
gionella spp. antibodies, to understand pr e v alence in asymp-
tomatic or mild infections. 

ifferent Legionella spp. sources are not 
qually important 
dentification of the most significant sources of Legionella spp. re-
ponsible for clinicall y se v er e infections is important for case in-
 estigations (i.e. tar geted sampling) and for policy making (i.e.
est management practices). Members of the order Legionellales
ave been found at low r elativ e abundance in most environ-
ents (Graells et al. 2018 ), likely thanks to the diversity of Le-
ionella species (discussed abov e). A div erse r ange of infection
ources have been identified previously (Fig. 2 ) (van Heijnsbergen
t al. 2015 , Prussin et al. 2017 , Orkis et al. 2018 ). These include
 ell-kno wn sour ces such as cooling to w ers , spas , and building
lumbing systems, but also potentially neglected sources such
s w astew ater treatment plants (Vermeulen et al. 2021 ), com-
ost (Casati et al. 2010 ), and soil (v an Heijnsber gen et al. 2014 ,
016 ). Although it is reasonable to infer that we already know the
ain sources of Legionella spp., the source of infection for sporadic
egionnaires’ disease cases is usually not identified (Orkis et al.
018 ), a fact that highlights the potential role of other sources. Le-
ionella spp. have been isolated from a variety of unusual sources
uch as windshield water fluid (Wallensten et al. 2010 ), humidi-
ers (Moran-Gilad et al. 2012 ), heated birthing pools (Collins et al.
016 ), surgical heating-cooling units (Ditommaso et al. 2020 ), and
an y others, whic h complicates the establishment of a compre-
ensive source list and hinders source attribution. Consequently,
her e is curr entl y insufficient e vidence to definitiv el y r ank sources
n terms of their ov er all contribution to infections. While exposure
r ame works hav e been de v eloped for some indoor sources (Hamil-
on et al. 2019 ), a direct comparison of the potential risks posed by
arious sources has not yet been performed. Here, we considered
he definition/classification of sources and the criteria to e v aluate
he importance of a source. 
We distinguish between proximate sources (i.e. the point of dis-

ersal), and reservoirs (i.e. the point of gr owth/accum ulation, also
ometimes r eferr ed to as “ultimate sources ”), noting that these may
e the same in some cases. For example, a defective hot water
oiler in a building can be the reservoir of Legionella spp., but an in-
ividual sho w er unit w ould be identified as the proximate sour ce
her e exposur e occurs . T his distinction is important because it
ffects how sources are managed. In the example abo ve , construc-
ion (e.g. boiler type) and operation policies (e.g. temper atur e set-
ings and disinfection) would affect the Legionella spp. reservoir,
hile sho w er head design and r oom v entilation could affect the
r oximate source. Pr oximate sources should be assessed based on
i) their ability and capacity to disperse Legionella spp. from the bulk
ater into the air, including the quantity of inhalable aerosols pro-
uced, (ii) the exposure of people to that source (magnitude of
he exposure, number of people, and presence of at-risk people),
nd (iii) their connection to a reservoir. With respect to dispersal,
egionella spp. is dispersed in aer osols lar ge enough to encapsu-
ate the bacteria ( > 2 μm) and small enough to remain airborne
nd deposit within the alveoli of a person’s lungs ( < 5 μm) (Hey-
er et al. 1986 ). Hence, the ability to pr oduce lar ge quantities of
erosols in this range would elevate the importance of a source,
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Figure 2. Examples of common sources of Legionella spp. in natural and engineered en vironments . Image: Rafael Pla Delgado. 
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such as the case of examples of sho w ers, gar den sprinklers, cool- 
ing to w ers, and w astew ater aeration units. Multiple aspects re- 
lated to exposure affect the importance of a proximate source. For 
indoor sources, this includes the size and ventilation of the space 
(affecting aerosol concentrations), and also the number of peo- 
ple exposed (Tang et al. 2025 ). For outdoor sources, the potential 
number of people exposed from a single proximate source may be 
m uc h higher, and the environmental/weather conditions (Nguyen 
et al. 2006 , Fischer et al. 2023b ) and possibly the air quality (Yu et 
al. 2024 ) influence the aerosol dispersal. Natur all y, the risk posed 
by a proximate source depends also on its context. For example,
proximate sources in, or close to, high risk environments (e.g. hos- 
pitals and care facilities) should have a higher risk consideration.

Legionella spp. r eservoirs ar e consider ed based on the degr ee 
to which the environment supports Legionella spp. proliferation 
in terms of both concentrations and species type/diversity. For 
example, a reservoir with moderate concentrations of L. pneu- 
mophila ser ogr oup 1 most likel y r epr esents a higher risk than a 
reservoir with high concentrations of, for example, L. antarctica ,
a species for which no known cases have been re ported. Link ed 
to this, factors to consider are the availability of nutrients, op- 
timal environmental conditions (e.g. temper atur e and pH), hy- 
draulics (e.g. shear stress and stagnation), the presence of biofilms 
and thus the surr ounding micr obiome, and the pr esence of stress 
factors such as disinfectants. Many of these factors can also in- 
fluence the thermo-physical properties of the water and thus 
impact the formation and dispersion of contaminated aerosol 
droplets . T he management of engineered environments often dic- 
ates the degree to which they can be considered as reservoirs
f Legionella spp.. For example, some studies suggested that wa- 
er quality changes in distribution mains due to maintenance 
nd/or operational decisions contributed to Legionella spp. prolif- 
ration and ultimately Legionnaires’ disease infections (Rhoads 
t al. 2017 , 2020 ). Also, the hot water building plumbing system is
ot a source by default, but a poorly constructed or managed sys-
em can become a significant source of Legionella spp. growth. Re-
ent studies of building closures during the COVID-19 pandemic 
ighlighted how reduced occupancy and factors such as dimin- 
shed water use and associated ele v ated water a ge may exac-
rbate the growth of Legionella spp. in colonized systems, where
rinking water with a disinfectant residual is distributed (Hozal- 
ki et al. 2020 , Grimard-Conea et al. 2022 , Dowdell et al. 2023 ).
imilarl y, ov er gr owth may be a concern in buildings with over-
ized plumbing, as well as “gr een buildings,” whic h ar e c har acter-
zed by increased hydraulic residence times and hot water tem- 
er atur es in ranges more permissive for Legionella spp. prolifer-
tion due to their focus on water and energy efficiency (Yao et
l. 2024 ). The resumption of water use or intentional use at high
ow rates (i.e. flushing) may tempor aril y lo w er concentrations,
ut will not remediate underlying issues (Hozalski et al. 2020 ,
reenwald et al. 2022 , Grimard-Conea et al. 2022 , Grimard-Conea
nd Prévost 2023 ). Consequently, building codes and best man-
 gement pr actices need to be implemented to pr otect suc h sys-
ems from becoming Legionella spp . reservoirs. Previous studies 
eport Legionella spp. concentrations and/or species for different 
ources (e.g. Prussin et al. 2017 , Salinas et al. 2021 ), while others
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Figure 3. Example of seasonality in Legionnaires’ disease cases in New 

York State (2019–2023), with often 3–5 times more cases in summer than 
in winter. Data: New York State Department of Health. Month 1–12 is 
January–December, with 6–9 depicting the Northern Hemisphere 
summer months. 
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ocumented detailed data for a specific type of environment such
s potable/drinking water (Dilger et al. 2018 , van der Lugt et al.
019 ). Ho w e v er, the br oad r ange of Legionella spp. sources (Fig. 2 )
re often investigated only from an infection perspective, but are
ot necessarily well-documented from a broad environmental mi-
r obiology perspectiv e . T his curr entl y limits our understanding
f the causes leading to the establishment of a Legionella spp.
eservoir. 
Using QMRA, risk-based concentr ation tar gets can be defined

or L. pneumophila for various w ater sour ces based on quantita-
iv e r elationships with health outcomes (Hamilton et al. 2019 ).
ey QMRA input parameters, such as exposure duration, inhala-
ion rate, population susceptibility, and dose–response choice, di-
 ectl y influence the resulting concentration targets (Tang et al.
024 ). These concentration targets enable the evaluation of mon-
toring r esults a gainst health-based standards, suc h as a risk le v el
f 1 × 10 −6 disability-adjusted life years per person per y ear. Ho w-
 v er, to assess compliance with these concentr ation tar gets, it is
ssential to compare them to the distribution of the concentra-
ion over the exposure period relevant to the health-based stan-
ar d, typically 1 y ear. Rather than r el ying onl y on a point esti-
ate, establishing a confidence interval for this av er a ge concen-

ration helps account for statistical uncertainty, ensuring that the
ean concentr ation accur atel y r eflects the true exposur e le v el in

elation to the health-based standard. T herefore , the implemen-
ation of risk-based concentr ation tar gets could gr eatl y benefit
r om close integr ation with statisticall y v alid monitoring str ate-
ies. Ho w e v er, putting suc h str ategies into pr actice for Legionella
pp. in various sources is challenging because Legionella spp. con-
entr ations can incr ease r a pidl y—by up to 2.0-log in just a few
eeks in case of suitable conditions for growth (Lee et al. 2011a ,
ölker et al. 2016 ). Such fluctuations can easily be missed, e v en
ith r elativ el y fr equent monitoring (e.g. monthl y). Furthermor e,
patially localized Legionella spp. growth in complex engineered
ystems, such as hospital plumbing (Jeanvoine et al. 2023 ) and
ooling to w ers (Trigui et al. 2024 ), complicates the collection of
 epr esentativ e samples necessary for reliable statistical analy-
es, as such growth can be missed with limited routine samples.
onsequently, while the lo w-frequenc y monitoring and targeted
ampling str ategies curr entl y in use may pr ovide insights into
he efficacy of control measures, they offer only a limited under-
tanding of Legionella spp. concentration distributions and subse-
uent risk. This limitation hinders the ability to assess compli-
nce with the health-based standar d. To over come these chal-
enges, an alternative or complementary approach is to develop
r edictiv e micr obiology models—whic h wer e originall y de v eloped
n food microbiology—that predict changes in the numbers (or
oncentrations) of pathogens under various environmental condi-
ions (Matar a gas et al. 2006 ). De v eloping pr edictiv e Legionella spp.
rowth models that integrate environmental variables and micro-
ial ecology factors could reduce uncertainties associated with
egionella spp. concentrations and facilitate more targeted inter-
entions. 
Research opportunities and needs: 

� There is a need for the c har acterization of the aerosol gen-
er ation mec hanisms and the tr ansfer of Legionella spp. fr om
the bulk water to aerosols in order to estimate the risk from
proximate sources accurately. 

� There is an opportunity to de v elop and implement e vidence-
based QMRA models, potentially incorporating predictive
growth modeling, to help identify and rank critical sources
for both routine monitoring and case in vestigations . 
i  
� There is a clear need for broad quantitative and quali-
tative data on Legionella spp. diversity and abundance in
the environment, using alternative quantitative and ad-
vanced sequencing approaches, to enhance understand-
ing of temporal and spatial fluctuations in environmental
reservoirs. 

� There is a need for predicting alternative not-yet identified
sour ces, such as sour ces that become r ele v ant thr ough cli-
mate change or new equipment (e .g. misters , pressure wash-
ing equipment, LED-mist fir eplaces, and e v a por ativ e coolers).

� There is an opportunity to identify the characteristics and
ada ptations r equir ed by distinct Legionella species for their
survival and establishment in specific en vironments . 

� There is a need to better quantify the factors that impact Le-
gionella spp. movement and survivability through a macro-
le v el envir onment (e.g. allowing for se v er al kilometers of
tr av el thr ough the air). 

� There is a need for interdisciplinary collaboration between
scientists, industry, and legislativ e a gencies dealing with the
diverse factors and environments that constitute a source
(e .g. plumbing systems , water quality, aerosol formation, air
quality, exposure, and so on). 

hat drives seasonality in Legionnaires’ 
isease cases? 
egionnaires’ disease cases are seasonal, with the incidence rates
n summer often 3–5-fold higher than in winter (e.g. Fisman et
l. 2005 , Alarcon Falconi et al. 2018 ). For example, seasonality is
onsistentl y observ ed in all a ge gr oups, as well as genders and
eogr a phic location, being independent of v arying r egional notifi-
ation r ates ov er decades (Fisc her et al. 2020 ). Figur e 3 shows sea-
onal case data from the USA in New York state for the last 5 years,
nd similar data have been recorded for many countries, albeit
ith clear regional differences. Multiple epidemiological studies

nv estigated Legionnair es’ disease seasonality, and correlated in-
idence rates to meteorological variables, predominantly temper-
ture, humidity, and rainfall (e.g. Karagiannis et al. 2009 , Simmer-
ng et al. 2017 , Fischer et al. 2023b ). To parse this out further, Fis-
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cher et al. ( 2023b ) applied a detailed modeling approach to Swiss 
data, showing that more cases occur specifically 6–12 days follow- 
ing w arm w eather and 6–14 days follo wing incr eases in r elativ e 
humidity. The importance of such factors, as well as their com- 
bination, has also been noted in different geographical settings,
suggesting the general validity of this association (Brandsema et 
al. 2014 , Simmering et al. 2017 ). Given that these data refer only 
to the number of reported cases, the information pertaining to 
the mechanism(s) linking these (and other) seasonal factors to Le- 
gionella spp. presence in the environment, dispersal, and eventual 
infection of humans is still lar gel y lac king. A mec hanistic under- 
standing of seasonality may provide opportunities to better man- 
age infection risks during these critical periods . Here , we opine on 
v arious seasonall y r elated factors, including meteor ological pat- 
terns , human actions/activities , and system operations , and how 

these are potentially interlinked with Legionella spp. growth, dis- 
persal and exposure. 

The risk of a Legionella spp. infection theor eticall y incr eases 
due to any of the following factors: (i) when the Legionella spp.
concentrations in/at a given reservoir increase (e.g. through 
growth); (ii) when Legionella spp. infectivity and/or virulence 
increases in a given source [e.g. a community shift to w ar d more 
pathogenic (subspecies)]; (iii) when the number of sources in- 
creases; (iv) when dispersal from a single source increases; (v) 
when survival in aerosols increases (meaning increased dispersal 
and, thus, also likely exposure); (vi) when exposure to sources 
or aer osols incr eases thr ough human activities/actions; and 
(vii) when susceptibility to infection in humans increases. We 
explor e fr om a source perspectiv e the impact of seasonality on 
these factors with two examples. Our first example is the use 
of cooling to w ers, a commonly recognized source of Legionella 
spp. infections (Fitzhenry et al. 2017 ). P articularl y small and 
medium size to w ers r epr esent at the same time reservoirs 
and proximate sources and are either used more intensively 
or uniquely in summer (i.e. increased number of sources or 
increased dispersal from single source). Warmer weather means 
growth conditions in the to w ers c hange, potentiall y leading to 
higher concentrations of Legionella spp. and potential shifts in 
comm unity (i.e. differ ent Legionella species) (Di Gregorio et al.
2018 , Tsao et al. 2019 ). In case of increased humidity, Legionella - 
containing aer osols ar e, then, likel y to e v a por ate slo w er and 
thus disperse further. Due to human activity/actions that are 
increased in the warmer months (e.g. walking outside and k ee p- 
ing windows open), individual exposure to the aerosols would 
increase . T hus it is, at least theoretically, possible to identify 
multiple seasonal exacerbating factors . T he second example 
is the activity of gardening, which has been pr e viousl y linked 
to Legionella spp. infections (Den Boer et al. 2007 ). Gardening 
is clearly a seasonal activity, often practiced by older people 
(i.e. incr eased gener al population exposur e and potentiall y 
an increase in high-risk individuals exposed in summer). It 
typicall y involv es dir ect inter action with known Legionella spp.
reservoirs including soil and compost (Casati et al. 2010 , van 
Heijnsbergen et al. 2014 , 2016 ), garden hoses (Thomas et al.
2014 ), and sometimes collected r ainwater (Dobr o wsk y et al.
2014 , 2017 ), thus increasing the number of Legionella spp. sources 
to which the person is exposed. In the case of garden hoses 
and collected rainwater, the warm and stagnant conditions 
would furthermore likely lead to Legionella spp. proliferation 
and potential community shifts, although this has not been 
investigated in detail (Thomas et al. 2014 ). Again, it is possible 
o identify multiple seasonal exacerbating factors . T hese illus-
r ativ e examples highlight the potential multifaceted nature 
f seasonality in Legionella spp. infections. Similar examples 
an be generated for various sources and activities, but actual
ata or specific models to quantify these seasonal changes are
acking. Nonetheless, while no single specific source or activity 
as been linked decisiv el y to the seasonality of Legionella spp.
nfections, most of the factors associated with seasonality point 
tr ongl y to w ar d outside environments/sour ces, suggesting that
rimary tr ansmission r outes in summer may not necessarily
e through building plumbing systems. A counterexample to 
his would be Legionella spp. pr olifer ation in drinking water
istribution networks during summer. There are some networks 
here seasonal temperatures increase well within the range of 
egionella spp. growth (e.g. Sharaby et al. 2019 ). This would be
or e r ele v ant in r egions experiencing climates warm enough

o result in a sufficient increase of drinking water temperature.
hile, to our knowledge, current epidemiological data do not 

upport this as the main infection route in summer, growth in
he network would contribute to seeding Legionella spp. reser- 
oirs, and thus increase the probability of Legionella spp. growing
here. It would nonetheless be interesting to model whether 
 r elativ el y small incr ease in Legionella spp. in the distribution
etw ork w ould account for a sufficiently increased number of
ases in summer given the large population affected. Based on
he curr ent e vidence, we conclude that man y factors combine
o give seasonal data, and these may not even be the same
n all regions/countries and that prevention/management 
tr ategies ar e likel y to be ada pted depending on local
onditions. 
Finally, it is worth highlighting that Legionella spp. seasonality 
ight be affected by the change in seasons’ duration and inten-
ity caused by climate change (Wang et al. 2021 ), as well as the
requency of extreme weather events (Clarke et al. 2022 ). In fact,
iven the link between temper atur es and humidity highlighted
arlier, it is expected that Legionnaires’ disease cases will k ee p
ncreasing due to the effect of climate change (Walker 2018 , Han
021 , Dupke et al. 2023 ). Furthermore, warmer conditions will po-
entiall y incr ease the use of kno wn Legionella spp. sour ces such as
ooling to w ers and air conditioning units (Hamilton et al. 2018 ),
s well as increased engagement to activities linked to exposure,
uch as gardening (Bisgrove and Hadley 2002 ). Beyond meteoro- 
ogical c har acteristics and human behavior, incr eased temper a-
ures will also affect the biology of Legionella spp ., as well as their
nteractions with other microorganisms. First of all, higher tem- 
er atur es will likely accelerate environmental growth rates of Le-
ionella spp . (Sharaby et al. 2017 ). With respect to water supply sys-
ems, se v er al Eur opean countries suc h as Switzerland distribute
ap water without residual disinfectants. Accordingly, such distri- 
ution networks are unprotected against the proliferation of Le- 
ionella spp. when the temper atur e rises (e.g. in summer and/or
ue to climate c hange). The spor adic detection of L. pneumophila in
ater supplies increases with temper atur e higher than 25 ◦C (van
er Kooij and van der Wielen 2013 ), which may well be r eac hed in
or e-and-mor e distribution systems during the summer in the
ext few years with climate change . Furthermore , it is known
hat certain Legionella spp. hosts, such as Naegleria fowleri , are ther-
ophiles and their presence is expected to increase with the pres-
nce of warmer waters (Heilmann et al. 2024 ), potentially result-
ng in more hosts available for Legionella spp. replication. In ad-
ition, it has been observed how temper atur es below 20 ◦C al-
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Figure 4. Temper atur e fluctuations in the potable water supply of a building and the impacts thereof on Legionella spp. growth, survival, and death. The 
temper atur e r esponses of Legionella spp. ar e gener alized; species-specific differ ences can occur. Ima ge: Rafael Pla Delgado. 
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o w ed amoebae to digest intracellular L. pneumophila and L. mic-
adei , in contrast with the replication observed at higher temper-
tures (Ohno et al. 2008 , Gomez-Valero et al. 2014 ). Such a result
uggests that increased periods with warmer temperatures might
lso allow for more re plicati ve niches, further increasing Legionella
pp. concentrations, as well as potentially shifting Legionella spp.
iversity, in the environment. 
Research opportunities and needs: 

� There is an opportunity to comparatively analyse existing
seasonal case data fr om differ ent r egions, particularl y wher e
seasonality (and/or the factors related to Legionella spp. in-
fections) is more pronounced. T his , ho w ever, comes with the
caveat that high quality data and metadata are not always
a vailable . 

� There is a clear need for quantitative data on seasonal fluc-
tuations in Legionella spp. in terms of both concentrations and
species in critical sources, as well as a mechanistic under-
standing of how envir onmental c hanges driv e these fluctu-
ations. 

� There is a need for careful consideration of how climate
change may affect seasons, weather patterns and extreme
e v ents (e.g. longer warm periods and more rainfall events) on
both large and local scales . T he effect of these changes on
Legionella spp. growth and transmission and by inference Le-
gionnaires’ disease seasonality should then be estimated, as-
sessing also whether mitigation strategies against increased
risk can be de v eloped. 
t  
ot w a ter temper a tures c hallenge 

nergy-saving r equir ements in buildings 

uilding plumbing systems are a known source of Legionella spp.,
nd failing to maintain adequate hot water temper atur es is recog-
ized as one reason for unwanted Legionella spp. colonization and
r owth. A gener all y a gr eed rule-of-thumb is that hot water stor a ge
ank temper atur es exceeding 60 ◦C (140 ◦F) is mostly sufficient to
ontrol Legionella spp. presence in circulation systems, even when
onsidering the inevitable heat losses during recirculation. The
hallenge is that conventional hot-water heating in buildings con-
umes up to 17%–39% of a building’s energy costs (Armstrong
t al. 2014 , Völker and Kistemann 2015 , Booysen et al. 2019 , Po-
ianowski et al. 2020 ), while not necessarily guaranteeing the
omplete absence of Legionella spp.. Here, we consider the options
nd trade-offs when lo w ering hot w ater temper atur es to conserv e
nergy, whether/how that affects Legionella spp. growth in the
nal meters, and specifically whether additional on-site chem-
cal disinfection presents a reasonable and sustainable means
o ac hie v e lo w er energy consumption in building water-heating
ystems. 
In simplified terms, a building plumbing potable water system

omprises a hot water stor a ge tank and circulation/distribution
ystem, and a cold-water distribution system (Fig. 4 ). From a tem-
er atur e perspectiv e this is mor e complicated, with for exam-
le heat loss during hot water distribution, and heat gain during
old water distribution, r espectiv el y. The br oad r ange of temper a-
ures (and temperature fluctuations) that can occur in a building
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mean that without optimal design and oper ation, nic hes for di- 
verse Legionella species can de v elop. Fr om a hygienic perspective 
the underlying principle of Legionella spp. control is thus to k ee p 
the building plumbing system either hot enough or cold enough 
to limit Legionella spp. growth. In this context, the primary pur- 
pose of a building’s hot water system is to pr e v ent Legionella spp.
from establishing and proliferating in the system in the first place,
while a secondary purpose is to disinfect any Legionella spp. that 
may be present. The first point to consider is the theoretical hot 
water temper atur e r equir ements to contr ol Legionella spp.. Man y 
Legionella species are thermotolerant, and survive extended expo- 
sur e to temper atur es abov e 50 ◦C (Cerv er o-Ar a gó et al. 2015 , P a pa-
gianeli et al. 2021 ), with some species or strains potentially surviv- 
ing or adapting to even higher temperatures, especially in case of 
repeated heat exposure (Allegra et al. 2011 , Liang et al. 2023 ). How- 
e v er, Legionella spp. gr ows optimall y below 42 ◦C and to our knowl- 
edge, no study to date has conclusiv el y demonstr ated Legionella 
spp. gr owth abov e 50 ◦C (121 ◦F) on labor atory scale in cultur e me- 
dia (Kusnetsov et al. 1996 , Hoc hstr asser and Hilbi 2022 ). This lat- 
ter point is challenged by multiple field sampling campaigns from 

real buildings that detected viable Legionella spp. in plumbing sys- 
tems above 50 ◦C (Rasheduzzaman et al. 2020 , Grimard-Conea et 
al. 2024 , Kistemann et al. 2024 ). The likely explanation is the fail- 
ure of complex buildings to maintain high water temperatures 
thr oughout the entir e system (e .g. due to dead legs , hydraulic fail- 
ur es, or str atified hot water stor a ge tanks) (Kistemann et al. 2024 ).
Hence, a first step to w ar d satisfying both energy saving and hy- 
gienic safety is to minimize heat losses and hydr aulics acr oss the 
entire hot water system to maintain control temperatures in the 
return circulation loops and as much as feasible at the periph- 
ery near the points of use (Bédard et al. 2015 , Kistemann et al.
2024 ). This can only be achieved if hydraulic deficiencies are ad- 
dressed (Blanc et al. 2005 , Boppe et al. 2016 ). Indeed, most reg- 
ulations and guidance on thermal r egimes r equir e either mini- 
m um r eturn loop temper atur es or maintaining minim um tem- 
per atur es acr oss the whole system. In this r espect, 55 ◦C is typi- 
call y vie wed as the tar get temper atur e for the insulated hot wa- 
ter circulation system (Rasheduzzaman et al. 2020 ), while Kiste- 
mann et al. ( 2024 ) concluded from a particularly large data set 
( > 290 000 samples) that the tipping point where problematic Le- 
gionella spp. growth is observed is 53 ◦C (127 ◦F). Evidently, there is 
only limited flexibility to save energy through temperature reduc- 
tions alone, but e v en small decreases in hot water setpoints can 
result in substantial energy sa vings . Ho w ever, the optimal oper- 
ating temper atur es ar e building-specific and decr easing building 
hot water temper atur es r equir e detailed temper atur e and micr o- 
bial monitoring to ensure safety of the consumers. Importantly,
temper atur e in the system and in the circulation return loops 
may not be pr edictiv e of positivity in peripheral samples as many 
other factors such as stagnation, heat-loss, materials and surface 
to volume ratio come into pla y. T he final (noncirculating) meters 
of a plumbing system are only exposed to hot water intermit- 
tently and for short durations, with stagnation and cool-down to 
ambient temper atur e the norm. It is w ell kno wn that these dis- 
tal sections are more often colonized by Legionella spp., irrespec- 
tive of circulation temperature (Kistemann et al. 2024 ). Moreover,
the presence of Legionella spp. in some distal sections is attributed 
to growth in cold water plumbing sections (Wüllings and van der 
Kooij 2006 , van der Lugt et al. 2019 ), which are obviously not in- 
fluenced or managed by hot water settings. Ultimately, temper- 
atur e contr ol alone may not always suffice to control Legionella 
spp. in buildings and other control measures may need to be 
introduced. 
Additional on-site chemical disinfection is a possibility for new 

nd legacy buildings with complex and/or old plumbing systems,
articularl y wher e high risk consumers ar e involv ed [e.g. hospi-
als , (health)care facilities , long-term care homes , and so on]. Sev-
ral on-site disinfection technologies have been applied to control 
egionella spp. in building water systems including free chlorine,
 hlor amines, c hlorine dioxide, and copper–silv er ionization. Con-
idering 20 field studies, Xi et al. ( 2024 ) concluded that the r elativ e
fficacy of chlorine-based disinfectants to control Legionella spp.
n building water systems was in the order of c hlor amine > chlo-
ine dioxide > chlorine. In recent years, monochloramine (NH 2 Cl)
as incr easingl y been used for building-scale disinfection due
o the r elativ el y low concentr ations of c har acterized disinfection
ypr oducts pr oduced as w ell as its stability, allo wing for more ef-
ective disinfection in distal parts of the water system and deeper
enetration into biofilms (Lee et al. 2011b ). Monochloramine has
een shown to be highly effective to rapidly decrease prevalence
nd e v en er adicate Legionella spp. and L. pneumophila , mor e effec-
iv el y than free chlorine (Marchesi et al. 2012 , Wang et al. 2013 ,
asini et al. 2014 , Duda et al. 2014 , Mancini et al. 2015 , Coniglio et
l. 2018 , Lytle et al. 2021 , Dowdell et al. 2023 ). Its usage has been
ssociated with lo w er frequencies of detection of environmental
egionella spp . and their hosts and disease outbreaks (Kool et al.
999 , Flannery et al. 2006 ). Notwithstanding these a ppar ent ad-
 anta ges, it is essential that any in-building disinfection approach
onsiders the building attributes (e.g. pipe material) and partic- 
larly the end-use to avoid any unintended consequences. Apart 
r om pr oviding an additional hygienic barrier to Legionella spp., this
 ppr oac h is also viewed by some as an option that could permit
o lo w er w ater temper atur es and safel y meet ener gy conserv a-
ions goals. Relying solely on on-site disinfection without main- 
aining ele v ated hot water temper atur es has been documented
hr ough some extensiv e field studies. One study in a healthcare
linic sho w ed that a small decr ease fr om 60 ◦C to 57 ◦C increased
he pr e v alence and standard exceedances for Legionella spp. ex-
ept when chlorine dioxide disinfection was present (Völker and 
istemann 2015 ). A separate 3-year longitudinal study conducted 
t an 870-bed tertiary care hospital documented the efficacy of
n-site disinfection (ozonation and copper–silver ionization) after 
o w ering the hot water setpoint to 50 ◦C for energy conservation
Blanc et al. 2005 ). In that study, both water and biofilm swabs
ho w ed ele v ated positivity in both the ozone-tr eated networks
65%–56%) and in copper–silv er-tr eated systems (90%–93%), sug- 
esting challenges when lo w ering temperatures in complex build-
ngs. On the other hand, an extensive case-study on a new hospital
uilding in the UK suggests that careful commissioning and op-
r ation fr om the start at low temper atur e (42 ◦C–43 ◦C), but with
opper–silv er tr eatment for Legionella spp. contr ol can be effec-
iv e (Cloutman-Gr een et al. 2019 ). The study assessed 1600 sam-
les during 6 years and reported no Legionella spp. positive sample
y culture, with estimated energy savings of 33% compared to an
quiv alent temper atur e-contr olled system. The data are encour-
ging, but it is obviously limited to a single building, operated from
he start with chemical disinfection and extensive flushing at all
oints of use. 
The benefits of on-site disinfection should be e v aluated consid-

ring the trade-offs of different disinfectant types against broader 
ealth risks such as disinfection byproducts, selective enrich- 
ent of unwanted microbes, and mobilization of heavy metals 

Gagnon et al. 2004 , Waak et al. 2019 , Quon et al. 2024 ). Ele v ated
oncentrations of o xidati ve disinfectants can accelerate the ag-
ng of plumbing materials (Rocka wa y et al. 2007 , Castillo Montes
t al. 2012 , 2014 ). This should be factored into costs and over-
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ll energy sa vings . Onsite disinfection, particularly when con-
idered as an option to lo w er w ater temper atur es below r ec-
mmended set-points, r equir es additional monitoring of r esid-
al disinfectant as well as Legionella spp. to ensur e c hemical and
icr obiological standards ar e maintained thr oughout a build-

ng’s plumbing system. While chemical disinfection ma y sa ve en-
rgy on-site by allowing for lower temper atur es, its installation
nd operation still requires energy and chemicals whose envi-
onmental footprint should be taken into consideration. Hence,
e conclude that while (additional) chemical disinfection may
ell be r equir ed to contr ol Legionella spp. in some buildings, its
se should complement thermal control rather than substitute
t. An y permanent r eductions in thermal contr ol below r ecom-
ended temper atur es should be a ppr oac hed with caution and
nly implemented with high-frequency monitoring programs,
ompr ehensiv e system e v aluations, expert supervision, and con-
ideration of health risks to users, supported by comprehen-
ive decision-making supporting information for building man-
gers and end-users alike (Völker and Kistemann 2015 , Roy et al.
021 ). 
Finally, for both thermal and chemical disinfection to be ef-

ectiv e, it m ust act on all sources of Legionella spp. in a building
ystem. It is worth noting that the vast majority of tests regard-
ng Legionella spp. susceptibility to temper atur e and disinfection
n the laboratory and in the field have been performed on wa-
er considering the bacteria as free-living. Ho w ever, biofilms are
he most important micr obial r eservoirs that can be persistent
ources of Legionella spp. and their hosts, contaminating the bulk
ater (Healy et al. 2024 , Silva et al. 2024 ). At any given time, a
onsider able fr action of the Legionella cells pr esent in a plumb-
ng system will be internalized in their protist hosts . T he lim-
ted r esearc h on the topic has sho wn ho w inactivation kinetics
f both chemical and thermal inactivation are largely reduced
or host-associated Legionella spp., e v en though the extent of this
an v ary e v en among differ ent str ains of the same host (Cerv er o-
r a gó et al. 2015 ). In addition, the presence of hosts can al-
ow Legionella spp. concentrations to recover after heat treatment
Cazals et al. 2022 ), providing a further mechanism for Legionella
pp. pr olifer ation in plumbing systems in case of only partial
nactivation. 
Research opportunities and needs: 
� There is the need for further optimization of engineered wa-

ter systems (e.g. boilers and building plumbing systems) to
avoid creating conditions where Legionella spp. can establish
and gro w, as w ell as de v eloping str ategies to r etr ofit existing
systems. 

� There is a clear data gap to determine whether the growth of
L. pneumophila and Legionella spp. in bulk and biofilm can be
controlled in hot water systems operated at lo w er tempera-
ture setpoints to meet energy conservation goals, if operated
with effective onsite disinfection. This is especially lacking in
legacy building water systems. 

� The de v elopment of better online/inline monitoring (temper-
ature and flow) systems for buildings offers the opportunity
for de v eloping mor e dynamic and efficient building mana ge-
ment strategies. 

� There is a need to develop clear and transparent com-
m unication str ategies between building managers and
building residents regarding available data and potential
risks. 

� There is a need for quantification of the economic, en-
vironmental and exposure-risk trade-offs of implementing
additional/on-site chemical disinfection in buildings (e.g.
system-scale life cycle analysis of the various alternatives). 

� In order to design pr oper mana gement str ategies, it is neces-
sary to better understand the role of protist hosts in Legionella
spp. resistance to environmental stresses. 

mongst others: the importance of 
egionella -associa ted micr obiome researc h 

he microbiomes of engineered aquatic systems are complex,
ynamic, and variable based on r egional, tempor al, and oper a-
ional differences (e.g. source water, treatment methods, disinfec-
ion pr actices, and temper atur e) (Di Gr egorio et al. 2017 , Zhang et
l. 2017 , P ar anja pe et al. 2020b , Palanisamy et al. 2022 ). In many
ngineer ed aquatic envir onments, differ ent Legionella species are
atural members of the resident microbial communities, with the
otential to interact positively and negatively with other microor-
anisms across trophic levels. It is generally agreed that Legionella
pp. surviv es as fr ee-living bacteria in biofilms, but pr olifer ates
hr ough pr otists (Declerc k 2010 , Mondino et al. 2020 , Barbosa et al.
024 ). Ho w e v er, the extent of these environmental dynamics is not
et fully elucidated such as, for example, the ratio of free-living to
ost-associated Legionella cells at an y giv en moment in a system.
ere, we opine on why knowledge of Legionella–microbiome inter-
ctions is valuable for improved system design, operation, and
anagement to minimize conditions favoring Legionella spp., and
upport the de v elopment of potential micr obiome-based contr ol
nd/or environmental strategies against Legionella spp. prolifera-
ion in engineered en vironments . 
Se v er al bacterial species ar e ca pable of dir ectl y inhibiting free-

iving Legionella species through the production of antimicrobial
ompounds such as various biosurfactants (Loiseau et al. 2015 ,
018 , Cav allar o et al. 2024 ), warnericin RK (Verdon et al. 2008 ),
nd toxoflavin (Faucher et al. 2022 ) (Fig. 5 ). Ho w e v er, the inhibition
f Legionella spp. with these compounds has ne v er been demon-
trated to occur in real environmental settings . Moreo ver, because
egionella species are auxotrophic for some critical amino acids
Ewann and Hoffman 2006 ) and r equir e ir on for growth and in-
ection (James et al. 1995 ), indirect competition for nutrients from
acteria that scavenge amino acids and iron is also plausible (Cav-
llaro et al. 2023 , Vollenweider et al. 2024 ). Howe v er, these nu-
rient r equir ements also hav e the potential to support syner gis-
ic/cooper ativ e inter actions, for example with Legionella spp. gr ow-
ng in concert with bacteria that ov er pr oduce and/or leak amino
cids (P ar anja pe et al. 2020a , McKinlay 2023 ). Early experiments
emonstrated, for instance, that the presence of other microor-
anisms can promote the growth of Legionella spp. on agar plates
ot supplemented with k e y n utrients (Tison et al. 1980 , Wado wsk y
nd Yee 1983 , Toze et al. 1990 ). Ho w e v er, these mec hanisms hav e
ot been explored sufficiently to date, especially with respect to
he host-associated Legionella spp. state. In fact, once internalized,
egionella spp. can exploit protists’ metabolism to recover required
utrients without competition of other extracellular microorgan-
sms , o vercoming competition for resources as highlighted abo ve .
till the hosts’ cytoplasm is yet another envir onment, wher e mi-
robial competition and potentially cooperation can occur. For ex-
mple, intr acellular Parac hlam ydiaceae bacteria hav e been shown
o pr e v ent L. pneumophila r eplication within hosts by either pr e-
enting its entry (Maita et al. 2018 ) or by hampering the de v el-
pment of its tr ansmissiv e form thr ough nutrient competition
König et al. 2019 ). In addition, it was shown that certain anti-
egionella spp. molecules, such as surfactin, show some activity
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Figur e 5. P ossible interactions between Legionella spp. and other prokaryotic and eukaryotic members of the microbial communities in the 
pol ymicr obial biofilms of natural and engineered aquatic en vironments . 
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against amoebae (Loiseau et al. 2015 ) and that specifically biosur- 
factants are able to disrupt biofilms (Bonnichsen et al. 2015 ), thus 
affecting the r epr oductiv e nic hes and envir onmental r eservoirs of 
Legionella spp. that are difficult to target with standard mitigation 
strategies. 

Beyond laboratory experiments, the presence of Legionella spp. 
has been associated with high cell numbers, suggesting that the 
thriving micr obial comm unities can support the opportunistic 
pathogen (Proctor et al. 2018 ). In fact, se v er al studies hav e inv esti- 
gated the Legionella -associated microbiome to elucidate this, find- 
ing both negative and positive statistical relationships with other 
bacteria (Ma et al. 2020 , P ar anja pe et al. 2020b , Scaturro et al. 2023 ,
Kanatani et al. 2024 ). While all these studies have identified taxa 
related to the presence/absence of Legionella spp. in specific sam- 
ples, it seems evident that a general Legionella -associated micro- 
biome does not (yet) materialize from the combined data. There 
ar e se v er al plausible explanations for this . For example , Legionella 
pecies ar e div erse, and most studies in this field employ meth-
ds that do not allow for the detection of organisms at the species
e v el (e .g. Ca v allar o et al. ( 2023 )). The associations ar e then anal-
sed and generalized at higher taxonomic le v els (e.g. genus), pr o-
iding r esults whic h ar e confounded by the heterogeneity within
hese taxonomic le v els (i.e. differ ent r elativ e abundance of the
pecies within a genus across samples) and lack finer resolution.
lso, it is common knowledge that taxonomic identity does not
ecessarily infer functionality (Louca et al. 2016 ), and it is there-
ore possible that taxonomically distinct microbiomes have simi- 
ar interactions with Legionella spp. that are not captured with am-
licon sequencing. Furthermore, the presence of high-order inter- 
ctions (e.g. interaction of more than two microorganisms, either 
rokary otic or eukary otic), as w ell as their context-dependenc y,
ampers the r etrie v al of meaningful inter actions fr om amplicon
equencing data alone, as well as their simulation in laboratory 
ettings (Ludington 2022 ). For example, it is possible that a certain
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acterial species might not significantly affect the abundance of
egionella spp. in an environment (i.e. no statistical association),
ut that this species could act as prey for one of several Legionella
pp. hosts, offering as a r esult gr eater opportunities for Legionella
pp. replication (i.e. positive statistical association) (Paranjape et
l. 2020a ). Similarl y, the pr esence of an endosymbiont protecting a
otential host can potentially shift a positive association between
he host and Legionella spp. to a nonsignificant one (König et al.
019 ). 
The potential interactions between Legionella species and pro-

ists in the environment are even more complex (Fig. 5 ). The
ost-described interaction is that Legionella spp. are phagocy-

ized by protists (e.g. amoebae), establish in a so-called Legionella -
ontaining-vacuole, and then hijack the degradation mechanism
f the protist to proliferate and eventually exit the cells often lead-
ng to the demise of the latter (Shaheen and Ashbolt 2021 ). How-
 v er, a wide variety of alternative outcomes are possible, depend-
ng on the protist host, the Legionella species, and the environmen-
al conditions . For example , Legionella spp. are in some cases not
ble to escape the host’s degr adation mec hanisms and ar e hence
igested (Boamah et al. 2017 ), or different Legionella species and
tr ains r espond differ entl y to the exact same pr otist host (Buse
nd Ashbolt 2011 ). The outcome depends primarily on the reper-
oire of Icm/Dot effectors carried by Legionella spp. to take con-
rol of the protists (Gomez-Valero et al. 2019 ) and on the bacte-
ia life c ycle (Molofsk y and Swanson 2004 ). Importantly, Legionella
pp. r esistance to pr otist pha gocytosis leads to enhanced r esis-
ance to phagocytosis by immune cells such as macr opha ges since
hey share similar mechanisms (Escoll et al. 2013 ). Again, these
nter actions hav e mostl y been observ ed in labor atory-based ex-
eriments. A knowledge gap exists with respect to the environ-
ental outcomes of these mechanisms, and how host specificity
ay affect fitness within specific engineer ed envir onments (Ens-
inger et al. 2012 ). Although more and more studies character-

ze Legionella -associated protists (Vilne et al. 2021 , Cav allar o et al.
023 ), these tend to suffer from the fact that protists in general are
oorl y c har acterized, and both the methodologies (i.e. 18S rRNA
equencing) and the databases for protist identification still lag
ell behind that of bacteria (Gao et al. 2024 ). In fact, while it is
nown that Legionella spp. hav e br oad host ranges (Thomas et al.
010 , Boamah et al. 2017 , Nisar et al. 2020 ), very little information
s present about its extent and how these change between species
nd strains. One further layer of complexity is due to the fact that
he outcome of Legionella -protists interactions can be influenced
y environmental factors (e.g. temper atur e; Ohno et al. 2008 ) and
lso potentially by the presence of other microbiome members
e.g. Maita et al. 2018 , König et al. 2019 ). Mor eov er, in low den-
ity en vironments , protists ha ve been shown to have predation
r efer ences and to predate on Legionella spp. as a last resort (Sha-
een and Ashbolt 2021 ); ho w e v er, ther e is no data regarding the
ersistence and impact of such preferences in complex biofilms.
hese considerations show both the relevance of protists for Le-
ionella spp. persistence in the environment, as well as the crit-
cal shortcoming of the methodologies to investigate protists in
he environment and the fundamental knowledge gaps in their
cology. 
Research opportunities and needs: 

� There is the opportunity to establish standard methodologies
(e.g. sequencing and analyses) for both prokaryotes and eu-
karyotes to compare results across studies and le v er a ge r e-
cent advances in machine learning. 
� There is the need to move beyond a pure taxonomy-based ap-
pr oac h and consider the functional potential of micr oor gan-
isms to understand the microbial interactions which support
Legionella spp. establishment in microbiomes. 

� A clearer understanding of the environmental niche, the host
range, and the ratio between free-living to host-associated
cells of each Legionella species is r equir ed to elucidate Le-
gionella spp. distribution in the environment. 

� There is an opportunity to de v elop micr obiome-based con-
tr ol str ategies by understanding the tr ophic and ecologi-
cal interactions between individual Legionella species, (host)
pr otozoan comm unity and the (pr ey) bacterial comm u-
nity in water systems . T he establishment of such control
str ategies will r equir e v alidating Legionella spp. inhibition
fr om compounds pr oduced by other micr obes in r ealistic
conditions. 

� There is an opportunity to develop microbiome engineering
a ppr oac hes as a whole, to allow for application of biology-
based control with microbial communities at the point of
commissioning of engineered systems. 

eneral conclusions 

� Inter disciplinary resear ch collaboration is essential for Le-
gionella spp. mana gement, whic h ov erla ps expertise in micr o-
biology , water quality , risk assessment, epidemiology , plumb-
ing technology and engineering, building technology and en-
gineering, and potentially other fields. 

� Similarl y, tr ansdisciplinary collabor ations and harmoniza-
tion across the larger domains of science (research), govern-
ment (legislation), and industry (a pplication) ar e essential
for the implementation of sensible, evidence-based Legionella
spp. management and legislation. 

� Regional differences in Legionnaires’ disease data driven by
climate, legislation, network/building operation, reporting,
human behavior, and so on, call for more international re-
searc h collabor ations and standardization to facilitate inter-
r egional r euse of the r esults. 

� More in depth investigations of the ecology of Legionella spp.
and their protist hosts in engineered aquatic ecosystems
will help understanding microbial dynamics and aid deci-
sions related to monitoring and alternative biological control
strategies. 

� Climate change is likely to impact multiple aspects of
Legionella spp. risk including their concentrations in
the environment, species diversity, and exposure path-
wa ys . It is imper ativ e to identify and mitigate these risks
pr oactiv el y. 
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