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Abstract: Water mist systems (WMS) are used for evaporative cooling in public areas. 
The health risks associated with their colonization by opportunistic premise plumbing 
pathogens (OPPPs) is not well understood. To advance the understanding of the potential 
health risk of OPPPs in WMS, biofilm, water and bioaerosol samples (n = 90) from ten (10) 
WMS in Australia were collected and analyzed by culture and polymerase chain reaction 
(PCR) methods to detect the occurrence of 5 representative OPPPs: Legionella pneumophila, 
Pseudomonas aeruginosa, Mycobacterium avium, Naegleria fowleri and Acanthamoeba. P. aeru-
ginosa (44%, n = 90) occurred more frequently in samples, followed by L. pneumophila 
serogroup (Sg) 2 - 14 (18%, n = 90) and L. pneumophila Sg 1 (6%, n = 90). A negative correla-
tion between OPPP occurrence and residual free chlorine was observed except with Acan-
thamoeba, rs (30) = 0.067, p > 0.05. All detected OPPPs were positively correlated with water 
temperature. Biofilms contained higher concentrations of L. pneumophila Sg 2 - 14 (1000 – 
3000 CFU/ml) in comparison to water samples (0-100CFU/ml). This study suggests that 
WMS can be colonized by OPPPs and are a potential health risk if OPPP contaminated 
aerosols get released into ambient atmospheres. 

Keywords: Water mist systems; Opportunistic premise plumbing pathogens; Legionella pneumophila, 
Mycobacterium avium, Pseudomonas aeruginosa, Acanthamoeba, Naegleria fowleri. 
 

1. Introduction 

Water mist systems (WMS) are premise plumbing installations used for cooling and 
are typically installed in outdoor areas to produce and release water aerosols that flash 
evaporate in the surrounding air, resulting in a sudden reduction of ambient tempera-
tures. Premise plumbing refers to all the water distribution and storage infrastructure 
within buildings and downstream from the water meter. Water mist systems present a 
potential public health risk because of their shared characteristics with other aerosol gen-
erating premise plumbing systems such as cooling towers, spa pools and showers that 
have been associated with outbreaks of infectious respiratory diseases caused by OPPPs 
such as Legionnaires’ disease and bacterial pneumonia [1, 2]. These systems produce mi-
croscopic inhalable aerosols (0.3 – 10 µm) [3], which if produced from contaminated water 
sources, can cause debilitating and fatal respiratory infections. Microorganisms that colo-
nize and regrow in these premise plumbing systems are often referred to in the literature 
as opportunistic premise plumbing pathogens (OPPPs) and are part of the normal micro-
biome of premise plumbing [4], which includes showers [5], garden hoses [6], water taps 
and faucets [7], hot water systems [8], spa pools [9] and air conditioning units [10].  

Several characteristics common to premise plumbing, that can enhance the risk of 
microbial colonization and proliferation are oligotrophic conditions, water stagnation and 
long periods of water retention within plumbing systems [11]. Plumbing materials and 
components, disinfection methods, system corrosion, water quality/source, elevated 
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temperatures are known to influence the survival of these pathogens in premise plumbing 
[11, 12]. Other features that enhance the survival of OPPPs include their ability to form 
and colonize biofilms, survival inside free-living amoeba (FLA), and resistance to disin-
fectants [13]. Opportunistic pathogens commonly isolated from premise plumbing in-
clude Legionella pneumophila, Mycobacterium avium, Pseudomonas aeruginosa, Acanthamoeba, 
and Naegleria fowleri [14]. These opportunistic pathogens represent an increased public 
health risk of L. pneumophila infection to persons with compromised immunity [15], as 
well as the elderly and smokers [16].  

Exposure to contaminated waters is an important pathway for infection with OPPPs 
with inhalation, aspiration, and nasal irrigation being the major routes of exposure [17]. 
Various pneumonic and respiratory tract illnesses have resulted from the inhalation of 
water mists <10µm contaminated with bacterial pathogens such as L. pneumophila [18, 19], 
M. avium [20, 21], P. aeruginosa   [22, 23] and the aspiration of water contaminated with 
N. fowleri has resulted in a rare but fatal disease called primary amoebic meningoenceph-
alitis (PAM) [24, 25], and infection by Acanthamoeba has been associated with diseases of 
the eyes called acanthamoeba keratitis and granulomatous amoebic encephalitis (GAE) 
[26]. 

Although a body of knowledge exists on the presence of OPPPs in premise plumbing 
features such as showers, water taps, hot water systems, etc., no such study has investi-
gated the potential of WMS used for ambient cooling to be colonized by OPPPs. Currently, 
there is no literature explaining the environmental characteristics that promote the growth 
and persistence of OPPPs in these systems. In this study, we investigated the potential 
occurrence of 5 selected OPPPs in WMS, namely, L. pneumophila, P. aeruginosa, M. avium, 
Acanthamoeba, and N. fowleri to determine the health risks associated with the use of such 
systems, and to determine whether there is any correlation between the occurrence of the 
OPPPs in the WMS with residual disinfection, water temperature, water pH, TDS, and 
TOC.  

2. Results 
2.1. Occurrence of opportunistic premise plumbing pathogens in water mist systems 

To determine the occurrence of OPPPs in WMS, we collected 30 bioaerosol samples, 
30 biofilm samples and 30 water samples from 10 WMS located in north western Australia. 
The samples were collected over 3 sampling events (February, May, and August) during 
2019, representing the 3 climatic seasons of this region. Both culture and molecular (PCR) 
methods were used to detect the presence of 5 representative OPPPs in the samples, 
namely L. pneumophila, P. aeruginosa, M. avium, Acanthamoeba, and N. fowleri. The water 
profile parameters of free chlorine residual, temperature, pH, TDS, and TOC were also 
measured and analyzed to determine their relationship with OPPP occurrence in the 
WMS. Figure 1 shows the frequency of OPPP occurrence in all WMS samples (bioaerosol, 
water and biofilm). A total of 64 (71%) of WMS samples analyzed tested positive for 
OPPPs, with P. aeruginosa being found in 40 (44%) of the total samples. L. pneumophila Sg 
2 - 14 was detected in 16 (18%) of the total samples and L. pneumophila Sg 1 which was 
isolated from 5 (6%) of the total samples. Only 3 of the total samples analyzed returned a 
positive reading for Acanthamoeba. None of the 90 samples analyzed tested positive for 
both M. avium and N. fowleri.  
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Figure 1. The frequency of opportunistic premise plumbing pathogens in all samples (n = 90) 

2.2. The concentration of detected OPPPs 
The results of this study as presented in Table 2, showed that the concentration of all 

the OPPPs detected in WMS samples analyzed by microbiological culture methods was 
higher in biofilm samples than in water samples, with L. pneumophila Sg 1 detection in 
biofilm being 30 x higher than in water. The biofilm concentration of L. pneumophila SG 
2 - 14 was 3 times higher than that of water and P. aeruginosa in biofilm samples was 8 
times higher than in water. The PCR Ct values for the abundance of the 16S rRNA gene 
copies of P. aeruginosa in the bioaerosols were measured at 30 – 37 indicating a moderate 
presence of the target RNA. 
 

Table 1. Opportunistic premise plumbing pathogen concentration by sample type 

Opportunistic 
pathogen 
detected 

OPPP 
concentration 

level 

OPPP Concentration range by sample type 
Biofilm 

(CFU/mL) 
Water  

(CFU/mL 
Bioaerosol 

qPCR Ct values 
L. pneumophila 
(Sg 1) 

Lowest 1000 100 Not detected 

 Highest 3000 100 Not detected 
L. pneumophila 
(Sg 2- 14) 

Lowest 100 10 Not detected 

 Highest 1000 300 Not detected 
P. aeruginosa Lowest 10 3 30 
 Highest 2000 350 37 

* PCR and/or qPCR analysis conducted for the detection of OPPPs in bioaerosol samples, results 
expressed as either detected/not detected ot Ct counts 
 

2.3. The frequency and distribution of OPPPs differed by water mist system sample type 
The frequency and distribution of OPPPs differed by the WMS sample type as shown 

in Figure 2. Bioaerosol samples had a higher occurrence of P. aeruginosa (67%) than water 
samples (40%), and biofilm samples (70%). This occurrence of P. aeruginosa significantly 
differed by sample type χ2 (2, N = 90) = 10.08, p < 0.05. Conversely, L. pneumophila Sg 2 - 
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14 occurred more frequently in water samples (37%), than in biofilm samples (17%), how-
ever, this difference was not statistically significant χ2 (2, N = 90) = 3.07, p < 0.05. There 
was no association between the occurrence of L. pneumophila species and P. aeruginosa in 
biofilms and water samples χ2 (1, N = 41) = 0.02, p > 0.05. V = 0.000. No L. pneumophila Sg 
2-14 was detected in the bioaerosol samples. Only 3 biofilm and 2 water samples tested 
positive for L. pneumophila Sg 1. Acanthamoeba was detected in 3 biofilm samples.  M. 
avium and N. fowleri were not detected in any of the samples analyzed. 

 
 

 
Figure 2. The distribution of OPPP occurrence by sample type (n = 90) 

 2.4. Opportunistic premise plumbing pathogen occurrence by water source 
The occurrence of OPPPs in WMS samples differed by the source of water used as 

shown in Figure 3. The percentage occurrence of L. pneumophila Sg 2 - 14 in bore water 
samples was 4 times higher than in scheme water, however, the results of a Kruskal-Wallis 
mean ranks test of the individual occurrences showed that they did not differ signifi-
cantly, H (1) = 1.84, P > 0.05. Legionella pneumophila Sg 1 was only detected in 5 bore water 
samples.  
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Figure 3. The frequency of OPPP occurrence by the type of water source (Bore, n = 24; Scheme, n = 36) 

The results of a Kruskal-Wallis mean ranks test showed a significantly higher per-
centage occurrence of P. aeruginosa in bore water than in scheme water, H (1) = 13.87, P < 
0.05. Acanthamoeba was detected in only 2 out of the 36 water samples obtained from 
systems fed with scheme water and in only one of the water samples obtained from sys-
tems fed with bore water. 

 
2.5. Seasonal occurrence of opportunistic premise plumbing pathogens 

In this study, no statistical difference was observed in the occurrence of L. pneumoph-
ila Sg 1, L. pneumophila Sg 2 - 14 and P. aeruginosa in WMS across the 3 seasonal sampling 
periods (February, May, and August) as indicated by the following results of a Kruskal- 
Wallis mean rank test for the three OPPPs: L. pneumophila Sg 1, H (2) = 0.77, P = 0.68; L. 
pneumophila Sg 2 - 14, H (2) = 0.89, P = 0.64 and P. aeruginosa, H (2) = 0.08, P = 0.96. 

 
2.6. Water temperature 

Temperature for all water samples ranged between 21.7 °C to 38.9 °C with the highest 
being recorded in February and the minimum in May. The results of a Kruskal-Wallis test 
showed that the mean ranks of water temperature in February were significantly higher 
than in May and August/September H (2) = 23, P < 0.05.  Based on the results of this study, 
the occurrence of P. aeruginosa in WMS tends to increase with an increase in the water 
temperature rs = 0.31, p < 0.05, however, a weak, positive, and insignificant correlation 
was observed between water temperatures and the occurrence of all other OPPPs detected 
in the WMS namely, L. pneumophila Sg 1 rs = 0.08, p > 0.05, L. pneumophila Sg 2-14 rs = 0.09, 
p > 0.05 and Acanthamoeba rs = 0.04, p > 0.05. 

 
2.7. Water pH 
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The pH for all the water samples showed a small range variation (7 - 7.9). There was 
no significant difference in the mean ranks of water pH across the 3 sampling sessions H 
(2) = 0.87, P > 0.05. 

  
2.8. Total dissolved solids (TDS) 

The highest TDS concentration was 399 mg/L and was recorded from a bore water 
sample during the May sampling event. The lowest concentration of 240 mg/L was meas-
ured from a scheme water sample during the 1st sampling event in February. The mean 
rank concentration of TDS in bore water samples was 6% (18.6 mg/L) higher than in 
scheme water (340.3 mg/L). This difference was statistically significant H (1) = 16.78, P < 
0.05. No significant difference was noted for the mean ranks of TDS concentration across 
the 3-sampling events H (2) = 5.33, P = 0.07.  

 
2.9. Free chlorine residual 

The concentration of free chlorine residual measured across the 3 sampling events 
ranged from 0.0 to 0.76 mg/L, a variance that reflects the complexity of these plumbing 
systems. The maximum concentration of free chlorine was measured in scheme water dur-
ing August, with the minimum concentration in this water supply being 0.01 mg/L. Two 
thirds of all bore water samples tested across the 3 sampling events had no free chlorine 
residual. All scheme water samples tested positive for free chlorine residual. This differ-
ence in free chlorine residual between bore and scheme water samples was significant, H 
(1) = 19.95, P < 0.05. No significant difference in residual chlorine concentration was ob-
served in the water samples across the 3-sampling events H (2) = 0.26, P = 0.88.   

  
2.10. Total organic carbon (TOC) 

Seventy percent (21 out of 30) water samples had TOC concentrations less than the 
detection limit of <1 mg/L and 17 of these were collected from the scheme water supply. 
The highest measured TOC concentration was 3 mg/L. The mean ranks of TOC concen-
tration in the water samples collected across the seasons were not significantly different 
H (2) = 3.5, P = 0.17. However, the TOC concentration in the bore water samples was sig-
nificantly higher than in the scheme water samples, H (1) = 7.11, P = 0.01.  

 
2.11. The relationship between water profile parameters 

To determine the strength and direction of the association between the water profile 
parameters discussed above, the nonparametric Spearman's rho (rs) test was used rather 
than the parametric Pearson test because of the absence of distribution normality in the 
data sets and the presence of outliers. Table 1 presents the Spearman rho correlation re-
sults among the water profile parameters. A weak negative monotonic correlation was 
observed between free chlorine residual concentration and water temperature, rs (30) = - 
0.185, p > 0.05. A significant negative monotonic correlation was determined between free 
chlorine residual and TDS, rs (30) = - 0.566, p < 0.05 and TOC, rs (30) = - 0.523, p < 0.05. 
Total organic carbon concentration had a significant and positive monotonic correlation 
with TDS, rs (30) = 0.549, p < 0.05. However, there was no significant correlation observed 
between water temperature and all other water profile parameters, and the same applied 
to water pH.  

 
Table 2. The relationship between water profile parameters 

Spearman rho (ρ) correlation between water profile parameters 
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Water pro-
file  

parameter 

Statistical 
test and 

sample size 

Free  
chlorine  
residual 

Water  
temperature 

Water pH Total  
dissolved 

solids 

Total  
organic 
 carbon 

Free 
chlorine 
residual 

Spearman 
rho (ρ) 

 
1 - 0.185 - 0.065 - 0.566 - 0.523 

Significance 
(2 tailed) . 0.328 0.735 0.001 0.003 

N 30 30 30 30 30 
Water 

temperature 
Spearman ρ 
Correlation - 0.185 1 0.111 - 0.089 - 0.198 
Significance 
(2 tailed) 0.328 . 0.558 0.639 0.293 

N 30 30 30 30 30 
Water pH Spearman ρ 

Correlation - 0.065 0.111 1 0.068 0.279 
Significance 
(2 tailed) 0.735 0.558 . 0.720 0.136 

N 30 30 30 30 30 
Total  

dissolved 
solids 

Spearman ρ 
Correlation - 0.566 -0.089 0.068 1 0.549 
Significance 
(2 tailed) 0.001 0.639 0.720 . 0.002 

N 30 30 30 30 30 
Total  

organic  
carbon 

Spearman ρ 
Correlation - 0.523 - 0.198 0.279 0.549 1 
Significance 
(2 tailed) 0.003 0.293 0.136 0.002 . 

N 30 30 30 30 30 
 
2.12. Relationship between water profile parameters and the occurrence of OPPPs in water mist 
systems 

The possible correlation between the water profile parameters and the occurrence of 
OPPPs in the WMS was determined using the Spearman rho correlation test which has 
been used in similar studies [27]. The results of this analysis are shown in Table 3. Residual 
chlorine had a significantly weak and negative monotonic correlation with the occurrence 
of all OPPPs except with Acanthamoeba (weak positive monotonic correlation, rs (30) = 
0.067, p > 0.05.  

 
Table 3. The relationship between water profile parameters and the occurrence of OPPPs in WMS 

Spearman rho correlation analysis between OPPPs and residual chlorine, water temperature, pH, total dis-
solved solids, and total organic carbon 

Opportunistic 
pathogen  
detected 

Residual chlo-
rine (mg/L) 

Water temper-
ature 
(° C) 

Water pH 
(pH units) 

Total dissolved 
solids 
(mg/L) 

Total organic 
carbon  
(mg/L) 

L. pneumophila 
(1) 

- 0.327  
(p = 0.011) 

0.080  
(p = 0.543) 

0.074  
(p = 0.038) 

0.268 
(p = 0.038) 

0.392 
(p = 0.002) 

L. pneumophila 
(2-14) 

- 0.401  
(p = 0.002) 

0.098  
(p = 0.456) 

0.002  
(p = 0.987) 

0.418  
(p = 0.001) 

0.393  
(p = 0.002) 

P. aeruginosa - 0.423  
(p = 0.001) 

0.313  
(p = 0.015) 

0.123  
(p = 0.348) 

0.480  
(p = 0.000) 

0.242  
(p = 0.062) 

Acanthamoeba 0.067  
(p = 0.611) 

0.035  
(p = 0.789) 

- 0.062 
(p = 0.637) 

- 0.057 
(p = 0.663) 

0.022  
(p = 0.868) 

 
In this study, a weak positive monotonic correlation between water temperature and 

the occurrence of L. pneumophila Sg 1 and Sg 2 - 14 was established. A weak positive mon-
otonic correlation between water temperature and P. aeruginosa was established, rs (30) = 
0.31, p < 0.05. The measured total dissolved solids in the WMS had a moderately weak, 
and positive monotonic correlation with the occurrence of all OPPPs except with Acan-
thamoeba (weak negative monotonic correlation, rs (30) = - 0.06, p > 0.05), however, a 
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significant moderate and positive correlation between P. aeruginosa and TDS concentration 
was determined. This study established that TOC had a moderate positive monotonic cor-
relation with L. pneumophila Sg 1 and L. pneumophila Sg 2-14 and a weak positive monotonic 
correlation with P. aeruginosa and Acanthamoeba.  

3.0. Discussion 
 
Several opportunistic premise plumbing pathogens including L. pneumophila, M. 

avium, P. aeruginosa, Acanthamoeba and N. fowleri have been found growing in premise 
plumbing systems such as drinking water distribution networks [28], building hot water 
systems [29], showers [5] and hospital tap water systems [30]. Several studies have inves-
tigated the occurrence of some of these pathogens and determined incidences of 38% for 
L. pneumophila in 108 water taps located in houses and offices across 31 states in the United 
States of America [31], 29% for P. aeruginosa in foot operated faucets in hospitals [32] and 
67% for M. avium in 64 domestic water samples in the USA [33]. However, the occurrence 
of OPPPs in WMS used as a cooling intervention in public places has not been investigated, 
therefore, little is known about their ability to regrow in these systems and whether water 
profile parameters of temperature, free chlorine residual concentration, pH, TDS, and TOC 
can influence this occurrence. In this study, culture, and molecular analysis of 30 biofilm, 
30 water and 30 bioaerosol samples collected from 10 WMS confirmed a percentage occur-
rence of 44% (n = 90) for P. aeruginosa, 18% (n = 90) for L. pneumophila Sg 2 - 14, 6 % (n = 90) 
for L. pneumophila Sg 1, 3% (n = 90) for Acanthamoeba and zero for M. avium and N. fowleri.. 
As far as we know, this is the first study to investigate the occurrence of these OPPPs in 
WMS used as a cooling intervention in public places. 

 
Several studies of OPPPs have established that their distribution and concentration 

differ by target media of colonization within different water systems [34-36]. Additionally, 
biofilms and water are favorable growth media for OPPPs in water systems [14]. In a mo-
lecular survey of OPPPs in a drinking water system, L. pneumophila occurred at a rate of 
34.6% and 83.3% in water and biofilm samples respectively, M. avium at a rate of 84.6% 
and 98.1% and P. aeruginosa at a rate of 3.8% and 5.6% [28]. In this study, higher concen-
trations of all OPPPs were detected in WMS biofilm samples than in water and bioaerosol 
samples, supporting the argument that biofilms play a significant role in OPPP regrowth 
and survival in water systems [37, 38]. In our study, P. aeruginosa was detected at higher 
concentrations in WMS biofilms when compared to all the other detected pathogens, a 
factor which can be attributed to the pathogen’s known ability to colonize and thrive better 
in biofilms than in the water phase [27]. However, the actual concentration of the OPPPs 
detected by culture methods could be even higher due to the possible presence of viable 
but non culturable organisms (VBNC) that may fail to grow under culture conditions [39]. 
This phenomenon is particularly relevant for P. aeruginosa, an opportunistic pathogen that 
can be affected into the VBNC state by low temperatures during sample transportation 
[40].  

 
Another reason for the higher numbers of the OPPPs in the WMS biofilms could be 

the latter’s ability to shield the former from the effect of the chlorine disinfectant used in 
these systems. Higher disinfection resistance has been demonstrated for the following 
OPPPs resident in biofilms; M. avium, P. aeruginosa [37], L. pneumophila [41] and Acan-
thamoeba [42].  

 
The inhalation of aerosols contaminated with OPPPs including M. avium, P. aeruginosa 

and L. pneumophila has been linked to various pneumonic infections [10, 18, 21, 28]. In our 
study, a presence of P. aeruginosa (67%, n = 30) was detected in WMS bioaerosol samples, 
indicating that these systems may present a risk of pneumonic infections caused by the 
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inhalation of P. aeruginosa [43]. This high detection of P. aeruginosa can be attributed to its 
ability to adapt and thrive in various environments [44].  

 
Legionella pneumophila species are the OPPPs widely associated with the outbreaks of 

a pneumonic infection called Legionellosis in people exposed to contaminated aerosols 
released by various water features [18, 45, 46]. In this study, both L. pneumophila Sg 2-14 
and SG 1 were detected in WMS confirming that these systems could be a health risk for 
Legionellosis should water aerosols they release when in operation be contaminated by 
these pathogens. The 18 % occurrence of L. pneumophila Sg 2-14 detected in this study is 
higher than the 11% isolated from premise plumbing in Greek hotels [47]. However, the 6 
% occurrence of L. pneumophila Sg 1 detected in our study is lower than the detection rates 
of the same pathogen in several studies worldwide [31, 47].  

 
According to existing knowledge, contamination of domestic water storage systems 

with Acanthamoeba is a potential source for Acanthamoeba related infections including 
amoebic keratitis and granulomatous amoebic meningoencephalitis [26, 48, 49]. Free living 
amoebic species of Acanthamoeba were detected in a study investigating OPPP occurrence 
in domestic tap water systems in China, and their presence being positively correlated with 
L. pneumophila, M. avium and P. aeruginosa [27]. In this study, we detected a 3% (n = 90) 
occurrence of Acanthamoeba in WMS water and biofilm samples, with this occurrence being 
positively correlated with free chlorine residual, water temperature and TDS. The positive 
detection of Acanthamoeba in these WMS presents a health risk, not only because of its path-
ogenicity, but for its ability to shield other pathogens such as L. pneumophila and M. avium 
from destruction by disinfectants such as chlorine [50]. 

 
Several studies that have investigated the occurrence of OPPPs in premise plumbing 

systems such as domestic water taps, hospital faucets and showers have reported varying 
results ranging from zero detection of M. avium and N. fowleri in domestic tap water [27], 
to 15 % (n = 134) occurrence of N. fowleri in roof harvested rainwater tanks in Australia [51] 
and 13.5 % (n = 656) mean abundance of Mycobacterium species in showerhead biofilm 
samples from Europe and the USA [52]. Our investigation did not detect any M. avium nor 
N fowleri in all samples, water (30), biofilms (30) and bioaerosols (30). Although not isolated 
in any samples, the potential presence of M. avium and N. fowleri in WMS cannot be com-
pletely ruled out. The low sample volumes collected (250 ml) could have resulted in the 
extracted gene copies being less than the qPCR method’s limit of detection. Sample vol-
umes of 1 liter have previously been used to successfully detect these pathogens from wa-
ter samples [53], hence higher sample volumes will be needed for any future studies. 

 
The occurrence of L. pneumophila species, P. aeruginosa, and thermophilic amoebic spe-

cies including Acanthamoeba in premise plumbing systems tend to vary with seasons [54]. 
However, our study failed to demonstrate a statistically significant difference across sea-
sons, a result which could be attributed to a loss in statistical power due to the smaller 
sample size [55]. Furthermore, water temperatures > 25 °C are one of the common and 
critical growth factors for most of the OPPPs investigated in this study [56], however, the 
mean ambient water temperature measured in the WMS across the 3 sampling events (29.9 
°C) was optimum for the growth of all the targeted OPPPs and could have influenced this 
result. Further research to understand the seasonal variation of Acanthamoeba and other 
OPPPs’ occurrence in WMS is warranted. 

 
Recent studies have acknowledged the important part played by water quality pa-

rameters such as residual free chlorine concentration, temperature, pH, TDS, and TOC in 
promoting the regrowth of OPPPs [12, 13, 56]. Our study established a correlation between 
the occurrence of targeted OPPPs in WMS and the use of bore water, with this relationship 
being significant for P. aeruginosa, H (1) = 13.87, P < 0.05. One of the factors that could give 
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rise to elevated levels of P. aeruginosa and L. pneumophila Sg 2-14 in the bore water samples 
could be the increased levels of iron in the shallow aquifers from where this water is drawn 
from [57]. Typically, bore water sources in Northern Australia tend to have a higher level 
of dissolved minerals such as iron and this promotes the colonization of plumbing systems 
by iron eating bacteria as established by recent research which found that these conditions 
promoted the formation of biofilms and regrowth of opportunistic pathogens including P. 
aeruginosa and L. pneumophila [58]. Based on current knowledge, water pH that is outside 
the recommended zone of 7.2 – 7.8 can cause corrosion of premise plumbing materials, 
resulting in the leaching of wastes that can promote the formation of biofilms and growth 
of OPPPs including L. pneumophila [59]. Our research found no significant difference in the 
water pH measured across the 3 sampling events. This finding could be attributed to the 
fact that the primary source of all the water used in the WMS is a shallow aquifer system 
where the water quality is influenced by infiltration from surface waters [57], therefore, it 
is assumed that the water chemistry used in all WMS would be similar. 

 
Existing research on water supplies has established that its quality is heavily influ-

enced by the TDS concentration in the source water, with groundwater supplies often con-
taining higher TDS levels because of the chemical composition of the geological bedrocks 
that leach various salts [60]. Although the primary source of all the water used in the WMS 
is drawn from the same aquifer, our research observed a significant variation in the TDS 
concentration of bore water and scheme water, H (1) = 16.78, P < 0.05.   

 
The conventional treatment that the scheme water goes through, a process involving 

the reduction of TDS to meet the standard of 500 mg/L set by the Australian Drinking 
Water Guidelines [61] could be the reason for this difference. The TDS composition of wa-
ter in premise plumbing could include some inorganic salts and dissolved traces of organic 
matter as well as nutrients that leach from the internal surfaces of plumbing materials [62], 
and often promote the formation of biofilms on which premise plumbing pathogens grow, 
and when present in water supplies can serve as an energy source for microorganisms [63, 
64]. However, the effect of plumbing materials on the regrowth of opportunistic pathogens 
in WMS was not the focus of this study. Although TDS, measured as specific conductivity, 
is a water quality parameter often used to measure the concentration of dissolved ions in 
water [65], it can also play a key role in the internal corrosion of plumbing materials, lead-
ing to disinfectant decay and biofilm growth [66] and increased survival of OPPPs such as 
L. pneumophila, M. avium, P. aeruginosa and Acanthamoeba [67]. The positive relationship be-
tween the formed biofilms and occurrence of L. pneumophila observed in this study is con-
sistent with other studies [56, 68], except for the weak correlation with Acanthamoeba which 
may be due to the possible parasitic colonization of free-living amoeba by L. pneumophila 
at water temperatures > 25 °C [69].  

 
A significant amount of research on OPPP occurrence has demonstrated that elevated 

water temperatures typical in premise plumbing systems is a critical factor in their survival 
[11, 12, 56, 70]. Our study demonstrated a positive correlation between water temperature 
and the occurrence of all detected OPPPs, with a significant correlation existing with Acan-
thamoeba. These results are like those of a study by Lu, Buse [71], which established out 
that the occurrence of Legionella, Mycobacterium, Pseudomonas, and other pathogenic species 
in bathroom tap and shower waters tended to increase with water temperature. Further-
more, the significant positive correlation observed in this study between P. aeruginosa and 
water temperature may be explained in terms of this pathogen’s ability to adapt to various 
environmental conditions including surviving temperatures ranging from 10 °C - 42 °C 
and its microbial competition and antagonism against other OPPPs [44]. Several reasons 
could be attributed to this phenomenon, particularly the higher-than-normal annual mean 
maximum temperatures in the study area that were 32.7 °C in February 26 °C in May and 
29.2 °C in August, time periods that aligned with the 3 sampling episodes conducted 
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during our study, and with the higher winter temperatures being typical of the tropics 
where this study area is located [72].  

 
Additionally, many water mist systems are situated outdoors and are reticulated by 

uninsulated pipework which can easily absorb elevated levels of radiant heat, resulting in 
elevated water temperatures in these systems. Elevated water temperatures in similar 
premise plumbing systems are a critical factor for the selective regrowth of OPPPs [71]. In 
interpreting the results of this study, it is important to acknowledge that most of the water 
temperatures recorded ranged between 21.7 °C to 38.9 °C, a zone known to be optimal for 
the growth of the detected OPPPs. This meant that assessing the effects of temperature on 
the detected OPPPs at levels below their optimum growth zone was not possible, consid-
ering the tendency of these pathogens to adhere to a threshold related response at temper-
ature extremes [56], making it that the measured narrow temperature range may have 
failed to exhibit the linear growth curve. 

 
Existing research has determined the critical role played by an adequate level of free 

residual chlorine in controlling the occurrence of OPPPs such as L. pneumophila, P. aeru-
ginosa and M. avium [12, 41, 62, 73, 74]. Chlorine disinfectant decay precipitated by premise 
plumbing factors such as water age, stagnation, temperature, and pipe materials has been 
found to correlate with increased OPPP growth in these systems [75, 76]. This study deter-
mined a significant correlation between free residual chlorine concentration and the occur-
rence of all detected OPPPs except Acanthamoeba, highlighting the effectiveness of the mon-
ochloramine disinfectant used in the WMS over other forms of chlorine disinfectants as 
demonstrated in a previous study [42]. The observed negative correlation of residual chlo-
rine and Acanthamoeba in premise plumbing is not entirely new, with similar findings hav-
ing been established by Liu, Xing [27] in a one-year survey of these pathogens in premise 
plumbing. This could be attributed to several reasons including the possible existence of 
the cystic form of Acanthamoeba detected during our study, which is known to confer re-
sistance to the monochloramine disinfection as demonstrated in a previous study [77]. Fur-
thermore, the phagocytic nature of this free-living amoeba on other OPPPs may have re-
sulted in their reduced numbers in the WMS [78]. Additionally, this study determined a 
significant difference in the free residual chlorine concentration of bore water and scheme 
water, due to the absence of effective water quality management systems for bore water 
supplied WMS, contrary to the scheme water supplied systems. Scheme water production 
and supply is licensed and regulated, ensuring that drinking water quality management 
plans are developed and implemented [79]. However, the effectiveness of drinking water 
quality management plans in ensuring the maintenance of an adequate level of free chlo-
rine residual in WMS was not the focus of this study.  

 
Low organic carbon or oligotrophic conditions have been established as a critical fac-

tor that enable selective regrowth of opportunistic pathogens in premise plumbing sys-
tems [17]. Some of the pathogens that have been found to thrive in these conditions include 
L. pneumophila [63], N. fowleri [80] and Pseudomonas species [81]. Mycobacterium avium can 
thrive in plumbing waters with organic carbon concentration < 5 µg/L [82]. This study de-
termined that the TOC concentration in the WMS water samples were exceptionally low, 
with 70 % (n=30) being lower than the detection limit of < 1mg/L. The observed low con-
centration of TOC in the WMS is typical of premise plumbing waters [56], due to targeted 
control of this parameter of natural organic matter origin at the water treatment stage 
through flocculation and coagulation [83]. The observed difference in the TOC concentra-
tion of bore and scheme water may be due to the absence of a water treatment process to 
reduce TOC in the bore water supplies. 

4.0. Materials and methods 
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To determine the health risks associated with the use of WMS as a cooling interven-
tion in public places, a total of 30 water samples, 30 biofilm samples, and 30 bioaerosol 
samples were collected from 10 WMS located in the north- western part of Australia over 
3 sampling events (February, May, and August) in 2019. The samples were analyzed at 
EcoDiagnostic, an Australian laboratory accredited by the National Association of Testing 
Authorities (NATA). 

 
Ethics approval to conduct this study was obtained from the Edith Cowan University 
(ECU) Human Research Ethics committee (HREC), Approval Number 16337 MASAKA. 
Informed consent was obtained from all participants involved in the study.  

 
4.1 Bioaerosol sampling  

Bioaerosol samples were collected using the NIOSH BC251 –2 stage bioaerosol sam-
plers to which was connected conductive polypropylene filter cassettes loaded with 37 mm 
polytetrafluoroethylene (PTFE) filters of 3 µm pore size. The sampling was undertaken in 
accordance with the method described by Coleman, Nguyen [84]. One and half meters of 
Teflon tubing was used to connect the bioaerosol samplers to SKC AirCheck XR 5000 air 
sampling pumps that were operated at 3.5 L/minute for a maximum of 30 minutes to col-
lect positional samples. Before each sampling session, the airflow through the sampler was 
calibrated, and the flow rate checked after each sampling session, using the SKC Defender 
510 Dry Cal standard primary calibrator. Air temperature and humidity was recorded dur-
ing the sampling process using a Lascar EL-USB-2 humidity and temperature meter and 
wind speed was also recorded during the sampling process using a Meteos Anemo-Ther-
mometer with a 54 Mm Propeller. The bioaerosol samples were stored and transported on 
ice at < 4 °C to  EcoDiagnostic laboratory for analysis using quantitative polymerase chain 
reaction (qPCR) for M. avium, P. aeruginosa, and N. fowleri, and polymerase chain reaction 
(PCR) for Legionella species (including L. pneumophila), and Acanthamoeba.  

 
4.1.1.. Bioaerosol sample processing 

The inside of both the NIOSH BC 25 L, 15 mL and 1.5 mL tubes were rinsed (walls of 
the tube) with a solution of ATL and proteinase K. The PTFE filters were removed from 
the cassettes using a filter handling kit and placed inside this solution and vortexed, with 
a 70% ethanol being used to sterilize the forceps after each filter transfer. This solution 
(with the filter paper) was incubated at 60 °C for 30 minutes to achieve lysis, was checked 
for inhibition at the neat dilution using a PPC qPCR assay and then analyzed neat to detect 
M. avium (qPCR), Legionella spp. (PCR), P. aeruginosa (qPCR), Acanthamoeba (PCR), and N. 
fowleri (qPCR). The qPCR results were expressed as a Ct value that corresponds to the con-
centration of the bacterial species genotype isolated [85]. 

 
4.2. Biofilm samples  

Biofilm samples were collected from the WMS using swabs stored in E-Swab vials 
containing 1 mL of liquid and sodium thiosulfate to inactivate any residual disinfectants. 
Swabbing was done following the requirements of the Centers for Disease Control and 
Prevention (CDC)'s “Sampling procedure for biofilms in Legionella outbreak investigations” [86].  
The swabbing was done from the inside walls of WMS pipes and sprinkler nozzles. These 
swabs were put back into the E-Swab vials and transported on ice at 4 °C to EcoDiagnistic 
laboratory for analysis.  

 
4.2.1. Biofilm swab sample preparation  

One hundred micro liters (100 µL) of the sample were plated to culture for Legionella 
spp. and P. aeruginosa and 100 µL being plated for confirmation. One millilitre (1 mL) each 
of this preparation was used to culture for Acanthamoeba and N. fowleri with confirmation 
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being done by PCR. Some samples required dilutions (1:10, 1:100) etc to account for the 
high concentration of background flora. Deoxyribonucleic acid (DNA) was extracted from 
the swab solution (400 µL and eluted into 200 µL) to detect M. avium. 

 
4.3. Water Samples 

Water samples were collected from the WMS, stored, and transported to the analyz-
ing laboratory following the requirements of “AS 2013-2012, Water Quality – Sampling for 
microbiological analysis” [87]. Sterile plastic bottles (500 ml) treated with sodium thiosulfate 
to deactivate any available disinfectants were used to collect water samples for microbio-
logical testing for the presence of L. pneumophila, P. aeruginosa, M. avium, Acanthamoeba and 
N. fowleri. The bottles were stored and transported on ice at 4 °C to a NATA laboratory for 
analysis, except for the amoeba samples that were transported at ambient temperature [88]. 
A calibrated industrial HM Digital TDS and water temperature thermometer with a meas-
uring range of 0 °C – 80 °C, and accuracy of ± 2 % was used to measure water temperature 
and total dissolved solids. A Palintest Pooltest 9 Premier water testing unit was used to 
measure the free chlorine residual disinfectant level, pH, and temperature profile of the 
water samples. free chlorine residual disinfectant level, pH, and temperature profile of the 
water samples.  

 
4.3.1. Water sample preparation and analysis 

All manipulations associated with sample preparation, culture media, materials and 
apparatus, enumeration techniques and their selection were conducted as described in 
“AS/NZS.1: 2007-Water microbiology: Method 1. General information and procedures 
(ISO8199:2005, MOD)” [89]. All samples were handled by trained laboratory staff. N. 
fowleri plates for confirmation were handled in a biosafety cabinet (BSC).  

 
4.4. Analytical methods 
4.4.1. Detection and measurement of Legionella pneumophila species. 

The detection of L. pneumophila in water samples was undertaken according to the 
requirements of “AS 3876:2017-Waters-Examination for Legionella spp., including Legionella 
pneumophila” [90]. Confirmation of L. pneumophila from the observed colonies was done by 
an in-house PCR multiplex method (EDP-312).  

 
4.4.2. Detection and measurement of Pseudomonas aeruginosa  

The detection and enumeration of P. aeruginosa in water samples was done according 
to the requirements of “AS/NZS 4276.13.2008 Method 13: Pseudomonas aeruginosa – Mem-
brane filtration method” [91]. Confirmation of P. aeruginosa was determined by a modified 
laboratory inhouse method (AS 4276.13 EDP – 306). 

 
4.4.3. Detection and measurement of Acanthamoeba and Naegleria fowleri  

An in-house EcoDiagnostics laboratory method (EDP – 315), was used to detect and 
enumerate Acanthamoeba and N. fowleri. Two hundred and fifty milliliters (250 mL) of the 
sample, spiked with E. coli, were concentrated by centrifugation for both Acanthamoeba and 
Naegleria species. The supernatant was poured off, and the pellet was resuspended in the 
remaining volume. One hundred microliters of the remaining volume were then spread 
plated onto a nalidixic acid (NNA) agar plate and incubated at 42 °C for 48 hours for 
Naegleria, and at 25 °C for 3 days for Acanthamoeba, and the presence of amoeba was con-
firmed using microscopy. Any plaques were then picked for confirmation of Naegleria sp. 
by PCR, and then for N. fowleri and Acanthamoeba by qPCR and PCR, respectively.  
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4.4.4. Detection and measurement of Mycobacteria avium 
The detection of M. avium was done using PCR. One hundred milliliters (100 mL) of 

the sample were filtered. The resultant filtrate was placed into 2 mL of ATL and ProtK and 
incubated at 60 °C for 30 minutes, and then 400. µL was extracted using the QIAsymphony 
instrument. The extract was analyzed on a Rotorgene instrument for the detection of M. 
avium using qPCR.  

 
4.5. Data and statistical analysis 

The continuous water profile data (free chlorine residual concentration, water tem-
perature, water pH, total dissolved solids (TDS), and total organic carbon) was log-trans-
formed and box and whisker plots were used to determine normality before the applica-
tion of statistical tests. All microbiological culture results for L. pneumophila Sg 1, L. pneu-
mophila Sg 2-14 and P. aeruginosa were reported as colony forming units per milliliter 
(CFU/mL). The polymerase chain reaction (PCR) test results for M. avium, Acanthamoeba, 
and N. fowleri were reported as detected or not detected and the quantitative polymerase 
chain (qPCR) test results for the bioaerosol samples were reported as Ct counts.  

 
All sampling results containing censored data reported by the laboratory as being be-

low the detection limits were handled by a non-parametric method advanced by Helsel 
[92]. Using this method, all the non-detect values were assigned a value of -1 respectively 
before the application of the Kruskal-Wallis hypothesis test of significance [93]. This test 
orders and ranks the data points to indicate the existence of any differences or patterns. 
This non-parametric test for data sets with non-detects has greater power than parametric 
tests when the data do not conform to a normal distribution and is preferred over substi-
tution methods that tend to introduce invasive data, often influencing statistical scores 
[92]. 

 
Most of the water profile data were not normally distributed, so the Kruskal-Wallis 

test of statistical differences between variables (H statistic) was used as an alternative to 
the one-way analysis of variance (ANOVA). All the OPPP occurrence data was also not 
normally distributed; therefore, the Spearman rho test and the Chi-square test of associa-
tion were applied where appropriate to measure the extent of association between water 
profile variables, and the occurrence of OPPP. Before the application of the Spearman’s 
rho test, OPPP occurrence data was coded to ‘detected’ where a pathogen had been iso-
lated and ‘not detected’ where the converse was true. The detected and not detected vari-
ables were coded to ‘1’ and ‘0’ respectively to facilitate statistical testing.  A significance 
value of p < .05 was used to accept or reject the null hypothesis. The Minitab version 18 
statistical package was used for all statistical analysis. 

5.0. Conclusion 
The findings of this study demonstrated that WMS used to cool ambient temperatures 

are a potential health risk due to colonization by OPPPs such as L. pneumophila Sg 1 and Sg 
2-14, P. aeruginosa, and Acanthamoeba, and that factors such as free chlorine residual con-
centration, water temperature, pH, TDS concentration and TOC concentration can influ-
ence the regrowth of these pathogens in these systems. The current guidelines in Australia, 
developed partly due to public outrage following isolated outbreaks of Legionella, focus 
more on the control of this pathogen in large facilities such as hospitals, aged care homes, 
and shopping centers ignoring the health risk posed by other emerging pathogens. There-
fore, there is a need to develop guidelines covering a broader range of facilities that may 
expose people to airborne mists which may contain a range of opportunistic premise 
plumbing pathogens and review existing public health legislation with the aim of adopting 
a risk-management approach to ensure the effective control of health risks associated with 
WMS. Further research is needed to understand the relationship between the water profile 
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in WMS and the survival of OPPPs, and conditions that may result in the release of these 
pathogens from biofilms and their potential to be released as bioaerosols during aerosoli-
zation. 

Author contributions 
Conceptualization, E.M.; methodology, E.M, S.R, J.O and M.D.; software, E.M.; validation, 
E.M, S.R, J.O, and M.D., formal analysis, E.M..; resources, S.R and J.O.; data curation, E.M, 
S.R and J.O.; writing—original draft preparation, E.M writing—review and editing, S.R, 
J.O and M.D and E.M.; visualization, E.M, S.R and J.O; supervision, S.R, J.O. and M.D. 
project administration, E.M, S.R; J.O. and M.D funding acquisition, S.R and J.O. All au-
thors have read and agreed to the published version of the manuscript.”  

 
Funding 
The Western Australia Local Health Authorities Analytical Committee (LAHAC) and the 
Edith Cowan University (ECU) provided funding this research. 
The National Institute of Occupational Safety and Health (NIOSH) provided the BC 251 
Bioaerosol Samplers used in this study. 
 
Institutional Review Board Statement 
The study was conducted according to the guidelines of the Declaration of Helsinki, and 
approved by the Edith Cowan University (ECU) Human Research Ethics committee 
(HREC), Approval Number 16337 MASAKA 
 
Informed Consent Statement 
Informed consent was obtained from all subjects involved in the study. 

Acknowledgements 
The authors acknowledge the Western Australia Local Health Authorities Analytical Com-
mittee (LAHAC) and the Edith Cowan University (ECU) for funding this research, the Na-
tional Institute of Occupational Safety and Health (NIOSH) for providing the BC 251 Bio-
aerosol Samplers used in this study and the water mist owners who provided consent ac-
cess to their systems. 

Conflicts of interest 
All the authors declare no conflict of interest. 

References 
 

1. Demirjian A, Lucas CE, Garrison LE, Kozak-Muiznieks NA, States S, Brown EW, et 
al. The importance of clinical surveillance in detecting Legionnaires' disease out-
breaks: A large outbreak in a hospital with a Legionella disinfection system—Penn-
sylvania, 2011–2012. Clin Infect Dis. 2015;60(11):1596-602. 

2. Kanamori H, Weber DJ, Rutala WA. Healthcare outbreaks associated with a water 
reservoir and infection prevention strategies. Clin Infect Dis. 2016;62(11):1423-35. 

3. Henningson EW, Ahlberg MS. Evaluation of microbiological aerosol samplers: a re-
view. Journal of Aerosol Science. 1994;25(8):1459-92. 

4. Falkinham III JO, Pruden A, Edwards MA. Opportunistic premise plumbing patho-
gens: increasingly important pathogens in drinking water. Pathogens. 2015;4(2):373-
86. 

5. Bauer M, Mathieu L, Deloge- Abarkan M, Remen T, Tossa P, Hartemann P, et al. Le-
gionella bacteria in shower aerosols increase the risk of pontiac fever among older 
people in retirement homes. J Epidemiol Community Health. 2008;62(10):913-20. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2021                   doi:10.20944/preprints202103.0141.v1

https://doi.org/10.20944/preprints202103.0141.v1


 16 of 20 
 

 

6. Thomas JM, Thomas T, Stuetz RM, Ashbolt NJ. Your Garden Hose: A Potential Health 
Risk Due to Legionella spp. Growth Facilitated by Free-Living Amoebae. Environ Sci 
Technol. 2014;48(17):10456. 

7. Cassier P, Landelle C, Reyrolle M, Nicolle MC, Slimani S, Etienne J, et al. Hospital 
washbasin water: risk of Legionella-contaminated aerosol inhalation. The Journal of 
hospital infection. 2013;85(4):308. 

8. Borella P, Montagna MT, Stampi S, Stancanelli G, Romano-Spica V, Triassi M, et al. 
Legionella contamination in hot water of Italian hotels. Appl Environ Microbiol. 
2005;71(10):5805-13. 

9. Leoni E, Sanna T, Zanetti F, Dallolio L. Controlling Legionella and Pseudomonas ae-
ruginosa re-growth in therapeutic spas: Implementation of physical disinfection treat-
ments, including UV/ultrafiltration, in a respiratory hydrotherapy system. Journal of 
Water and Health. 2015;13(4):996-1005. 

10. Bennett E, Ashton M, Calvert N, Chaloner J, Cheesbrough J, Egan J, et al. Barrow-in-
Furness: a large community legionellosis outbreak in the UK. Epidemiol Infect. 
2014;142(8):1763-77. 

11. Julien R, Dreelin E, Whelton AJ, Lee J, Aw TG, Dean K, et al. Knowledge gaps and 
risks associated with premise plumbing drinking water quality. AWWA Water Sci-
ence. 2020;2(3):e1177. 

12. Falkinham JO. Common Features of Opportunistic Premise Plumbing Pathogens. Int 
J Environ Res Public Health. 2015;12(5):4533-. 

13. Ashbolt NJ. Environmental (Saprozoic) Pathogens of Engineered Water Systems: Un-
derstanding Their Ecology for Risk Assessment and Management. Pathogens (Basel, 
Switzerland). 2015;4(2):390-405. 

14. Wang H, Edwards MA, Falkinham JO, Pruden A. Probiotic Approach to Pathogen 
Control in Premise Plumbing Systems? A Review. Environ Sci Technol. 
2013;47(18):10117. 

15. Pruden A, Edwards M, Falkinham III J. State of the science and research needs for 
opportunistic pathogens in premise plumbing. Water Research Foundation. 2013:183. 

16. Heymann DL, American Public Health A. Control of communicable diseases manual: 
an official report of the American Public Health Association. 20th edition ed. Wash-
ington, DC: APHA Press, an imprint of the American Public Health Association; 2015. 

17. Falkinham JO, Hilborn ED, Arduino MJ, Pruden A, Edwards MA. Epidemiology and 
ecology of opportunistic premise plumbing pathogens: Legionella pneumophila, My-
cobacterium avium, and Pseudomonas aeruginosa. Environ Health Perspect. 
2015;123(8):749-58. 

18. Haupt TE, Heffernan RT, Kazmierczak JJ, Nehls-Lowe H, Rheineck B, Powell C, et al. 
An Outbreak of Legionnaires Disease Associated with a Decorative Water Wall Foun-
tain in a Hospital. Infect Control Hosp Epidemiol. 2012;33(2):185-91. 

19. Russo A, Gouveia ClM, Soares PMM, Cardoso RM, Mendes MT, Trigo RM. The un-
precedented 2014 Legionnaires’ disease outbreak in Portugal: atmospheric driving 
mechanisms. Int J Biometeorol. 2018;62(7):1167-79. 

20. Falkinham JO. Nontuberculous mycobacteria from household plumbing of patients 
with nontuberculous mycobacteria disease. Emerg Infect Dis. 2011;17(3):419-24. 

21. Falkinham JO, Iseman MD, de Haas P, van Soolingen D. Mycobacterium avium in a 
shower linked to pulmonary disease. Journal of Water and Health. 2008;6(2):209-13. 

22. Bédard E, Laferrière C, Charron D, Lalancette C, Renaud C, Desmarais N, et al. Post-
outbreak investigation of Pseudomonas aeruginosa faucet contamination by quanti-
tative polymerase chain reaction and environmental factors affecting positivity. Infect 
Control Hosp Epidemiol. 2015;36(11):1337-43. 

23. Schneider H, Geginat G, Hogardt M, Kramer A, Du ̈rken M, Schroten H, et al. Pseu-
domonas aeruginosa outbreak in a pediatric oncology care unit caused by an errant 
water jet into contaminated siphons. The Pediatric infectious disease journal. 
2012;31(6):648-50. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2021                   doi:10.20944/preprints202103.0141.v1

https://doi.org/10.20944/preprints202103.0141.v1


 17 of 20 
 

 

24. Budge PJ, Lazensky B, Van Zile KW, Elliott KE, Dooyema CA, Visvesvara GS, et al. 
Primary Amebic Meningoencephalitis in Florida A Case Report and Epidemiological 
Review of Florida Cases. J Environ Health. 2013;75(8):26-31. 

25. Parsonson F, Nicholls C. Primary amoebic meningoencephalitis in North Queens-
land–The diagnostic challenges of Naegleria fowleri. Pathology. 2016;48: S105-S6. 

26. Taher EE, Méabed EMH, Abdallah I, Abdel Wahed WY. Acanthamoeba keratitis in 
noncompliant soft contact lenses users: Genotyping and risk factors, a study from 
Cairo, Egypt. Journal of infection and public health. 2018;11(3):377-83. 

27. Liu L, Xing X, Hu C, Wang H. One-year survey of opportunistic premise plumbing 
pathogens and free-living amoebae in the tap-water of one northern city of China. 
Journal of Environmental Sciences. 2019; 77:20-31. 

28. Wang H, Edwards M, Falkinham JO, Pruden A. Molecular survey of the occurrence 
of Legionella spp., Mycobacterium spp., Pseudomonas aeruginosa, and amoeba hosts 
in two chloraminated drinking water distribution systems. Appl Environ Microbiol. 
2012;78(17):6285-94. 

29. Barna Z, Kádár M, Kálmán E, Szax AS, Vargha M. Prevalence of Legionella in premise 
plumbing in Hungary. Water research. 2016; 90:71-8. 

30. Shareef A, Mimi Z. The Hospital Tap Water System as a Source of Nosocomial Infec-
tions for Staff Members and Patients in West Bank Hospitals. Environmental Foren-
sics. 2008;9(2):226-30. 

31. Donohue MJ, O'Connell K, Vesper SJ, Mistry JH, King D, Kostich M, et al. Widespread 
molecular detection of Legionella pneumophila serogroup 1 in cold water taps across 
the United States. Environmental Science and Technology. 2014;48(6):3145-52. 

32. Charron D, Bédard E, Lalancette C, Laferrière C, Prévost M. Impact of electronic fau-
cets and water quality on the occurrence of Pseudomonas aeruginosa in water: a 
multi-hospital study. Infect Control Hosp Epidemiol. 2015;36(3):311-9. 

33. Isaac TS, Sherchan SP. Molecular detection of opportunistic premise plumbing path-
ogens in rural Louisiana's drinking water distribution system. Environ Res. 2020; 
181:108847. 

34. Kruse E-B, Wehner A, Wisplinghoff H. Prevalence and distribution of Legionella spp 
in potable water systems in Germany, risk factors associated with contamination, and 
effectiveness of thermal disinfection. Am J Infect Control. 2016;44(4):470-4. 

35. Shin JH, Lee EJ, Lee HR, Ryu SM, Kim HR, Chang CL, et al. Prevalence of non-tuber-
culous mycobacteria in a hospital environment. J Hosp Infect. 2007;65(2):143-8. 

36. Adrados B, Julián E, Codony F, Torrents E, Luquin M, Morató J. Prevalence and con-
centration of non-tuberculous mycobacteria in cooling towers by means of quantita-
tive PCR: A prospective study. Curr Microbiol. 2011;62(1):313-9. 

37. Tang R, Bae S. Biofilms in premise plumbing systems as a double-edged sword: mi-
crobial community composition and functional profiling of biofilms in a tropical re-
gion. Journal of Water and Health. 2020;18(2):172-85. 

38. Soto-Giron MJ, Rodriguez-R LM, Luo C, Elk M, Ryu H, Hoelle J, et al. Biofilms on 
hospital shower hoses: characterization and implications for nosocomial infections. 
Appl Environ Microbiol. 2016;82(9):2872-83. 

39. Li L, Mendis N, Trigui H, Oliver JD, Faucher SP. The importance of the viable but 
non-culturable state in human bacterial pathogens. Front Microbiol. 2014; 5:258. 

40. Dwidjosiswojo Z, Richard J, Moritz MM, Dopp E, Flemming H-C, Wingender J, et al. 
Influence of copper ions on the viability and cytotoxicity of Pseudomonas aeruginosa 
under conditions relevant to drinking water environments. Int J Hyg Environ Health. 
2011;214(6):485-92. 

41. Huang C, Shen Y, Smith RL, Dong S, Nguyen TH. Effect of disinfectant residuals on 
infection risks from Legionella pneumophila released by biofilms grown under sim-
ulated premise plumbing conditions. Environ Int. 2020; 137:105561. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2021                   doi:10.20944/preprints202103.0141.v1

https://doi.org/10.20944/preprints202103.0141.v1


 18 of 20 
 

 

42. Dupuy M, Mazoua S, Berne F, Bodet C, Garrec N, Herbelin P, et al. Efficiency of water 
disinfectants against Legionella pneumophila and Acanthamoeba. Water research. 
2011;45(3):1087-94. 

43. Dean K, Mitchell J. Reverse QMRA for Pseudomonas aeruginosa in Premise Plumbing 
to Inform Risk Management. Journal of Environmental Engineering (United States). 
2020;146(3). 

44. Bédard E, Prévost M, Déziel E. Pseudomonas aeruginosa in premise plumbing of 
large buildings. Microbiologyopen. 2016;5(6):937-56. 

45. Greig JE, Carnie JA, Tallis GF, Zwolak B, Hart WG, Guest CS, et al. An outbreak of 
Legionnaires’ disease at the Melbourne Aquarium, April 2000: investigation and 
case–control studies. Med J Aust. 2004;180(11):566-72. 

46. White PS, Graham FF, Harte DJG, Baker MG, Ambrose CD, Humphrey ARG. Epide-
miological investigation of a Legionnaires' disease outbreak in Christchurch, New 
Zealand: the value of spatial methods for practical public health. Epidemiol Infect. 
2013;141(4):789. 

47. Katsiaflaka A, Pournaras S, Kristo I, Mouchtouri VA, Kyritsi M, Velonakis E, et al. 
Epidemiological investigation of Legionella pneumophila serogroup 2 to 14 isolates 
from water samples by amplified fragment length polymorphism and sequence-
based typing and detection of virulence traits. Appl Environ Microbiol. 
2016;82(20):6102-8. 

48. Kilvington S, Gray T, Dart J, Morlet N, Beeching JR, Frazer DG, et al. Acanthamoeba 
keratitis: the role of domestic tap water contamination in the United Kingdom. Invest 
Ophthalmol Vis Sci. 2004;45(1):165-9. 

49. Ku J, Chan F, Beckingsale P. Acanthamoeba keratitis cluster: An increase in Acan-
thamoeba keratitis in Australia. Clin Experiment Ophthalmol. 2009;37:181-90. 

50. Thomas V, McDonnell G, Denyer SP, Maillard J-Y. Free-living amoebae and their in-
tracellular pathogenic microorganisms: risks for water quality. FEMS Microbiol Rev. 
2010;34(3):231-59. 

51. Waso M, Dobrowsky PH, Hamilton KA, Puzon G, Miller H, Khan W, et al. Abundance 
of Naegleria fowleri in roof-harvested rainwater tank samples from two continents. 
Environmental Science and Pollution Research. 2018;25(6):5700-10. 

52. Gebert MJ, Delgado-Baquerizo M, Oliverio AM, Webster TM, Nichols LM, Honda JR, 
et al. Ecological analyses of mycobacteria in showerhead biofilms and their relevance 
to human health. MBio. 2018;9(5). 

53. Morgan MJ, Halstrom S, Wylie JT, Walsh T, Kaksonen AH, Sutton D, et al. Character-
ization of a drinking water distribution pipeline terminally colonized by Naegleria 
fowleri. Environ Sci Technol. 2016;50(6):2890-8. 

54. Perrin Y, Bouchon D, Héchard Y, Moulin L. Spatio-temporal survey of opportunistic 
premise plumbing pathogens in the Paris drinking water distribution system. Int J 
Hyg Environ Health. 2019;222(4):687-94. 

55. Baveja CP, Prabhav A. Statistical analysis of microbiological diagnostic tests. Indian J 
Med Microbiol [Internet]. 2017; 35(2):[184-93 pp.]. 

56. Wang H. Critical Factors Controlling Regrowth of Opportunistic Pathogens in Prem-
ise Plumbing: ProQuest Dissertations Publishing; 2013. 

57. Western Australia Department of Water. Newman Water Reserve drinking water 
source protection plan. In: Water Do, editor. Perth: Government of Western Australia; 
2009. p. 82. 

58. Charles Darwin University. Source water key to bacterial water safety in remote 
Northern Australia. NewsRx Health & Science. 2019:77. 

59. Rogers J, Dowsett A, Dennis P, Lee J, Keevil C. Influence of plumbing materials on 
biofilm formation and growth of Legionella pneumophila in potable water systems. 
Appl Environ Microbiol. 1994;60(6):1842-51. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2021                   doi:10.20944/preprints202103.0141.v1

https://doi.org/10.20944/preprints202103.0141.v1


 19 of 20 
 

 

60. Adabanija MA, Afolabi OA, Lawal L. The influence of bedrocks on groundwater 
chemistry in a crystalline basement complex of southwestern Nigeria. Environmental 
Earth Sciences. 2020;79(4). 

61. National Health and Medical Research Council. Australian Drinking Water Guide-
lines Paper 6 National Water Quality Management Strategy, Canberra: National Re-
source Management Ministerial Council; 2011 [cited 2019 June 21, 2019]. Available 
from: https://www.nhmrc.gov.au/about-us/publications/australian-drinking-water-
guidelines#block-views-block-file-attachments-content-block-1. 

62. Wang H, Masters S, Hong Y, Stallings J, Falkinham JO, Edwards MA, et al. Effect of 
Disinfectant, Water Age, and Pipe Material on Occurrence and Persistence of Le-
gionella, mycobacteria, Pseudomonas aeruginosa, and Two Amoebas. Environ Sci 
Technol. 2012;46(21):11566. 

63. Proctor CR, Dai D, Edwards MA, Pruden A. Interactive effects of temperature, organic 
carbon, and pipe material on microbiota composition and Legionella pneumophila in 
hot water plumbing systems. Microbiome. 2017;5(1):130. 

64. Kaestli M, O’Donnell M, Rose A, Webb JR, Mayo M, Currie BJ, et al. Opportunistic 
pathogens and large microbial diversity detected in source-to-distribution drinking 
water of three remote communities in Northern Australia. PLoS Negl Trop Dis. 
2019;13(9):e0007672. 

65. Snoeyink V, Haas C, Boulos P, Burlingame G, Camper A, Clark R, et al. Drinking Wa-
ter Distribution Systems: Assessing and Reducing Risks2006. 

66. van der Kooij D, Veenendaal HR, Scheffer WJ. Biofilm formation and multiplication 
of Legionella in a model warm water system with pipes of copper, stainless steel and 
cross-linked polyethylene. Water research. 2005;39(13):2789-98. 

67. Wingender J, Flemming H-C. Biofilms in drinking water and their role as reservoir 
for pathogens. Int J Hyg Environ Health. 2011;214(6):417. 

68. Buse HY, Ji P, Gomez-Alvarez V, Pruden A, Edwards MA, Ashbolt NJ. Effect of tem-
perature and colonization of Legionella pneumophila and Vermamoeba vermiformis 
on bacterial community composition of copper drinking water biofilms. Microb Bio-
technol. 2017;10(4):773-88. 

69. Ohno A, Kato N, Sakamoto R, Kimura S, Yamaguchi K. Temperature-dependent par-
asitic relationship between Legionella pneumophila and a free-living amoeba (Acan-
thamoeba castellanii). Appl Environ Microbiol. 2008;74(13-14):4585-8. 

70. Agudelo-Vera C, Avvedimento S, Boxall J, Creaco E, de Kater H, Di Nardo A, et al. 
Drinking Water Temperature around the Globe: Understanding, Policies, Challenges 
and Opportunities. Water. 2020;12(4):1049. 

71. Lu J, Buse H, Struewing I, Zhao A, Lytle D, Ashbolt N. Annual variations and effects 
of temperature on Legionella spp. and other potential opportunistic pathogens in a 
bathroom. Environmental Science and Pollution Research. 2017;24(3):2326-36. 

72. Bureau of Meteorology. Average annual and monthly maximum, minimum and 
mean temperatures Canberra: Australian Government; 2016 [updated November 
2016; cited 2019 June 25, 2019]. Available from: http://www.bom.gov.au/jsp/ncc/cli-
mate_averages/temperature/index.jsp. 

73. Marchesi I, Cencetti S, Marchegiano P, Frezza G, Borella P, Bargellini A. Control of 
Legionella contamination in a hospital water distribution system by monochloramine. 
Am J Infect Control. 2011. 

74. Canals O, Serrano-Suárez A, Salvadó H, Méndez J, Cervero-Aragó Sl, Ruiz de Porras 
V, et al. Effect of chlorine and temperature on free-living protozoa in operational man-
made water systems (cooling towers and hot sanitary water systems) in Catalonia. 
Environmental Science and Pollution Research. 2015;22(9):6610-8. 

75. Nguyen C, Elfland C, Edwards M. Impact of advanced water conservation features 
and new copper pipe on rapid chloramine decay and microbial regrowth. Water re-
search. 2012;46(3):611-21. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2021                   doi:10.20944/preprints202103.0141.v1

https://doi.org/10.20944/preprints202103.0141.v1


 20 of 20 
 

 

76. Lautenschlager K, Boon N, Wang Y, Egli T, Hammes F. Overnight stagnation of drink-
ing water in household taps induces microbial growth and changes in community 
composition. Water Research. 2010;44(17):4868-77. 

77. Mogoa E, Bodet C, Morel F, Rodier M-H, Legube B, Héchard Y. Cellular response of 
the amoeba Acanthamoeba castellanii to chlorine, chlorine dioxide, and monochlora-
mine treatments. Appl Environ Microbiol. 2011;77(14):4974-80. 

78. Cervero-Aragó S, Rodríguez-Martínez S, Puertas-Bennasar A, Araujo RM. Effect of 
common drinking water disinfectants, chlorine, and heat, on free Legionella and 
amoebae-associated Legionella. PLoS One. 2015;10(8):e0134726. 

79. Environmental Health Directorate. Reticulated drinking water scheme providers 
Perth: Departent of Health; 2020 [updated February 20, 2020; cited 2020 July 13, 2020]. 
Available from: https://ww2.health.wa.gov.au/Articles/N_R/Reticulated-drinking-
water-scheme-providers. 

80. Goudot S, Herbelin P, Mathieu L, Soreau S, Banas S, Jorand FPA. Biocidal efficacy of 
monochloramine against planktonic and biofilm-associated Naegleria fowleri cells. J 
Appl Microbiol. 2014;116(4):1055-65. 

81. Ribas F, Perramon J, Terradillos A, Frias J, Lucena F. The Pseudomonas group as an 
indicator of potential regrowth in water distribution systems. J Appl Microbiol. 
2000;88(4):704-10. 

82. van der Wielen PW, van der Kooij D. Nontuberculous mycobacteria, fungi, and op-
portunistic pathogens in unchlorinated drinking water in the Netherlands. Appl En-
viron Microbiol. 2013;79(3):825-34. 

83. Binnie C, Kimber M, Thomas H. Coagulation and flocculation.  Basic Water Treat-
ment2017. p. 61-83. 

84. Coleman KK, Nguyen TT, Yadana S, Hansen-Estruch C, Lindsley WG, Gray GC. Bio-
aerosol sampling for respiratory viruses in Singapore’s mass rapid transit network. 
Sci Rep. 2018;8(1):1-7. 

85. Pfaffl MW. Quantification strategies in real-time polymerase chain reaction. Quanti-
tative real-time PCR Appl Microbiol. 2012:53-62. 

86. Centers for Disease Control and Prevention. Sampling Procedure and Potential Sam-
pling Sites. Protocol for Collecting Environmental Samples for Legionella Culture 
during a Cluster or Outbreak Investigation or when Cases of Disease May Ba Associ-
ated with a Facility. 2015. 

87. Standards Australia. Water Quality - Sampling for microbiological analysis AS 2031-
2012: ISO19458-2006. Sydney: Standards Australia; 2012. 

88. Codony F, Pérez LM, Adrados B, Agustí G, Fittipaldi M, Morató J. Amoeba-related 
health risk in drinking water systems: could monitoring of amoebae be a complemen-
tary approach to current quality control strategies? Future Microbiol. 2012;7(1):25-31. 

89. Standards Australia and New Zealand. Water microbiology. Method 1, General infor-
mation, and procedures (ISO 8199:2005, MOD). Sydney, NSW: Standards Australia 
and New Zealand 2007. 

90. Standards Australia. AS5132:2017 Waters- Examination for Legionella spp. including 
Legionella pneumophila - Using concentration. 2017. 

91. Standards Australia and New Zealand. Water microbiology. Method 13, Pseudomo-
nas aeruginosa: membrane filtration method. Sydney, NSW: Standards Australia and 
New Zealand 2008. 

92. Helsel DR. Statistics for censored environmental data using Minitab and R: John 
Wiley & Sons; 2011. 

93. Conover WJ, Conover WJ. Practical nonparametric statistics. 1980. 
 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2021                   doi:10.20944/preprints202103.0141.v1

https://doi.org/10.20944/preprints202103.0141.v1

