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Abstract
Legionella and Pseudomonas aeruginosa are pathogens that live and multiply in
water systems and resist disinfection through biofilm formation. As suggested by
some studies, we wanted to verify whether the presence of P. aeruginosa can lead to
a less frequent presence of Legionella in water systems of retirement homes and
group homes. We collected 123 hot water and biofilm samples from showerheads.
Samples were tested by selective culture methods, and Heterotrophic Plate Counts
were determined. Legionella and P. aeruginosa were found in 35% and 39% of
distal points, respectively. The presence of P. aeruginosa was significantly inversely
correlated with the presence of Legionella when considering both matrices
together (p<0.01), water samples only (p=0.02), and biofilm samples only (p=0.04).
The inverse relationship was strong for L. pneumophila sg1 (Odds Ratio 0.182,
p=0.002), while it is no longer verified when only L. pneumophila serogroups 2-14
are considered. The implications for the development of environmental
investigations and risk management are discussed.
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Riassunto
Legionella e Pseudomonas aeruginosa sono agenti patogeni che vivono e si
moltiplicano nei sistemi idrici e resistono alla disinfezione all’interno del biofilm.
Abbiamo voluto verificare se la presenza di P. aeruginosa può portare, come alcuni
studi suggeriscono, ad una minor frequenza di riscontro di Legionella negli
impianti idrici di case di riposo e comunità alloggio. Abbiamo raccolto 123
campioni di biofilm ed acqua calda dai soffioni delle docce. I campioni sono stati
testati con metodi di coltura selettivi e sono stati determinati i conteggi delle
piastre eterotrofiche. Legionella e P. aeruginosa sono state trovate rispettivamente
nel 35% e nel 39% dei punti distali. La presenza di P. aeruginosa era
significativamente inversamente correlata con la presenza di Legionella quando si
consideravano entrambe le matrici insieme (p <0,01), solo campioni di acqua
(p=0,02) e campioni di biofilm da soli (p=0,04). La relazione inversa era forte per
L. pneumophila sg1 (Odds Ratio 0,182, p=0,002), mentre non era confermata
considerando la sola L. pneumophila sg2-14. Vengono discusse le implicazioni per
lo sviluppo delle indagini ambientali e della gestione del rischio.
Introduction
Legionella pneumophila and Pseudomonas aeruginosa are considered “opportunistic
premise plumbing pathogens” (OPPPs), because they can live and multiply in pipes
and plumbing systems. OPPPs are different from “classical” waterborne pathogens;
the latter term best refers to those microorganisms (e.g. Shigella, Salmonella and
polio virus) that enter the water as contaminants, and are usually unable to
reproduce in the water supply, thus following a fecal–oral route of transmission [1].
Legionella Ecology, transmission and clinical features
Legionella is a gram-negative aquatic bacillus [2,3] whose natural habitats are water
environments that include rivers, streams, and thermally polluted waters [1]. These
bacteria are ubiquitous in artificial aquatic environments, constituting a frequent
component of the microbial population of water distribution systems [1,4]. Waterassociated biofilms represent an ecological micro-niche for Legionella species [4]:
biofilms are crucial for both L. pneumophila and P. aeruginosa to establish chronic
colonization of water systems, protecting these pathogens from effective treatment
with disinfectants [1,5-8]. The ability of L. pneumophila to colonize and persist in
biofilms may depend on the surface material on which the biofilm grows and the
composition of the microbial community [9]. Legionella in aquatic environments
and biofilms is often associated with the presence of free protists, as these bacteria
can live and grow inside phagocytic amoebas (e.g. Acanthamoeba spp. and
Vermamoeba spp.), even in the encysted form, resulting in increased virulence and
resistance to environmental stress, disinfection treatments and other harsh
conditions [1,3,10,11].
To date, Legionella family includes over 60 species with 70 serogroups [12], with
~90-95% of human infections caused by Legionella pneumophila serogroups, and
~84% by L. pneumophila sg 1 [1,3]. Legionella can infect humans through multiple
ways, the most frequent of which seems to be aerosolisation: aerosols can be
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produced and disseminated by several sources, e.g. cooling towers, water softeners,
showerheads [1,13,14]. Legionellosis can cause Legionnaires’ disease, an acute, lifethreatening form of pneumonia, or Pontiac fever, a mild, flu-like and usually selflimiting disease [1,3].
P. aeruginosa ecology, transmission, and clinical features
P. aeruginosa is a ubiquitous gram-negative bacillus usually living in soil and water.
This species is characterized by vast metabolic capabilities, which allow it to survive
in many different environments, including oligotrophic ones [1,4]. P. aeruginosa
forms biofilms, it is resistant to common disinfectants used for water treatment,
including chlorine, and its transmission can occur by direct contact with water and
aerosols, or by indirect transfer from surfaces and hands [1,15]. Similarly to
Legionella, infrequently used water outlets and low water throughput pose a higher
risk for P. aeruginosa contamination, stagnant water, poor temperature control, long
branch pipes and dead-legs, and complex drain design all represent a potential
hazard to P. aeruginosa colonization and growth [16,17]. P. aeruginosa can detected by
Heterotrophic Plate Count (HPC), which can be used in conjunction with
parameters such as disinfectant residues to indicate conditions that may promote
the growth of these microorganisms [18]. P. aeruginosa infection, due to a quorum
sensing controlled multifactorial virulence [19], can cause severe diseases such as
pneumonia in community-dwellers, septicemia in immunocompromised
individuals, chronic infections in cystic fibrosis patients, and community-acquired
ear infections, and is occasionally responsible for hospital-acquired outbreaks
[1,4,20,21].
Possible interaction between Legionella and P. aeruginosa
Some studies suggest a negative correlation between the presence of P. aeruginosa
and that of L. pneumophila [15,22], that seems to be due to the poor survival of L.
pneumophila in biofilms in which only P. aeruginosa is present. P. aeruginosa, whose
competitive advantage in the colonization of water systems is due to its ability to
inhibit the growth of other bacteria by producing bacteriocins, would therefore
figure a Legionella antagonist [7,23]. P. aeruginosa appears capable of inhibiting
Legionella’s growth thanks to molecules such as 3-oxo-C12-HSL, thus having a
selective bacteriostatic effect [24]. This inhibition seems to be caused by P.
aeruginosa, but not by all strains of Pseudomonas, some of which, in vitro tests,
have shown rather to promote the growth of Legionella [25]. Nevertheless,
Legionella's ability to form monospecies biofilms seems to correlate with its ability
to persist in biofilms in which P. aeruginosa is also present [26]. Both L. pneumophila
and P. aeruginosa have proved capable, under experimental conditions, of
integrating and persisting in biofilms previously present in the pipes, even if P.
aeruginosa seems to survive with difficulty in copper pipes. Bacteria, even if not
detected by culture, are often present in biofilms in "viable but not cultivable"
conditions (VBNC) [27]. Samples positive for only one and for both bacteria, P.
aeruginosa and L. pneumophila, were detected in association ty Tartakovskiĭ et al.
(2010) [28], while in another study, specifically aimed at verifying the coexistence of
Gram-negative bacteria in water, Legionella and Pseudomonas
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were found to accompany each other in a significant percentage of the total
samples (p<0.001) [29]. Moore et al. (2015) have shown a positive correlation
between P. aeruginosa and L. pneumophila in sources where a process of
aerosolization takes place [30]. Guerrieri et al. (2008) [31] tested 60 Pseudomonas
aquatic bacterial isolates as by spot-on-lawn assay, and 43 (71.6%) of them showed
antagonistic activity against L. pneumophila. Corre et al. (2018) [32] collected 273
culturable bacterial isolates from five freshwater environments: out of 70
Pseudomonas isolates, 26 (37.1%) were found to totally inhibit the growth of L.
pneumophila on Petri-dishes assay, while 42 (60%) displayed some antagonistic
activity. In a recent study Loiseau et al. showed that various Pseudomonas strains
were able to produce in vitro bio-surfactants characterized by a high activity
towards Legionella strains. In this experiment P. aeruginosa and P. fluorescens were
shown to produce the larger zone of inhibition [33]. Finally, Paranjape et al. (2020)
found positive association between presence of L. pneumophila and presence of
bacteria belonging to the genera Qipengyuania, Cloacibacterium and
Mycobacterium in cooling towers, while negative association between L.
pneumophila and Shingobium genus was detected. Interestingly, when considering
bacteria taxonomy, while 15 taxa were enriched in Legionella-positive cooling
towers, Pseudomonas was the only taxon found more frequently in towers without
Legionella [9]. Similar results were obtained by Faucher et al. (2022), who found
Pseudomonas alcaliphila inhibiting the growth of L. pneumophila and Vermamoeba
vermiformis both in environmental samplings from cooling towers and in vitro, by
producing toxoflavin [34].
Rational and aim of the study
Verifying the existence of strong competition between Legionella and P. aeruginosa
within water systems could have repercussions on the methods followed for
performing an environmental sampling. It is also suspected that some disinfection
procedures may benefit one bacterium at the expense of another [35]: this could be
the subject of evaluation in the choice of the type of treatment to be carried out in
a water system, depending on the characteristics of the individuals exposed. All
disinfection and decontamination techniques have advantages and disadvantages,
and no ‘gold standard’ exists [8, 36]. The production of bio-surfactants has been
proposed as a valid alternative to synthetic surfactants in other contexts, and
higher production costs are counterbalanced by biodegradability and reduced
toxicity [37]. The use of bio-surfactants from P. aeruginosa against Legionella in water
environments [33], if their effectiveness was supported by data from environmental
studies, could be proposed as a possible new method of selective disinfection.
We aimed to conduct this environmental investigation to deepen our knowledge
on the relation between Legionella strains and P. aeruginosa in water systems, in
order to assess whether the presence of P. aeruginosa can lead to a less frequent
presence of Legionella. Describing the background of the work and its aims.
Materials and Methods
Study area and samples collection
Samplings were performed in retirement homes and group homes, situated in the
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area of Rome (Lazio, Italy). The samplings were carried out in the context of a
surveillance campaign for assessing the prevalence of Legionella in in residential
facilities hosting closed communities [38,39]. All the buildings were supplied from
the public network that uses groundwater. The water supplied by the municipality
through the water network was drinkable and was used by the facilities’ hosts for
all normal domestic uses. No facility had a well connected to the domestic water
system.
Sampling method
We collected from every distal point (showerheads) both water and a biofilm
sample. All water samples were taken without flaming the outlet point and without
previously running the water, in agreement with the Italian guidelines for hot
water sampling in common use conditions, namely “instantaneous sample”, to
simulate the theoretical user's exposure [40]. This sampling procedure also allowed
us to obtain a selective assessment of the microbiological environment of the water
network’s last section. We collected all samples by turning on the hot water. Water
temperature was measured during the sampling although all samples were collected
by turning on the hot water, and we selected only the samples exceeding 30 °C,
since under this threshold Legionella presence is far less frequent [14,38]. We
followed Legionella standard sampling procedures for water reported in the ISO
11731 (1998) (Water quality–detection and enumeration of Legionella) [41] and in
the Italian Guidelines for the prevention and control of legionellosis [40]. The
samples were collected in 1 L sterile polyethylene bottles with 10% sodium
thiosulphate to neutralize the chlorine (able to neutralize up to 5 mg/L of residual
free and combined chlorine) [42,43]. The bottles were transferred to the laboratory
for the microbiological analysis at room temperature and protected from direct
light.
In addition, we also collected biofilm samples from the surface and inside of all
analyzed showerheads: inner surfaces were sampled by removing and disassembling
the showerheads. Alginate-tipped sterile swabs (Swab Rinse Kit SRK, COPAN)
were used to sample the biofilms from the shower heads surface; the usual
procedures for small environmental surfaces were applied [38,44]. Swabs were then
re-suspended in 2.5 ml SRK solution (Copan Diagnostics, USA) and processed
immediately.
Microbiological analysis of water samples
Legionella isolation was performed in accordance with the ISO 11731 (1998) [41]
and the Italian Guidelines with minor modifications [40], as described in our
previous work [14]. Each water sample was filtered through 0.20 μm pore-sized
cellulose nitrate filter (Sartorius). Filters were than resuspended in 5 mL of the
original water sample. To reduce contamination by interfering microorganisms, the
sample was held at 50 °C for 30 min. Then, an aliquot of 0.5 mL was spread on
plates of Legionella CYE agar base (Oxoid) with BCYE growth supplement and
GVPC selective supplement (Oxoid). The plates were incubated at 37 ± 1 °C in
2.5% CO2 for 10 days and observed every day. Suspect colonies were counted
from each plate and at least 5 of them for each plate (Italian Guidelines, 2015) [40]
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were confirmed Legionella positivity by their inability to grow on CYE agar base
without BCYE growth supplement. We then evaluated each suspect Legionella
colony by the Legionella Latex Test Kit (Oxoid). This is a latex agglutination test
which allows a separate identification of L. pneumophila serogroup1, L. pneumophila
serogroup 2–14 and detection of seven Legionella (polyvalent) species, which have
been implicated in human disease: L. longbeachae, L. bozemanii 1 and 2, L. dumoffii,
L. gormanii, L. jordanis, L. micdadei, and L. anisa. Finally, all positive colonies and a
subset of negative colonies were confirmed by PCR. The results of the plate counts
were expressed in Colony Forming Units per liter (CFU/L). The detection limit,
based on the concentration factor and the volume of the inoculum, was 10 CFU/
L. Accuracy of method is monthly checked through internal titered control.
P. aeruginosa isolation was carried out by means of the standard membrane
filtration technique [45] using Pseudomonas Cetrimide Agar Base (Biokar
diagnostics) with Glycerol (1%) supplement (Oxoid) as culture medium. For each
sample, a volume of 100 mL of water was filtered using cellulose nitrate filters with
a porosity of 0.45 μm (Sartorius). After incubation at 37 °C for 48 hours,
suspected colonies were submitted to the oxidase test and then to the biochemical
miniaturized tests API 20NE and API 20E systems (BioMerieux) [43].
An aliquot of each water sample was also taken to determine the load of the HPC
at 22 °C and 37 °C. These bacteria have been determined in duplicate by the pour
plate method, using standard Plate Count Agar (Oxoid). The plates have been
incubated at 37 °C for at least 48 h and at 22 °C for at least 72 h. The results have
been expressed in CFU/mL [43,45,46].
Microbiological analysis of biofilm samples
Aliquots of 0.25 mL solution were taken from each swab and inoculated on
Pseudomonas Cetrimide Agar Base (Biokar diagnostics) plates with Glycerol (1%)
supplement (Oxoid) as culture medium. An aliquot of 0.5 mL solution was also
spread on plates with Legionella CYE agar base (Oxoid) with an addition of BCYE
growth supplement and GVPC selective supplement (Oxoid). The same samples
were held at 50 °C for 30 min to reduce contamination by interfering
microorganisms. Pseudomonas and Legionella isolation and identification were
performed following the same procedures for water samples. The swab surface
sampling technique is described in further detail in the ISO 18593 (2004) [47] and
in the Italian Guidelines 2015 [40]. The swab is generally used to sample irregular
surfaces and, due to the difficulty of calculating the sampled area, this type of
investigation is considered a qualitative but not quantitative sampling method: for
this reason we expressed the biofilm sampling results in terms of presence or
absence of the pathogen of interest.
Statistical analysis
All statistical tests were 2-sided, with statistical significance set at 0.05. We
summarized continuous variables using descriptive statistics and expressed as
average and standard deviation (SD), as appropriate, and expressed categorical data
in percentages or summarized in contingency tables. When possible, variables were
categorized into dichotomous ones. Odds ratios (OR) and 95% confidence
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intervals (CI) were calculated to assess categorical risk variables associated with
microbial contamination. The qualitative analysis of categorical data was
performed through the construction of contingency tables, and the application of
Fisher's exact test or Chi-square test, when appropriate. Subgroup analyses were
performed considering separately the presence of the different Legionella
pneumophila serogroup (sg 1 or sg 2-14) or Legionella spp. in relation to the presence
of P. aeruginosa. Stratification was performed based on the HPCs at 22 °C and at 37
°C, considering a threshold of 300 CFU/mL, since this is commonly considered
the upper acceptance limit for countable numbers of colonies on a plate according
to the pour plate method, using standard Plate Count Agar (Oxoid). Statistical
analyses were performed using Epi Info™ 7.2.2.2 [48].
Results
A total of 123 water and biofilm samples were collected, from 123 sampling points
(showerheads), from hot water distribution systems in 30 buildings. Sampling
operations were performed from October 2015 to November 2018. All the
structures were equipped with a centralized water heating system and with gas
boilers. On average, 4.1 (SD=4.5) samples were collected from each sampling
operation, depending on the number of showers provided with hot water in each
facility.
Overall, Legionella was found in 42 (34.1%) water and in 22 (17.9%) biofilm
samples, respectively; 43 distal points (35%) were positive for the presence of
Legionella, since only in one (0.8%) case Legionella was found in the biofilm but
not in the corresponding water sample. L. pneumophila sg1 was found in 31 (25.2%)
sampling points, while L. pneumophila sg2-14 in 13 (10.6%) sampling points, and
Legionella spp. was found only in four (3.3%). In four samples two among L.
pneumophila sg1, sg2-14 and Legionella spp. were found together. Legionella median
load was 485 CFU/L (IQR 162.5 to 750 CFU/L).
P. aeruginosa was found in 40 (32.5%) water samples and in 26 (21.1%) biofilm
samples, respectively; 48 (39%) sampling points were positive for the presence of P.
aeruginosa, since in eight (6.5%) cases the bacterium was found in the biofilm but
not in the corresponding water sample.
HPCs at 37 °C ranged from 0 to 1200 CFU/mL, with 71.5% of samples showing
loads over 300 CFU/mL, while HPCs at 22 °C ranged from 0 to 1280 CFU/mL,
with 56% of samples > 300 CFU/mL.
The analysis of presence or absence of Legionella based on the presence/absence
of P. aeruginosa is shown in Table 1. The presence of P. aeruginosa was significantly
inversely correlated with the presence of Legionella. The correlation was consistent
when considering water and biofilm joint positivity (p=0.0016), only water samples’
positivity (p=0.0216), and only biofilm samples’ positivity (p=0.0425) (S1 to S3
figures).
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Table 1: Presence of Legionella related to the presence of P. aeruginosa in water systems’ distal points in different
matrices.
* Chi-square test without Yates' correction performed
** Fisher’s exact test performed

Based on stratification for confounders, instead, while in each stratum the
correlation was consistent, with Odd Ratios ranging from 0.137 to 0.700, HPC at
22 °C emerged as a potential confounder, since the Mantel-Haenszel adjusted OR
was 0.380 (95% CI 0.155 to 0.928), with a borderline significance (p=0.051) (Table
2).
When performing subgroup analyses on P. aeruginosa presence based on the
presence of different serogroups of Legionella (L. pneumophila sg 1, L. pneumophila
sg 2-14, and Legionella spp.), significance is maintained only considering L.
pneumophila sg 1 positive samples, with an OR of 0.182 (95% CI 0.059 to 0.563,
p=0.0019). However, the inverse relation was consistent for Legionella spp. (OR
0.378, 95% CI 0.041 to 3.485), while for L. pneumophila sg 2-14 the ratio was not
preserved (OR 0.974, 95% CI 0.299 to 3.173) (see Table 3). Results of main and
sub-group analyses are summarized in Figure 1. Methods and main findings of the
present study are summarized in Figure 2.

Table 2: Presence of Legionella related to the presence of P. aeruginosa: stratified analyses.
* Fisher exact test performed
** M-H corrected Chi-square performed
Legend: HPC: Heterotrophic Plate Count; M-H: Mantel-Haenszel: OR: Odds Ratio.
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Table 3: Presence of Legionella different strains related to the presence of P. aeruginosa.

* Fisher exact test performed

Figure 1: Presence of Legionella related to the presence of P. aeruginosa: forest plot of Odds Ratios.

When performing subgroup analyses considering Legionella serogroups and the
type of matrix analyzed (biofilm or water), statistical significance was preserved
only in the case of inverse relation between P. aeruginosa and L. pneumophila sg 1
presence in water samples (OR 0.17, 95% CI 0.050 to 0.630, p=0.0031). In the
other comparisons the relation was inconsistent, with Odds Ratios ranging from
0.000 (L. pneumophila sg 2-14 versus P. aeruginosa in biofilm samples) to 3.840
(Legionella spp. versus P. aeruginosa in biofilm samples), and p-values never lower
than the significance threshold. Full results for subgroup analyses are reported in
Table 4.
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Figure 2: Graphical abstract showing methods and main results of the study

Table 4: Presence of Legionella different strains related to the presence of P. aeruginosa: separate analysis by matrix
* Fisher exact test performed

Discussion
Legionella was found significantly more frequently in the distal points where P.
aeruginosa was not found. Even if significance of this finding was sometimes
inconsistent after performing subgroup and stratified analyses, the nature of the
ratio was conserved, with the sole exception of L. pneumophila sg2-14 when
considering water samples alone (OR 0.973, p=1.000). Data suggest a probable
competition between at least P. aeruginosa and L. pneumophila sg1. The relationship
does not seem to be influenced by the HPC at 37 °C, but potentially influenced by
HPC at 22 °C, after adjustment for these factors (Table 2). HPCs have been
proposed as a L. pneumophila and P. aeruginosa presence indicator, but setting a
potential cut-off remains difficult [8,15,38].
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Recent research has proposed an integrated monitoring conceptual model for
Legionella study and control in field-based systems, including water and biofilm
monitoring complementary sets of information [49]. Biofilm sampling has shown
to be of great importance in our study for detecting these bacteria and reducing the
frequency of false negative responses: collecting only water samples would have led
to a 17% underestimation of P. aeruginosa presence in sampled distal points. As
already shown in our previous work [38,39], instead, Legionella isolation in biofilm
was of little or no use in estimating the presence of this bacterium. However, in
this work we have deemed it important to carry out the isolation of both bacteria
from the biofilm, in order to investigate the potential effects of their competition
in this matrix. Based on literature data on secretion by P. aeruginosa of surfactants
hostile to the colonization and growth of Legionella [33], we expected to find
greater competition within the biofilm compared to water samples. Interestingly,
this hypothesis was not confirmed, as the inverse correlation in the presence of the
two bacteria remained significant even when considering only water samples
(p=0.02). The inability to demonstrate such correlation could be partially due to
some biofilm detachment during water sampling: this may have contributed to
recreating in the water samples an environment similar to the one of the biofilm,
thus limiting our ability to identify differences between the two matrices. Another
possibility is that other nature of interactions, i.e. commensalism or interference,
can influence the growth of L. pneumophila in the presence of P. aeruginosa and
other bacteria, such as Klebsiella pneumoniae, as reported in literature [50].
The observed differences in ORs calculated in subgroup analyses performed for L.
pneumophila sg1 and L. pneumophila sg 2-14, though not significant, deserve to be
further investigated, as one of the Legionella serogroups among 2 and 14 could
show a positive correlation with the presence of P. aeruginosa, dragging with it the
other serogroups in the final ratio. The number of samples positive for Legionella
spp. was too small to highlight a statistically significant relationship with P.
aeruginosa, of whatever nature it was. However, the available data are consistent
with our initial hypothesis and with the literature [35].
P. aeruginosa would not appear to be a public health concern through water
consumption by the general population, including most patients in health care
facilities; however, it may be of concern to severely immunosuppressed people,
such as those with less than 500 neutrophils per microliter in peripheral blood
[18]. Hardalo and Edberg [51] concluded that establishing a guideline for P.
aeruginosa in drinking-water would yield no public health protection benefits, and
the WHO in 1996 [52] did not establish a threshold value for P. aeruginosa
concentration in water. On the other hand, the UK National Health Service
recommends, when monitoring water quality in augmented care centers, to take
the first sample (pre-flushing), after at least 2 hours of stagnation or during a
period of minimum water usage, precisely for the purpose of detecting P. aeruginosa
[53].
As monitoring and diagnostic methods vary significantly worldwide, the exact
incidence of Legionellosis remains unknown [12]. The European Centre for
Disease Prevention and Control (ECDC) estimated 19 cases per million
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inhabitants across European countries in 2020 [54] and the US Centers for
Disease Control and Prevention (CDCs reported an incidence raising from
18.9/1,000,000 in 2015 [55] to 22.3/1,000,000 in 2017 [56]. In Italy, the incidence
reached 48.9 cases per million inhabitants in 2018 [57], and 53/1,000,000 in 2019
[58], before a sharp decrease up to 35/1,000,000 in 2020 after Covid-19 pandemic
restrictions [54].
The determination of the source of Legionella infection can be very challenging,
needing an accurate epidemiological investigation aimed at finding all possible
sources of infection [59]. During the coronavirus disease (COVID)-19 lockdown
the use of water of buildings with disused or poorly used water systems may be
associated with an increased risk of acquiring Legionella infection [60]. Given the
overlapping of non-specific symptoms and the radiological findings, clinicians
should consider Legionella pneumonia among other differential diagnoses after
the end of the lockdown due to the COVID-19 pandemic [61].
The mortality rate of legionellosis is highly variable, depending on treatment,
patient characteristics and setting, with a higher risk for male, >50 years old,
diabetic or smoking patients and in the case of nosocomial clusters [4,12,62].
Study limitations
We only assessed the correlation between the presence of Legionella and P.
aeruginosa, but interaction between Legionella and other bacteria within the
biofilm and in bulk water is documented [9,63,64,65], and this is a study
limitation. In addition, other less well studied bacterial groups could generate a
pool of still uncharacterized interactions with Legionella [9]. Also, chlorine
concentration in the water and the frequency of its application to the water
network could probably affect the competitive colonization of Legionella and P.
[1,9]. Another factor that could influence the presence of the two bacteria is the
environmental climate and, therefore, the season in which the swabs are collected
[35]. However, only one of our samples was collected during the summer, so we
could not perform subgroup analyses considering this variable. Disinfection
interventions may also affect the relationship between these two bacteria, but we
did not perform a systematic pre-post sampling in the different facilities to
highlight this correlation [35]. Another aspect is related to the methodology for
detecting bacteria of interest: recent research [66] has shown that the detection of
Legionella could benefit (p<0.0001) from the use of a membrane with larger pores
(0.45 μm) than those we used (0.20 μm), with differences in detection rates
between 3.5 and 5.4 folds; for P. aeruginosa the same study evidenced no
statistically significant differences between the two types of membrane. Using a
more sensitive method could change the strength and possibly the direction of the
association between the two bacteria. Finally, P. aeruginosa is only one of the species
belonging to the genus Pseudomonas (although the most frequently implicated in
human diseases) potentially related to the presence/absence of Legionella in water
systems [32,33]. Further studies are warranted to deepen these relationships
considering all or part of these aspects.
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Conclusions
The observed inverse relationship between Legionella and P. aeruginosa could be due
to several factors. One hypothesis is that the environmental conditions that help
prevent the development of Legionella could favor the growth of P. aeruginosa, and
vice-versa [35]. Another possibility is the competition for the same substrate.
Finally, the surfactants produced by P. aeruginosa and other species belonging to
Pseudomonas genus, which inhibited Legionella growth during in-vitro studies
[32], could lead to similar results in water networks too. The confirmation of an
inverse relationship between the presence of P. aeruginosa and Legionella, whatever
the cause, has potential implications for the management and the choice of
disinfection strategies for water systems, as well as in the choice of pathogens to be
identified after before and after a sanitization treatment.
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